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Abstract

Yield is a quantitative trait known to be influenced by changes in the environment in which the
crop is grown, suggesting the need to evaluate soybean lines in different growing regions to as-
sess their adaptability and stability. The objective of this study were to: (i) Determine yield
stability and Genotype by Environment Interaction of soybean lines across testing environments
in Zambia and Malawi using GGE biplots, (ii) Estimate broad-sense heritability for phenology,
lodging, shattering, hundred seed weight (HSW) and seed yield, and (ii) Understand multiple
trait associations among soybean lines grown in six environments in Malawi and Zambia. Sixty
two soybean genotypes were evaluated in six locations in 2018 and 2019 growing seasons, using
a6 x 5 and 5 x 5 alpha lattice design, the collected data was analysed using a GGE biplot.. The
additive main effect and multiplicative interaction model (AMMI) indicated that environments,
genotypes and GEI significantly (P<0.001) affected grain yield and contributed 14.4 %, 1.0%
and 5.1 %, respectively, to the total variation. Whereas E4 (Kabwe and SEEDCQO.Zambia) was
the most representative environment, E1 (Chipata and Chitedze) and E3 (Bvumbwe) were the
most discriminating. Thus, E1 and E3 could be used to test for local adaption and selection of
Parents. Bvumbwe in Malawi (E3) was the most informative test environment hence it is ideal
for selecting broadly adapted genotypes. Out of the 62 genotypes that were tested TGx2002_4DM,
TGx2002_8FM, TGx2001_11DM, and TGx2014_24FM were highly stable across the tested environ-
ments in Malawi and Zambia. Genotype TGX 2014-24FM was identified as the ideal genotype
with high yield mean performance and high stability. Therefore, it could be recommended for
cultivar release in multiple environments. Plant height, days to maturity, and days to flower-
ing which were positively correlated to yield, had higher heritability of 50%, 75%, and 76%,
respectively, than yield suggesting that they could be used to indirectly select for yield

X



Chapter 1
Introduction

Soybean (Glycine max L.) is an important protein and oilseed crop cultivated throughout the
world. Its high protein content (40 - 42%) makes it suitable and desirable in human diet (Antalina
etal., 1999). Soybean seeds have an oil content of approximately 18-22% (Patil, 2018), making it
a major source of both edible and inedible oil products. Its high-quality oil is used in food product
manufacturing as well as in the production of inedible products such as caulks, mastics, plastics,
and resins. Additionally, soybean plays an important role in soil fertility through symbiotic
nitrogen fixation. When integrated in a rotational system with cereals it enhances the level of
nitrogen in the soil (Kumudini, 2010). Soybean is grown in most parts of the world, with Brazil
being the leading producer, followed by USA and then Argentina. Africa produces about 1% of
the global production with South Africa being the leading soybean producer followed by Nigeria
and then Zambia. (Figure 1) (FAOSTAT, 2019).
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Figure 1.1: Global soybean production for 2019. Source: Data from FAOSTAT, (2019).

Soybean production has gradually been increasing in Zambia making it the leading exporter

to southern Africa countries such as Zimbabwe and Botswana (Abate et al., 2012). However, fur-
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ther growth of Zambia’s soybean export market within the southern African region is constrained
by its low yields. One of the contributing factors to low yields is limited availability of varieties
that are adapted to local and regional climatic conditions.

Soybean cultivar productivity depends on its genetics, environment in which it is being grown
and interaction of these two factors. The environment includes attributes such as temperature,
rainfall, soil type, soil nutrients, and cultural practices, which have an impact on soybean cultivar
productivity. For cultivars to fully express their genetic potential they require ideal environ-
mental conditions, hence cultivar performance will vary depending on production environment
(Reynolds et al., 2001). This relative change in performance of cultivars across environments
is termed as genotype by environment interaction (GEI). GEI reduces the association between
phenotypic and genotypic values and may cause selections from one environment to perform
poorly in another. Measuring GEI is important to determining an optimum breeding strategy
for releasing genotypes with adequate adaptation to target environments (Mwiinga, 2020). For
breeders, the agro-ecological diversity of environments where most field crops are grown rep-
resents a ’double-edged sword’. On one hand diversity complicates breeding and testing of im-
proved genotypes with adequate adaptation, on the other hand it permits identification of extreme
environmental conditions that guarantee selection pressure from important stresses. An under-
standing of genotype by environment interaction (GEI) in multi-locational yield trials (MLYT)
is important in identifying locations that are efficient in distinguishing tested genotypes and in
providing information on the most representative and descriptive environment. The other con-
cept of interest in plant breeding is varietal stability. Stability analysis aims at examining the
performance of genotype relative to other genotypes in different enviroments (Bernado, 2020).
Breeders may require a variety that is stable across different production environments, however,
there could be a genotype that may perform well in a specific environment but poorly in other
environments. This lack of varietal stability may be challenging for an organization such as
the International Institute of Tropical Agriculture (IITA) that has a regional or global breeding
mandate of developing soybean varieties adapted to multiple environments in multiple countries.
Therefore, it is important to determine the stability of a given genotype in multiple production
environments to inform variety release decisions.

Breeding for genetically complex traits such as seed yield, which generally has low heri-
tability requires multiple testing sites. The more testing sites a breeding program has the higher
the chances of making significant gains in breeding for yield. However, maintaining large num-
ber of testing sites is challenging because of resource constraints. It is important, therefore, for
an organization such as IITA to identify fewer number of testing sites that are descriptive and
representative (Ideal) of many environments.

Direct selection for yield is challenging because of its low heritability (citation). Various
agronomic traits in soybean such as days to flowering, maturity, lodging, shattering and plant
height affects yield. These agronomic traits have high heritability and could potentially be used

to indirectly select for yield. It is important, therefore, to measure heritability of various agro-
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nomic traits and to identify those stongly correlated with yield.

