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ABSTRACT
Climate-resilient and high-yielding sorghum cultivars must be developed for sustainable food
systems and improved livelihoods in sub-Saharan Africa. Low grain protein, Fe and Zn
concentrations are a frequent problem in food crops and they affect the crop's nutritional value,
particularly in cereals. In this study, a total of 361 Ethiopian sorghum landraces with four
commercial checks were grown under well-watered, wet intermediate and natural drought
conditions for two consecutive seasons. The purpose of this research was to assess the genetic
diversity and drought tolerance of this Ethiopian sorghum landrace collection using agronomic
and grain quality traits and to select promising lines for production and/or breeding. The specific
objectives were to (i) assess the level and pattern of genetic variation and drought adaptation in a
sorghum landrace collection using phenotypic traits, (ii) evaluate chemical composition, genotype
by environment interaction, drought effects and environmental influence and determine
performance and stability of sorghum landraces, (ii1) identify genomic regions associated with
grain quality to determine the genetic basis for starch, protein and mineral concentrations of

Ethiopian sorghum landraces.

In stress environments, yield and yield components as well as grain quality traits had low means,
range, genetic variance (c°g) and heritability values. In terms of grain yield performance under
different water regimes, Melkassa (irrigated) had a 54.5% higher mean grain yield than Miesso
(drought stress) in 2020 and Melkassa (irrigated) had a 26.9% higher mean grain yield than Miesso
(drought stress) in 2021. Therefor drought stress reduced mean grain yield by 44.6% and grain
weight by 14%. In all environments, ten genotypes (G189, G210, G125, G324, G325, G353, G319,
G219, G187 and G229) had the highest stress tolerance index (STI), geometric mean productivity
(GMP), mean productivity (MP) and yield in non-stress conditions (Yp) and stress conditions (Y's).
In stress environments, starch content decreased by 5%, while protein content increased by 21%
when compared to wet intermediate conditions. The Zn content was 60% and 55% higher in wet
intermediate environments than in irrigated and stress environments, respectively. The Fe content
was 21% and 13% higher in wet intermediate environments than in irrigated and stress
environments, respectively. A genome-wide association study (GWAS) on 365 diverse Ethiopian
sorghum landraces identified 209,572 single nucleotide polymorphisms (SNPs) (HB p < 0.05).

Several candidate genes were identified that were significantly associated with grain Zn, Fe, starch,
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protein and ash concentrations, such as LEA, CHI, bZIP, ARF12 and WOX6. The Late
Embryogenesis Abundant (LEA) and basic leucine zipper (bZIP) family of proteins are involved
in various stress responses in plants. The ABC transporter and sugar carrier proteins, Auxin
Response Factors 12 (ARF12), Alpha-glucan phosphorylase and Zinc finger CCHC gene, are
known for starch synthesis and storage in growing seeds. The WUSCHEL-related homeobox 6
(WOX6) and TatD family of hydrolases genes, acts as a transcription factor and is known to
regulate stem cell maintenance and differentiation. Chitinase (CHI), flavonoid glycosides,
architecturel (tgal) and Class III peroxidase 70 and 69 precursors are all engaged in biological
processes including plant defence against pathogens. The Zinc finger proteins (ZNFs) family is
involved in Zn and Fe ion uptake and transport. These genes are involved in various biological
processes such as stress response, starch synthesis, plant development and defence. The
identification of loci associated with grain quality provides new insight into the genetic control of
the traits, while sorghum landraces with nutritious grains can serve as sources of genes for breeding

for good nutritional value.