Therefore, the objectives of this study were to:

* Determine yield stability and Genotype by Environment Interaction of soybean lines across

testing environments in Malawi and Zambia using GGE biplots,

» Estimate broad-sense heritabilities for phenology, lodging, shattering, hundred seed weight
(HSW) and seed yield

* Understand multiple trait associations among soybean lines across test enviroments in

Malawi and Zambia.
Hypotheses:

1. Genotypes with stable seed yield accross testing environments in Malawi and Zambia ex-

1sts.
2. Phenology, shattering, HSW, lodging have higher heritability than seed yield.

3. Phenology, shattering, lodging, and HSW are strongly associated with seed yield.




Chapter 2

Literature Review

2.1 Importance of Soybean

Soybean today is one of the most important and extensively grown crops in the world (Hungria
et al). It is one of the most valued oilseed crops in the world. As per latest data available,
soybean accounts for 36.65million of oil (FAO, 2009), It accounts for 29.7% of the world’s
processed vegetable oil and is a rich source of dietary protein both for the human diet and for
the chicken and pork industries (Graham and Vance, 2003), putting it far ahead of all other
field crops raised for oil extraction. Although its cultivation dates back to more than 5000 years
ago in China, it came to prominence only during the last 200 years. It has been cultivated for
varying purposes during different periods of history in different parts of the world. Its earlier
uses have varied from a green manure crop to a forage crop and a nitrogen-fixing crop due
to its ability to fix substantial quantities of atmospheric nitrogen in association with nodule-
forming bacteria (Bradyrhizobium). The presence of Isoflavones in soybean may reduce the
risks of cancer and lower serum cholesterol (Molteni et al., 1995; Kennedy, 1995). Soybean
is also used as a milk substitute in weaning foods and baking and in ink and biodiesel fuels
(Anonymous, 2000; 2001; Graham and Vance, 2003). A number of characteristics of soybean
have made it an attractive crop in the globalized context. Soybean has low water content, high
nutritive value, and the capacity to yield a variety of products (e.g., human food, animal food,
oil, and industrial derivates (Burton, 2013). These characteristics reduce vulnerability to market
fluctuations, reduce storage and transportation costs, and have contributed to its rapid expansion.
Furthermore, the increasing global demand for soybean products has resulted in large investments
in research and development and the widespread use of transgenic cultivars that have increased
yields, reduced costs by reducing herbicide use, and increased the range of appropriate planting

environments (Abate, 2012).
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2.2 Botany

Soybean is an erect, annual plant that has green leaves covered with fine hairs. The first leaves
are simple and grow opposite each other on the stem while the leaves that form subsequently
are trifoliate. They have small flowers that consist of five separate; unequal petals that can vary
in colour but are commonly violet or white. However, the morphology is diverse depending on
the cultivar (Johnson and Bernard, 1963). The flowers and lateral branches form at the auxiliary
buds at the point of contact between the leaf petiole and the main stem. The height of the plants
can range from about 0.3 to 3.0 m.

The seed is made up of two parts, the seed coat which covers and protects the embryo and
two cotyledons which form part of the embryo region. The bean is attached to the pod at the
hilum (Kumudini, 2010). Soybean seeds occur in various sizes, and in many seed coat colours,
including black, brown, blue, yellow, green and mottled. Varieties differ in hilum colour and
can be yellow, imperfect yellow, grey, buff, brown, black or imperfect black. Yellow hilum/
clear hilum soybeans with large seed size and thin but strong seed coat that is free from cracking
and discolouration are preferred (Gandhi, 2009). However, the yellow and green seeds are more
common. Soybean pods are straight and sometimes slightly curved, reaching 20-70 mm long
depending on the cultivar and environment, and they also form in clusters of 1 - 9. Young pods
are green in colour, covered in fine transparent hairs and when they mature, they are also hairy
and range in colours such as brown or tan, black and yellow. This colour change happens as the
plant’s leaves turn yellow and fall off. The pods may contain 1-4 seeds depending on the cultivar
(Krisnawati and Adie, 2015).

The root system of soybean consists of a taproot, which can grow up to 1.2 m into the soil.
Furthermore, there is a proliferation of secondary roots that are arranged in four rows along the
taproot. Most of the effective roots are found in the top 600 mm of soil, therefore the soybean

plant is a shallow feeder (Kumudini, 2010).

2.3 Soybean Production Constraints

Soybean is grown in most parts of the world, Brazil being the leading soybean producer, followed
by USA, Argentina, China, and India. South Africa is the leading soybean producer in Africa
followed by Nigeria and then Zambia (FAOSTAT, 2019). The challenges growers face in crop
production, include unpredictable weather, diseases, pests, weeds and variable soil quality were
previously reviewed (Lal 2009; Strange and Scott 2005). Soybean is affected by all of these vari-
ables. Researchers and growers work together on each of these challenges to improve and ensure
the quantity and quality of soybean production. Some strategies for increasing yields include the
use of fertilizers and pesticides, while others involve developing new plant varieties that best suit
the needs of the farmers. In soybean, localized variety development is important so that grow-

ers use varieties that are well adapted to local conditions such as weather, preferred agronomic

2.2. BOTANY 5
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practices and photoperiod (Panthee 2010). However, increases in crop production due to varietal
improvements are often offset by constraints caused by broadly categorized abiotic and/or biotic
factors. Abiotic constraints Abiotic constraints affecting soybean production are those caused by
the physical environment. This includes weather related phenomena, soil nutrient availability,
salinity, and response to photoperiod. Farming practices may control some of these abiotic con-
straints, but many, such as drought, flooding, and frost, have few if any remedies. In more arid
climates, drought can reduce both vegetative growth and time to maturation, causing fewer pods

to form with fewer and/or smaller seeds per pod (Gibson, 1996).

2.4 Genotype by environment interaction and stability

Genotype-by-environment interaction is said to be present when different cultivars or genotypes
respond differently to diverse environments, and for GE to be detected via statistical procedures,
at least two genotypes (cultivars) must be evaluated in at least two environments. A basic model
that includes GE interaction is P = G + E + GE. It follows from this model that for a given
genotype, there can be many phenotypes depending upon the environment. The interactions of
genotypes with environments (G x E) makes it difficult for breeders to identify the best geno-
types, be it during selection or for cultivar recommendation Simmonds (1981). The presence
of interactions indicates that the relative genotype performance in the tests depends essentially
on the given environmental conditions. The phenotypic response of any genotype in relation to
others could therefore be inconsistent, which is demonstrated by changes of the relative position
of the genotypes from one environment to another. The GXE interaction can be partitioned in
studies on the adaptability and phenotypic stability. Adaptability is the capacity a genotype has
to make use of the environmental effects to warrant a high yield level; on the other hand stability
is related with the yield maintenance or yield predictability in the diverse environments (Borém
1998).

2.5 Methods for analysing GEI and stability

There are various methodologies of analysis of G x E and stability designed to evaluate a geno-
type group tested in a series of environments. Among these the most widely used are the ones
based on linear regression (Finlay and Wilkinson 1963, Eberhart and Russel 1966, Verma et al.
1978, Cruz et al. 1989), and a more recent application method called AMMI analysis (Additive
Main effects and Multiplicative Interaction analysis) that combines a univariate method for the
additive effects of genotypes and environments, with a multivariate method for the multiplicative
effect of GXE interaction (Zobel et al. 1988). The AMMI method is being used in studies on the
GxE interaction of soybean (Oliveira et al. 2003). This study aimed to evaluate the adaptability
and stability of soybean cultivars in the state of Parand and to test the efficiency of the AMMI

2.4. GENOTYPE BY ENVIRONMENT INTERACTION AND STABILITY 6
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multivariate method (Zobel et al. 1988) in comparison with the methods of Eberhart and Russel
(1966) and Cruz et al. (1989) of evaluating cultivar stability.

Analysis of variance of multi-location trials is important for estimating variance components
related to different sources of variation. These include genotypes and genotype by environment
interaction (Crossa, 1990). The variance component analysis is crucial as it measures the errors
that result from genotype by environment interaction in measuring traits such as yield. Hence,
the knowledge of the magnitude of the interaction helps in estimating the genotypic effects and
determining the optimum resource allocations in terms of number of sites and plots to be included
in the next trial (Crossa, 1990). However, Romagosa et al. (1993) reported that when dealing
with a large number of genotypes, estimating GEI using ANOVA is demanding and it fails to
show the pattern of the GEI variance components.

Additive main effects and multiplicative interactions (AMMI) and genotype plus genotype by
environment interaction (GGE) models effectively capture the additive (linear) and multiplicative
(bilinear) components of GEI interaction and provides useful interpretation of multi-environment
data in breeding programmes (Saini and Chetan, 2007). AMMI combines the additive compo-
nents in a single model for the main effects of genotype, environment and multiplicative compo-
nents for the interaction effect (Mitrovia et al., 2012). Genotypic performances and phenotypic
stability of the cultivars are best expressed by their graphic analyses (Miranda et al., 2009) and
it is useful in summarizing and emulating the response patterns which originally existed in the
raw data. The GGE biplot analysis is another method which incorporates the genotype and GEI
effects in the evaluation of cultivars and it uses graphic axes to identify best performing cultivars
in the mega-environments (Akcura et al., 2011). Secondly, this model provides genotype esti-
mates in different locations. The other strength of this model is that it also combines ANOVA and
PCA by separating sum of squares of genotypes and GEI together using the PCA method (Abay
and Bjornstad, 2009). AMMI and GGE statistical tools have huge importance and relevance to
agricultural scientists because they deal with data that come from various types of experiments
(Rad et al., 2013).

2.6 Multi-trait relationships

GGE biplots have been used for analysing multi environment trials and the concept can also be
used to analyse data for multiple traits across locations. When performing multi-trait analyses,
the genotypes are used as entries instead of using environments and traits are used as testers to
construct genotype by trait (GT) biplots. This is an effective tool that graphically summarizes
the genotype by trait data, visualizes relationships among the measured traits and visualizes the
performance of genotypes based on the traits which influence selection of potential parents (Yan
and Tinker, 2005). In addition, it helps identify less important traits that do not contribute directly

to the trait of interest. Genotype by trait has been used in soybean yield analysis by Yan and Kang

2.6. MULTI-TRAIT RELATIONSHIPS 7
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(2002) who reported that one genotype performed the best across all locations.

2.7 Heritability

heritability and genetic advance are useful biometrical tools for determination of genetic vari-
ability. The grain yield is a complex character, quantitative in nature and an integrated function
of a number of component traits (Melquiades and Reyes,1990; Karasu, 2009). Soybean yield
has been reported to have low heritability of 26.7-28.6% (Melquiades and Reyes,1990; Karasu,
2009). Therefore, selection for yield per se may not be much rewarding unless other yield at-
tributing traits are taken into consideration. Correlation study provides a measure of association
between characters and helps to identify important characters to be considered while making elu-
cidates selection. Knowledge of correlation between grain yield and other characters is helpful
in selection of suitable plant type (Aditya et al, 2011). Indirect selection for seed yield was a
function of selection towards the enlargement of the components of seed yield (Watson, 1952).
In previous studies yield components that were found to be influential in soybean yield (Akheter
& Sneller 1996), included number of plants/unit area, number of main stem nodes/plant, number
of pods/node, number of seeds/pod, number of branches/plant, number of pods/branch and mean
seed weight. Agronomic traits influencing soybean yield include days to flowering, maturity,
Plant height, grain filling period, and shattering resistance (Johnson et al, 1955). According to
their studies using two F3 populations conducted at two locations showed that selection based on
the combination of agronomic traits influencing soybean yield can be as effective as selection for
yield itself. Agronomic traits influencing soybean yield have higher heritability making it suit-
able for use in indirect selection for yield. Estimate of plant height heritability was 84% (Brim,
1973) and 91 per cent for days to 50 % flowering, number of primary branches per plant and
Days to maturirty. Similar results were obtained by (Chauhan and Singh, 1984) and (Pushpendra
and Ram, 1987).