Keywords: candidate genes, environment, grain quality, grain yield, GWAS, sorghum landraces,

stress tolerance
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CHAPTER 1

INTRODUCTION

Sorghum (Sorghum bicolor (L.) Moench) originated in Ethiopia and is now grown all over the
world (Harlan, 1969; Mekbib, 2006). Sorghum is drought tolerant and Ethiopia's most important
crop, which is grown in the country's parched lowlands (Doggett, 1991; Kebede, 1991; Amelework
et al., 2015). Sorghum can grow in very diverse and harsh environments, which makes it suitable
for growing in regions where other major crops cannot be produced (Ananda et al., 2020).
Ethiopian sorghum is a source of biotic stress resistance. For instance, wild sorghum species have
been identified as resistant to ergot (Reed et al., 2002) and to Striga (Rich and Ejeta, 2008).
Furthermore, research in Australia has identified a source of drought tolerance (stay green) genes
to be found in four genomic regions (Stg/, Stg2, Stg3 and Stg4) derived from a sorghum line (B35)
native to Ethiopia (Borrell et al., 2003). Sorghum is cultivated over a wide range of elevations and
rainfall conditions in Ethiopia. It is a particularly important food and feed crop in dry lowland
areas where moisture is limited and it is often the only crop grown in these regions (Amelework
et al., 2015). Farmers in Ethiopia consume high-lysine sorghum varieties as immature sorghum
grain. High-lysine sorghums have higher-quality protein endosperm due to their high lysine

content (Tesso et al., 2006).

Sorghum is important for subsistence farming in Africa, Asia and Latin America's semi-arid
tropics. The major constraints and challenges of sorghum production are biotic and abiotic stresses,
high agricultural inputs and cultural influence. It is the most important staple cereal crop in the
semi-arid regions of eastern Africa and South Asia, while it is used as animal feed in the developed
world (Mundia et al., 2019). Global sorghum grain production increased from 61.02 million metric
tons for 2020 to 62.0 million metric tons in 2023. Ethiopia is among the top ten sorghum
producing countries in the world and the third largest producer of sorghum in Africa (USDA,
2023). In 2019, 5.9 million small-holder farmers produced 4.8 million tons of sorghum grain from
an area of 1.75 million hectares and the national average productivity was 2.7 tons/ha (CSA ,

2022).


https://beef2live.com/story-world-sorghum-production-country-246-212852

In Ethiopia, sorghum grain is liked as much as tef, a small cereal grain crop used for injera (a
fermented flat bread), for animal feed, fuel, construction purposes and the preparation of
beverages. Preparing injera from sorghum has considerable economic benefits over tef, as sorghum
commands a much lower price and preparing tef is time-consuming and expensive. Micronutrient
malnutrition, along with under and over nutrition, is among the greatest global challenges of
current times. Malnutrition occurs when nutrient intake does not meet the needs for normal body
functions and, consequently, leads to alterations in growth and development in children. Fighting
malnutrition reduces health-care costs while increasing productivity (Larson-Nath and Goday,
2019; Dukhi, 2020). In Ethiopia, one of the most important public health issues is the high
prevalence of child malnutrition that is a major impediment to improving child health outcomes
(Mengistu et al., 2013). It is leading to a double burden of malnutrition on nations and more so on
developing countries. To address malnutrition, dietary-induced micronutrient supplementation and
food fortification are important to ensure and develop low-cost sustainable solutions to address

this problem globally (Dukhi, 2020).

Genome-wide association studies (GWAS)is a research approach used to identify genomic
variants that are statistically associated with a particular trait. In sorghum, GWAS has been used
to identify quantitative trait nucleotides (QTNs) related to a variety of grain quality variables such
as polyphenols, proteins and fat, minerals, amylose, starch, crude protein, crude fat and gross

energy (Elango et al., 2020; Kimani et al., 2020; Lee et al., 2023).

The overall aim of this study was to understand the diversity and genomics of kernel composition
of Ethiopian sorghum landrace accessions, as well as their phenotypic variability and general and

drought adaptation.

The specific objectives of this study were to:
(1) Assess the level and pattern of genetic variation and drought adaptation in a sorghum
landrace collection using phenotypic traits.
(11) Evaluate chemical composition, genotype by environment interaction, drought effects

and environmental influence and the performance and stability of sorghum landraces.