2.7. HERITABILITY 8



Chapter 3

Materials and Methods

3.1 Study sites

The multi-locational trials (MLT) were carried out in two seasons 2017/ 2018 and 2018/2019
at six different locations, International Institute of Tropical Agriculture Southern African Re-
gion Administration (Hub-IITA-SARAH), Lusaka-Zambia, Chipata-Zambia, Seedco (Lusaka
West, Zambia), Chitedze (Malawi) in 2018, and Chitedze (Malawi), IITA-SARAH (Zambia),
BVUMBWE (Malawi), and Kabwe (Zambia) in 2019 to assess and confirm the effects of geno-
type, environment, and genotype by environment interaction. The locations have different agro-

climatic conditions. Table 3.1 shows details about the locations.

Table 3.1: Trial locations and their geographical information

Location Country Longitude Latitude Elevation (m) Rainfall (mm) Temperature (°C)
2018 2019 2018 2018 2019 2019
Min. Max. Min. Max.

Chipata Zambia E32°39’ S13°40° 1098 1249 23446 13 28 12.6 29.089
Chitedze Malawi E33°38’ S13959 1100 929 114.533 12 28.6 13 30
IITA-SARAH Zambia E2830° 15930 1193 703 12798 12.6 27.98 11 30.88
Bvumbwe Malawi E35°06° 159917 1146 930 180.28 13 24.67 12.33 27.89
SeedCo. Zambia ~ Zambia E28°33’ 15°67 1301 826 138.04 11 29 13 28.46
Kabwe Zambia E28°45° 1494287 1182 804 104.517 1238  29.12 13.1 28.95

3.2 Experiment design and measurements

Sixty-two genotypes of Soybean (Glycine max L.) were evaluated during the 2017/18 and 2018/19
seasons in six diverse locations; two in Malawi and four in Zambia and (Table 3.1). The sixty-
two genotypes included seven Zambian released varieties (Table 3.3). The soybean genotypes
were planted in a 6 x 5 and 5 x 5 alpha lattice design with three replications. Each genotype
occupied a plot comprising of 4 rows, 4 m in length, 0.5 m between rows, and 0.05 m intra-row
spacing. Basal dressing fertilizer (25 kg N/ha, 30 kg K20O/ha, 60 kg P205/ha) was applied at
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planting, and Metolachlor and Imazethapyr were applied as pre-emergence herbicides for control
of weeds. Quizalofop-p-ethyl and Fomesafen were applied as post-emergence control of weeds.
Hand weeding was done to control weeds that could not be killed by herbicides. Data collected
involved grain yield (GY), 100 seed weight (SWT100), plant height (PLHT), days to maturity
(DM), days to flowering (DFFL), lodging, and shattering.

Table 3.2: The scoring rate for pod-shattering was as follows (Krisnawati & Adie, 2017;1ITA, 1986).

Score Description Category pod shattering

1 No pod-shattering Very Resistant

2 < 25% pod shattering Resistant

3 25 — 50% pod shattering Moderately Resistant
4 51 —75% pod shattering Highly Susceptible

5 > 75% pod shattering Very Highly Susceptible

1 = No pod shattering (Very Resistant); 2 = < 25 % pod shattering (Resistant); 3 = 25-50 %
pod shattering (Moderately Resistant); 4 = 51-75 % pod shattering (Highly Susceptible); 5 = >
75 % pod shattering (Very Highly Susceptible).

The scoring scale for lodging was based on Woods and Swearingin, Agron. J., (1977) as
follows;
1 = almost all plants erect.
2 = either all plants leaning slightly or a few plants down.
3 = either all plants leaning moderately (<45° angle) or 25-50% of plants down.
4 = either all plants leaning considerably (>45° angle) or 50-80% of plants down.
5 = all plants down.

3.2. EXPERIMENT DESIGN AND MEASUREMENTS 10
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Table 3.3: List of the evaluated soybean genotypes

No. Genotypes Sources Growth  Maturity No. Genotypes Sources Growth  Maturity
Habit Period Habit Period

1 Dina MRI I L 32 TGx2001_9DM IITA I M
2 Kafue IITA D E 33 TGx2002_14DM IITA D M
3 Lukanga ZAMSEED D M 34 TGx2002_17DM IITA D M
4 SC_Safari SEEDCO I E 35 TGx2002_23DM IITA I M
5 SC_SAMBA SEEDCO D M 36 TGx2002_35FM IITA D E-M
6 SC_SPIKE SEEDCO I M-L 37 TGx2002_3DM ITA D E
7 SC_SQUIRE SEEDCO I M 38 TGx2002_3FM ITA D E
8 TGx1987_62F IITA D M 39 TGx2002_4DM IITA D E
9 TGx2001_10DM  IITA I M 40 TGx2002_5FM IITA 1 M
10 TGx2001_11DM  IITA I M 41 TGx2002_6DM IITA I M
11 TGx2001_13DM  IITA 1 M 42 TGx2002_6FM IITA 1 M
12 TGx2001_13FM  IITA 1 M 43 TGx2002_7FM IITA 1 M
13 TGx2001_14DM  IITA I M 44 TGx2002_8FM IITA I M
14 TGx2001_14FM  IITA I M 45 TGx2002_9FM IITA I M
15 TGx2001_15DM  IITA 1 M 46 TGx2014_15FM IITA 1 M
16 TGx2001_16DM  IITA 1 M 47 TGx2014_16FM IITA D E-M
17 TGx2001_18DM  IITA 1 M 48 TGx2014_17FM IITA 1 M
18 TGx2001_18FM IITA 1 M 49 TGx2014_19FM IITA 1 M
19 TGx2001_19DM IITA I M 50 TGx2014_21FM IITA I M
20 TGx2001_1DM IITA I M 51 TGx2014_23FM IITA I M
21 TGx2001_20FM IITA I M 52 TGx2014_24FM IITA D E-M
22 TGx2001_22DM  IITA I M 53 TGx2014_27FM IITA I M
23 TGx2001_24DM IITA I M 54 TGx2014_31FM IITA 1 M
24 TGx2001_24FM IITA I M 55 TGx2014_33FM IITA 1 M
25 TGx2001_26FM  IITA I M 56 TGx2014_34FM IITA 1 M
26 TGx2001_2DM IITA I M 57 TGx2014_38FM IITA I M
27 TGx2001_5DM IITA I M 58 TGx2014_43FM IITA 1 M
28 TGx2001_5FM IITA 1 M 59 TGx2014_44FM IITA 1 M
29 TGx2001_6FM IITA I M 60 TGx2014_4FM IITA I M
30 TGx2001_8DM IITA I M 61 TGx2014_5GM IITA I E-M
31 TGx2001_8FM IITA 1 M 62 TGx2014_9FM IITA 1 M