(i11))  Identify genomic regions associated with grain quality to determine the genetic basis
for starch and protein concentrations of Ethiopian sorghum landraces.

(iv)  Determine the genetic basis of iron (Fe), zinc (Zn) and ash content in Ethiopian
sorghum landraces by identifying genomic areas related to these mineral and ash

concentrations.
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CHAPTER 2

LITERATURE REVIEW

2.1 Biology of sorghum

Sorghum is a naturally self-pollinated crop propagated mainly through seed (Acquaah, 2012).
Because the flower of sorghum lacks petals and sepals, it is classified as both incomplete and
perfect. The floral panicle forms vary by race (Kumar, 2016), as some are very open or lax (bicolor
and guinea), with considerable space between the panicle branches, while others are densely
packed (caudatum and durra). The inflorescence is a panicle, which has a length ranging from 75
to 50 cm. The spikelet is borne in pairs on branches arranged in whorls. Where one spikelet is
sessile, bisexual and fertile, others are pedicelled and male-sterile. The sessile spikelet contains
two florets, one perfect and fertile, while the other is infertile. The fertile floret has a membranous
lemma, a palea, two lodicules, three stamens and an ovary with two long styles with plumose

stigmas (Acquaah, 2012).

2.2 Sorghum diversity

Sorghum is genetically diverse and can vary widely in colour, size, structure and shape. The
phenotypic diversity of wild and weedy sorghum was found to be high across 30 populations
spread across five geographical regions and between eight different species (Muraya et al., 2010).
In many countries, including Ethiopia, different studies have been done on the genetic diversity in
cultivated sorghum phenotypic traits (Adugna and Bekele, 2013; Adugna, 2014; Girma et al.,
2020; Mengistu et al., 2020; Menamo et al., 2021). Heritable diversity can be studied using
phenotypic traits, biochemical traits and molecular markers. Adugna and Bekele (2013) observed
that phenotypic traits do not give a reliable estimate of genetic diversity due to environmental
effects as the morphological variations are largely governed by environmental factors. However,
molecular diversity data may be computed for genomic areas associated with major phenotypic

features (Girma et al., 2019).

Germplasm collections should aim to explore as many geographically and climatically diverse

areas as possible (Ayana and Bekele, 1999; Girma et al., 2019; Birhan et al., 2022 ). Analyses of



morphological traits, which are inherited according to Mendelian genetic principles were the first
methods for estimating genetic diversity in most crops (Doggett, 1991). When no information
about the population structure of a collection is available, the synthesis and categorisation of
morphological data into morphological and presumably genetic similarity groups is useful
(Marshall and Brown, 1975). Phenotypic diversity indexes of morphological traits and/or
multivariate analysis of qualitative and/or quantitative characters have been used to quantify
genetic relationships within sorghum (Ayana and Bekele, 1999; Abdi et al., 2002; Geleta and
Labuschagne, 2005). Sorghum genetic and geographic diversity cause large variation in both
phenotypic and grain quality parameters (Figure 2.1). Based on the genetic diversity resulting from
morphological features of their inflorescence, grain and glumes, sorghum is grouped into five basic
races (bicolor, guinea, caudatum, kafir and durra) as well as ten intermediate races that are
combinations of the five races (Harlan and de Wet, 1972). Races were geographically separated in
their origin and/or domestication, leading to their unique appearances (Figure 2.2). Some studies
have begun to classify sorghum based on various methods. Casa et al. (2008) examined nine
sorghum sub-populations using an association mapping panel. Brown et al. (2011) studied genetic
relationships in comparison to phenotypic racial groupings and sorghum nutritional grain attributes
were discovered in five genetic sub-populations that corresponded to race groupings (Sukumaran

etal., 2012).



Bicolor Guinea Caudatum

Figure 2.2 Races of Sorghum bicolor - panicle types



As the human population grows, insufficiency in macro- and micronutrients is becoming a severe
problem (Mohan Jain and Suprasanna, 2011). In a study by Tesso et al. (2006), sorghum mutants
with better protein and starch digestibility and lysine content have been discovered. Deformed
protein bodies cause higher protein digestibility in mutants and sorghum as the mutant types
exhibit high in vitro raw and cooked protein digestibility (Tesso et al., 2006). Single point
mutations and increased lysine content in sorghum grains have been associated with highly
digestible sorghum (Wu et al., 2013). Regardless of genotypic background, a mutant allele for the
gene encoding pullulanase, an enzyme in the starch metabolic pathway, improved starch
digestibility (Mishra et al., 2016). Genetic innovation and environmental variables have combined
to produce nutritious grain quality features. Sorghum genetic improvement strategies include
increasing the nutritional content and digestibility of sorghum grain proteins (kafirin) (Elkonin et
al., 2018). Genetic biofortification of sorghum grain is the most common method for correcting

nutritional imbalances in the human diet.

Diverse research has identified a small range of genetic variation for micronutrient such as Fe and
Zn (Are et al., 2019). Breeding processes may have significantly reduced genetic diversity in grain
minerals. Few studies on the genetic diversity of wild sorghum accessions have been conducted
(Aldrich et al., 1992; Cui et al., 1995; Casa et al., 2005). Ayana et al. (2000) examined the level
and distribution of genetic variation in 93 wild sorghum individuals representing 11 populations
from five geographical regions of Ethiopia, reporting low genetic diversity. Studies have been
reported the diversity of wild sorghum in the country (Adugna et al., 2013; Teshome and Feyissa,
2013). In situ population genetic studies using simple sequence repeat (SSR) markers on wild
sorghum in Kenya and Mali recently revealed high genetic diversity (Mutegi et al., 2010; Muraya
et al., 2011). GWAS is becoming more popular for identifying candidate genes underlying traits
of interest. It is becoming a more common approach in trait identification due to its ability to
overcome the major limitations of bi-parental populations (Brachi et al., 2011; Mohammadi et al.,
2020), particularly with recent advances in high throughput DNA sequencing technologies and
large-scale precision phenotyping. Several research studies have explored the extent and
distribution of genetic variation in Ethiopian landrace accessions (Girma et al., 2019; Tefera, 2019;

Enyew et al., 2022). GWAS discovered loci and single nucleotide polymorphisms (SNPs) linked



to various traits. GWAS identified SNPs with significant association with the various traits studied

using the compressed mixed linear model (CMLM) (Girma et al., 2019).

2.3 Utilisation of the grain

Sorghum grain is rich in starch, protein, micronutrients and crude fibre, but low in fat, leading to
good functional properties (Abah et al., 2020). Therefore, sorghum is utilised for food, feed and
beer manufacturing in Ethiopia. Throughout Africa, sorghum is used to make fermented flatbreads,
such as injera, Ethiopia's staple bread and kisra, Sudan's traditional bread. Both injera and kisra
are large circular pancake-like flatbreads made with a batter, baked on a clay griddle. Injera
features an evenly honeycombed top surface made up of what are referred to as "eyes," each around
4 mm wide and deep and about 50 cm in diameter and 0.7 cm thick (Taylor and Duodu, 2019).
Sorghum grain in Ethiopia is used for making injera, which was traditionally made from tef. Fox
et al. (2020) identified several Ethiopian sorghum varieties that are better than tef in injera-making
quality, based on chemical, image and sensory analysis. Sorghum is utilised for food, feed and

alcoholic beverages, malt and beer manufacturing in Ethiopia, with the rest being saved for seed.