3.3 Statistical analysis

3.3.1 Genotype plus Genotype x Environment Biplots and Stability Anal-
ysis

Datasets from Chipata, IITA-SARAH, Chitedze, and Seedco-Zambia in 2018 were combined
with datasets from Chitedze, [ITA-SARAH, BVUMBWE, and Kabwe in 2019, respectively, to
establish four environments named E1 (Chipata and Chitedze) , E2 ( IITA-SARAH ) , E3 (
BVUMBWE ), and E4 ( Kabwe and Seedco-Zambia), see table 1. Normality was also checked
in data using residuals. Multi environment data were analyzed to visually identify GE interac-
tions. The statistics software package metan in R (Olivoto and Licio, 2020) was used to calculate
ANOVA-based stability statistics, Variance components and heritability in mixed-effect mod-
els, and Best linear unbiased prediction (BLUP) values for grain yield (GY), 100 seed weight
(SWT100), plant height (PLHT), days to maturity (DM), days to flowering (DFFL), lodging, and
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shattering. In the BLUPs estimation for each replicate, it was assumed the effect of the geno-
type, and the interaction effect of the genotype and environment to be random effects within the

following mixed-effect model:

y=xB+Zu+e (3.1)

Where y is a vector of response variable; 3 is a vector of known fixed effect; u is a vector
of random effects; x is a design matrix relating to f3; Z is a design matrix relating Y to u; € is a
vector of random errors (Olivoto and Lucio, 2020).

Different biplots were created using the environment-centered model (Y;; — u — B; = o; + ¢;;)
where the E main effect (f8;) is removed and the biplot only considers G(¢;) and GE (¢;;) as the
relevant sources of variation.he biplot analyses were carried out using the package GGE Biplot
GUI in R (Frutos, Galindo and Leiva, 2014). In the biplots, no scaling was used, except for
the genotype by trait biplot where data were scaled with the standard deviation (SD). When
evaluating test environments or traits, data were represented using column-preserving, singular-
value; whereas, for the comparison of G and GE, biplots were drawn using row-preserving,
singular value partitioning (Yan and Tinker, 2006).

The discriminativeness vs representativeness is a tester-centred (G + GE) and column-preserving
biplot that assesses environments. In this biplot, it is possible to identify environments that are
similar and could be grouped into mega-environments. Similarly, the biplot provides information
about which of the environments is more representative within the trials and which one has the
best discriminating ability.

The ideal environment biplot ranks the tester environments based on discriminating ability
and representativeness considering an “ideal environment” which is defined as the most discrim-
inating and representative. On the other hand, in the ideal genotype biplot, genotypes are ranked
based on mean performance and stability and are compared to the “ideal genotype”, a hypotheti-
cal genotype that has the highest performance in all the environments and, as result, is completely
stable.

The mean performance and stability biplot is appropriate for genotype evaluation. In this bi-
plot, it is possible to identify the most stable genotype and the one with the highest mean perfor-
mance. The length of the vector of each genotype is proportional to its variability. Longer vectors
correspond to genotypes with poorer stability and genotypes with short vectors are expected to be
more stable. Moreover, genotypes near the average-environment coordination (AEC) ordinates
(double-arrowed line) have a mean yield similar to the grand mean. In the same way, genotypes
with vectors near the AEC abscissa (single-arrowed line) have a mean like the higher mean yield
across the environments (Kaya et al., 2006)

The which-won-where pattern shown by a GGE biplot represents concepts such as crossover
GE, mega-environment differentiation, and specific adaptation (Yan and Tinker, 2006). The

which-won-where biplot is constructed by drawing a polygon on genotypes that are furthest from
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the origin. The polygon will contain all the genotypes, and perpendicular lines to the sides allow
to define sectors where the performance of the genotypes within environments can be analyze.
Finally, yield can be associated with other traits using a genotype-by-trait table. Grain yield
was associated with SWT100, PLHT, DM, DFFL, lodging, and shattering and a genotype by
trait biplot along with the genotypes was constructed. This biplot allows identifying traits that
are positively or negatively correlated as well as identify the genotypes with a better performance

in specific traits.
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Chapter 4

Results

4.1 Analysis of variance and heritability

In the analysis of variance, all the sources of variation had a significant effect on GY, DM, DFFL,
and shattering. The environment did not have a significant effect on PLHT or lodging. Lodging
showed the highest variation (CV = 58.7%) followed by shattering (CV = 38.4%). In contrast,
DM and DFFL had the lowest CV with 4.8 and 8.5%, respectively (Table 4.2).

Table 4.1 shows the proportion of variance explained by the Environment, Genotype, and
GxE interaction, and the broad-sense heritability (H2) for different traits. Overall, the environ-
ment explained a higher proportion of the variance, followed by the interaction (GXE), and the
genotype. In the yield, the environment explained the 14.36% of the variability, the genotype the
1.02%, and the interaction the 5.06% with an H2 of 0.37. The highest H2 was observed for DM
with 0.76 and the lowest for lodging with 0.21.

Table 4.1: Proportion of variance explained by the Environment, Genotype, and GXE in interaction, and the broad-
sense heritability (H2) for different traits evaluated in 2018 and 2019 season in Zambia and Malawi

Proportion of variance explained (%)

Trait Environment Genotype GxE H?
Grain yield 14.36 1.02 5.03 0.37
HSW 4.56 2.34 7.18 0.44

Plant height 15.67 2.20 7.31 0.50
Days to Maturity 8.08 10.12 11.44 0.76
Days to flowering 13.24 15.46 18.06 0.75
Lodging 50.03 0.54 5.61 0.21
Shattering 8.53 8.27 10.09 0.71

GxE: Genotype by environment interactions, H> broad sense heritability, HSW Hundred seed weight.
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Table 4.2: Anova for Soybean traits.

GY SWT100 PLHT DM DFFL Lodging  Shattering
Sov
Df Mean Sq MeanSq MeanSq Mean Sq Mean Sq Mean Sq Mean Sq
Environment 3 80532.75 ***  388.3 ##* 3980 n.s 2163.9 *  2991.1 *** 24441 ns  34.068 ***
Rep(ENV) 68 12679.94 ##%* 22.5n.s 3806 ***  660.4 *** 79.9 *** 1.63 *** 2.158 ***
Genotype 61 1284.55 *** 51.4 *** 465 #H* 350.3 #** 232.3 ##* 1.52 #** 2.096 ***
G xE 183 860.99 *** 31.9 *** 209 #** 80.6 #** 62.8 *** 1.32 #** 0.833 ***
Error 1358 497.75 22.8 110 26.5 18.8 0.82 0412
CV (%) 29.5 29.5 31.7 14.7 4.8 8.5 40.8 38.4

* #% and *** indicate significance at the 0.05, 0.01 and 0.001 probability levels, respectively. n.s., not significant at P < 0.05 GY Grain
yield, SWT100 100 Seed weight, PLHT Plant height, DM Days to maturity, DFFL Days to 50% flowering, G x E Genotype by environment,

SOV Source of variation, Rep; Replication.

4.2 Environment evaluation

Relationships among the four environments can be visualized by analysing their vectors and the

angles formed among them. Acute angles indicate positive correlations and obtuse angles neg-

ative correlations. All the environments showed a positive correlation, where the angles formed

among the environment vectors allowed to identify two major groups, one with E2, E3, and E4

and another with E1 (Figure 4.1). However, E4 is close to being in the middle between E2-E3
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Figure 4.1: General view of relationship among environments and performance of genotypes. PC, principal compo-

nent.

The concentric circles on the biplot are proportional to the standard deviation and help to

visualize the length of the vectors. Environments with longer vectors have a higher discrim-

inating ability. Thus, E1 and E3 were the most discriminating environments followed by E2

4.2. ENVIRONMENT EVALUATION
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and E4 which had shorter vectors and may provide less information on the evaluated genotypes
(Figure 4.1). In Figure 4.1 the average environment, indicated with an arrowhead and a cir-
cle, and an Average-Environment Axis (AEA) have also been included. The AEA is a line that
passes through the average environment and the biplot origin and helps to categorize the envi-
ronments based on their representativeness. A test environment with the smallest angle with the
AEA is more representative. Therefore, E4 is the most representative environment, followed
by E2, E3, and E1 (Figure 4.1). Test environments that are both representative and discrimi-
nating are useful to select genotypes that have general adaptation. In contrast, discriminating
but non-representative environments are valuable to select genotypes with specific adaptation if
the environment can be divided into mega-environments or eliminate unstable genotypes if the
target environment is a single mega-environment (Yan and Tinker, 2006). Here, the testing en-
vironments are composed of single environments as described in materials and methods, hence
El and E3, which were the most discriminating, but were not representative, would be useful
environments to identify locally adapted genotypes and potential parents.

An ideal environment is that with the highest discriminativeness and representativeness. Fig-
ure 4.2 shows the “ideal environment” with the arrowed line in the center of the concentric circles
and it is located on the AEA with a distance from the biplot origin equal to the longest vector.

The E3 was the closest environment to an ideal, followed by E1, E2, and E4

=

o E2

A ‘
0.0: ............................................ T E4 ............. U .................. '-,. ........

PC2 (21.5%)

-0.54 Ll \ \ \ ]

sE1

T
05 0.0 05 1.0 15
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Figure 4.2: Ranking of environments relative to the “ideal” environment. PC, principal component.
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4.3 Genotype evaluation

The performance of genotypes in each environment can be analyzed by comparing the angles
formed among the vectors of genotypes and environments. Acute angles indicate that a genotype
performs better than average in a specific environment, obtuse angles suggest that the perfor-
mance is lower than average, and if a right angle is formed between a genotype and an envi-
ronment, the performance of the genotype is close to the average in that environment (Hoyos-
Villegas, Wright and Kelly, 2016). TGx2002_35FM q, TGx2014_24FM, TGx2001_11DM yield better
than average in E2, E3, and E4, while TGx2014_9FM, Squire, TGx2014_33FM, and TGx2001_16DM
are better adapted to E1 (Figure 4.1)

The origin of the biplot is referred to as a “virtual”” genotype which has a performance close to
the average in all environments (Hoyos-Villegas, Wright and Kelly, 2016). Among the evaluated
genotypes, TGx2001z_13FM, and TGx2014_16FM were near the biplot origin, which means that
these genotypes have a lower contribution to genotype or GE interactions (Figure 4.1). Geno-
types with vectors distal from the biplot origin would have higher contributions to genotype or
GE interactions with a better or worse response across all environments depending on the direc-
tion of the vectors. TGx2014 _24FM, TGx2002_17DM, and TGx2014 _9FM had the longest vectors in
the same direction as the environments, indicating that these genotypes had the best performance
across all environments. In contrast, TGx2001_19DM, TGx2001_8FM, Dina, and TGx2001_14DM
had the longest vectors in the opposite direction of the environments and thus, the lowest per-
formance across E1 — E4. By examining the angle formed between the AEA and the vector of
the genotype, it is possible to observe if the response of a genotype is mainly due to GE effects.
Genotypes such as Safari, TGx2002_5FM, TGx2014 5GM, and TGx2002_14DM showed right angles
with the AEA, indicating that their response can be mainly attributed to GE interactions (Figure
4.1). Regarding the elite genotypes, Dina and Lukanga had lower than average performance in
all environments, whereas Kafue had a better performance in E1 and Safari in E2 — E4.

Figure 4.3 shows the Average Environment Coordination (AEC) view of the genotype-metric
preserving biplot, and it is appropriate to evaluate the mean performance and stability of geno-
types. On the AEC, genotypes that are closer or above the AEC abscissa (single-arrowed line)
in the same direction of environments, are expected to have the highest mean performance.
In contrast, genotypes located farther from the AEA abscissa would have the lowest perfor-
mance. The genotypes TGx2014_24FM, TGx2014_9FM, TGx2001_11DM, and TGx2014_4FM had
the highest mean performance, and TGx2001_8FM, TGx2001_19DM, and TGx2001_14DM the low-
est. Six genotypes, including TGx2002_5FM, Safari, TGx2001_13FM, Kafue, TGx2002_14DM, and
TGx2001_24FM performed at the grand mean because they were located close to the AEC ordinate
(Figure 4.3).
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Figure 4.3: Mean vs stability biplot. PC, principal component.

The AEC ordinate on axis y (double-arrowed line) points to poorer stability in either di-
rection. Consequently, TGx2002_17DM, TGx2002_3FM, and TGx2002_23DM were found to be the
genotypes with the greatest variability, compared to TGx2002_4DM, TGx2002_8FM, TGx2001_11DM,
and TGx2014 _24FM that were highly stable (Figure 4.3). It is worth noting that the two first prin-
cipal components explained 71.4 % of the variation, which may not reflect the actual stability
for some of the genotypes (Hoyos-Villegas, Wright and Kelly, 2016). Based on the performance
and the stability, genotypes can be ranked relative to an “ideal” genotype, which is that with the
highest performance and the lowest variability. Among the genotypes, TGx2014 24FM was the
closest to an ideal genotype, followed by TGx2001_11DM (Figure 4.4). Interestingly the elite lines
(Dina, Kafue, Lukanga, and Safari) showed yields lower or close to the grand mean and were

considerably unstable, being far from the ideal environment (Figure 4.3 and 4.4).
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Figure 4.4: Ranking of genotypes relative to the “ideal” genotype. PC, principal component.

The which-won-where feature is displayed in figure 4.5. Genotypes within the same sector of

an environment are expected to have a better response in that environment. A total of six sectors

were identified, and the environments fell into two sectors. E2 — E4 were located in the same
sector, where TGx2014_24FM had the best performance (genotype located at one of the vertices
of the polygon), followed by TGx2001_11DM. In comparison, in the E1 the genotype with the best

response was TGx2014_9FM, followed by TGx2001_24FM.
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Figure 4.5: The which-won-where view of the GGE biplot. PC, principal component.
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4.4 Genotype-by-trait analysis

Multiple traits averaged across all environments can be correlated with the genotypes using geno-
type x trait biplots. These biplots allow to visually identify relationships between variables,
genotypes, and their interactions; being possible to identify traits that are positively or nega-
tively associated, traits that could be redundant or that can be used as indirect indicators of other
measurements (Yan and Tinker, 2006). Following the same approach in angle formation used
for environment and genotype evaluation; PLHT, DM, and DFFL were positively correlated to
each other and were negatively correlated to shattering (Figure 4.6). Yield variables (GY and
SW100) were grouped in the biplot and showed a negative relation with lodging and indepen-
dence of shattering. Regarding genotypes, TGx2014 24FM, TGx2002_14DM, and TGx2014 9FM
had the highest GY and SW100, and the lowest lodging. On the other hand, TGx2001_11DM and
Squire, which had considerable yield performance, had a lower shattering score, which did not
have an apparent effect on TGx2014 _24FM, and TGx2002_14DM. Among the elite lines, Safari, and
Lukanga showed a higher GY and SW100; Lukanga and Kafue had a higher shattering score; and
Dina had a higher PLHT, DM, and DFFL, accompanied by a lower GY, SW100, and shattering.
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Figure 4.6: Genotype by trait biplot representing 62 genotypes evaluated for seven traits. DFFL, days to flowering;
DM, days to maturity; PLHT, plant height; GY, grain yield; SW100, 100 seed weight; LODG, lodging. PC, principal
component.
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Chapter 5
Discussion

Understanding genotype by environment interaction is an important aspect in any breeding pro-
gram. Breeding programs with a global or regional mandate such as IITA requires that genotypes
that are being developed are extensively tested for yield and yield related traits in multiple envi-
ronments within and outside targeted countries. This is to ensure that the materials are broadly
adapted in these targeted environments. In this study a total of 62 genotypes from IITA except
four from private breeding companies were evaluated in field trials conducted in 2018 and 2019
growing seasons in Malawi and Zambia.

In this study, the additive main effect and multiplicative interaction (AMMI) analysis of vari-
ance for yield showed that the environmental variance was significantly higher than both the
genotype and genotype by environment interaction (GEI) variance. This result also showed that
the environmental (E) main effect was the most important source of variation due to its large
contribution to the total variation for yield. Environment and genotype accounted for 14.36 %
and 1.02 %, of the total variation, respectively. The significant GXE interaction explained 5.06
% of the variation which was almost five times that of the genotypic effects and less than that of
the environmental effect. This was expected because the environments under testing in the two
countries vary in terms of soil type, precipitation, temperature, and humidity. Previous studies
have also reported a higher contribution of environment than GEI on yield (Gurmu et al. 2009;
Rakshit et al, 2012, Temesgen et al, 2015; Gurmu, 2017 and Vaezi et al, 2017). However, other
studies have reported a higher GEI contribution to yield than environment (Mwiinga, 2020; Atnaf
et al, 2013; Bhartiya et al. 2017).

Environmental evaluation is done through the depiction of vector length. E1 and E3 were
the most discriminative environments since their GEI variation was larger than E2 and E4 as
depicted by the length of their vectors. Therefore, E1 and E3 would be useful in the assessment of
variations among genotypes. A test environment with the smallest angle with the AEA (Average-
Environment Axis) is more representative. Therefore, E4 is the most representative environment,
followed by E2, E3, and E1. Test environments that are both representative and discriminating

are useful to selecting genotypes that have broader adaptation. In contrast, discriminating but
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non-representative environments are valuable for selecting genotypes with specific adaptation
(Yan and Tinker, 2006), hence E1 and E3, which were the most discriminating, but were not
representative, would be useful environments to identify locally adapted genotypes and potential
parents. An ideal environment is that with the highest discriminativeness and representativeness.
E3 was the closest environment to an ideal, followed by E1, E2, and E4. The “which won where”
pattern helps in visualizing the possible existence of mega environments in multi environmental
trials and shows the best performing genotype in each environment (Kaya et al., 2006). The
genotypes on the vertex of the polygon formed were either the best or poorest in the sectors and
designated environments they fell in (Yan et al., 2007). A total of six sectors were identified,
and the environments fell into two sectors. E2, E3, E4 were located in the same sector, where
TGx2014_24FM had the best performance (genotype located at one of the vertices of the polygon),
followed by TGx2001_11DM. In comparison, in the E1 the genotype with the best response was
TGx2014_9FMV, followed by TGx2001_24FM. Therefore, these genotypes are recommended to be
released in E1.

In the current study, yield performance and stability analysis were defined using the first
and second interaction principal component axis scores of all test locations symbolised by a
small circle. The two first principal components explained 71.4 % of the variation, which
may not reflect the actual stability for some of the genotypes (Hoyos-Villegas, Wright and
Kelly, 2016). Two lines pass through the origin of the biplot, the first one is the average
environment axis, and this has an arrow pointing to greater GEI effect and reduced stabil-
ity. The second one, the ordinate of the AEC runs perpendicular to the AEC (Kaya et al.,
2006). Yield performance of genotypes TGx2014_24FM, TGx2014_9FM, TGx2001_11DM, and
TGx2014_4FM was higher than average, and these genotypes can be recommended for all test
locations provided that there is optimal climatic conditions and improved management practices.
The AEC ordinate separates genotypes with below average yields to those with above average
yields. TGx2001_8FM, TGx2001_19DM, and TGx2001_14DM had the lowest mean. Six genotypes,
including TGx2002_5FM, Safari, TGx2001_13FM, Kafue, TGx2002_14DM, and TGx2001_24FM ex-
hibited average performance because they were located close to the AEC ordinate. Based on
performance and stability, genotypes can be ranked relative to an “ideal” genotype, which is
that with the highest performance and the lowest variability. Among the tested genotypes,
TGx2014_24FM was the closest to an ideal genotype, followed by TGx2001_11DM. Therefore,
TGx2014 _24FM and TGx2001_11DM could be considered for release in multiple environments.

Yield is a major breeding objective, however breeding for yield tends to be challenging be-
cause it is a genetically complex trait with low heritability. Therefore, identification of traits
that are strongly correlated with yield and have high heritability could help to indirectly select
for yield and circumvent challenges of direct selection. In this study the heritability for yield
was estimated at 37% which is relatively low, but it is consistent with previous studies that re-
ported heritability of 26-28.6% (Melquiades and Reyes,1990; Karasu, 2009). However, it was

encouraging to note that the other traits which includes plant height, days to maturity, and days
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to flowering which were positively correlated to yield, had higher heritability of 50%, 75%, and
76% respectively, than yield suggesting that they could be used to indirectly select for yield.. Re-
garding genotypic by trait performance, TGx2014_24FM, TGx2002_14DM, and TGx2014_9FM had
the highest grain yield and HSW, and the lowest lodging. On the other hand, TGx2001_11DM and
Squire, which had high yield performance, had a lower shattering score, which did not have an
apparent effect on TGx2014_24FM, and TGx2002_14DM. Among the checks, Safari, and Lukanga
showed higher grain yield and HSW. These findings are consistent with previous studies on the
density effects on yield components (Manda and Maata, 2020). Lukanga and Kafue had a higher
shattering score; and Dina had a higher plant height, days to maturity, and days to flowering,

accompanied by a lower grain yield, HSW, and shattering.
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Chapter 6
Conclusion

In the present study AMMI analysis revealed that yield of the 62 genotypes tested were signifi-
cantly affected by genotype, environment and genotype by environment. GGE analysis using the
“which won where” pattern identified genotypes with specific adaptation and possibility of mega
environments. TGx2014_9FM, followed by TGx2001_24FM were more suitably adapted to envi-
ronment E1. The study also revealed that TGx2002_4DM, TGx2002_8FM, TGx2001_11DM,
and TGx2014_24FM were highly stable across the tested environments in Malawi and Zambia.
Hence, they could be recommended for all test locations in the current study provided that there
are optimal climatic conditions and improved management practices. TGx2014_24FM was iden-
tified as the most ideal genotype followed by TGx2001_11DM. Environment E3 can be used as a
location for breeding purposes if the breeding program decided to reduce the number of breeding
locations or in efforts to optimize resources utilization. Plant height, days to maturity, and days
to flowering could be used to indirectly select yield due positive correlation to yield, and higher

heritability.
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