Because sorghum grains are an abundant and inexpensive source of starch it can also be used in
pharmaceuticals, textiles and paper and it is used to manufacture alcoholic beverages. Traditional
alcoholic goods can be classified as beer, "wine," or spirits and come in a wide range of flavours.
Alcoholic beverages are made by a fermentation process that produces ethanol and carbon dioxide.
Distillation is included as an extra process in the creation of spirits, in which the ethanol is

evaporated and then condensed to form high-ethanol liquor (Taylor and Duodu, 2019).

The entire plant is used; sorghum stalks are used as firewood and for building houses, while the
leaves are used as animal food. In places impacted by harsh climate conditions, which favour the
cultivation of sorghum (as a drought-tolerant crop) over other cereals, per capita consumption of
sorghum has increased (Sirany et al., 2022; Khalifa and Eltahir, 2023). Furthermore, due to recent
high tef costs, even middle-class households have boosted their sorghum intake, combining
sorghum and tef to make injera (Yetneberk et al., 2004; Salaam-Blyther, 2011; Fox et al., 2020).
Sorghum is a near equivalent for tef, which is useful when tef prices fall, which also applies to

sorghum consumption.



2.4 Sorghum grain quality

Sorghum quality is determined by aesthetic and cooking characteristics, processing attributes and
consumer acceptability; all these factors contribute to the quality of sorghum. Furthermore,
sorghum's nutritional features include protein and starch digestibility, nutrient bioavailability and
anti-nutritional factors (tannin and phytic acid) (Mezgebe et al., 2018; Fox et al., 2020). Most
cereal species, such as wheat, maize and sorghum, are dietary staples and are important
commercial commodities, but they lack certain critical amino acids, such as lysine, threonine,

tryptophan and methionine (Sudheesh et al., 2022).

Seed hardness, weight and size are all key factors in determining the quality of sorghum grain
(Mezgebe et al., 2018; Tao et al., 2020). Because of its impact on processing, uniformity of these
traits is important in sorghum grain quality assessment, in addition to average values for hardness,
weight and size. The essential grain quality attributes that contribute to customer preferences and
acceptance are grain size, shape, gloss and colour. Grain size correlates significantly with
molecular mechanisms, offering a pathway to explore the underlying genetic composition (Tao et
al., 2020). Moreover, grain size, grain shape and lustre are also important quality characters that
determine the market price of sorghum grain. Sorghum varieties with round and large grain sizes
have higher grain yields. Tao et al. (2020) observed the significant importance of genetic effects
in breeding programmes and selection procedures to develop new sorghum cultivars with

enhanced grain size and round grain shape.

2.5 Sorghum grain structure

Kernel physicochemical parameters determine the processing properties and product quality of
cereal grain. Within cereal grain species, differences in grain morphological structures and
chemical composition have been identified. These changes have a significant impact on the
nutritional quality of cereal grain products (Koehler and Wieser, 2013). The pericarp (outer layer),
endosperm (storage tissue) and germ (embryo) are the three primary elements of the sorghum grain
(Figure 2.3). Serna-Saldivar and Espinosa-Ramirez (2019) found that, of the total grain, the
endosperm makes up 84.2%, the germ 9.4% and the pericarp 6.5%. The shape, size, endosperm,

germ, pericarp and pericarp colour of sorghum kernels are all genetically determined. Some
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sorghum varieties (tannin sorghum varieties) contain a darkly pigmented layer beneath the pericarp

termed the testa or sub-coat (Sen et al., 2023).

The outermost endosperm (aleurone layer), the peripheral endosperm (sub-aleurone layer), the
corneous endosperm and the floury endosperm are the four types of endosperm that have been
identified (Serna-Saldivar and Espinosa-Ramirez, 2019). The aleurone is made up of a single layer
of rectangular cells close to the testa, or tube cells. A thick cell wall, many proteins (protein bodies,
enzymes), ash (phytin bodies) and oil are all present in the cells (spherosomes). The peripheral
endosperm (sub-aleurone layer) contains higher protein content but smaller starch granules than
the other parts of the endosperm; it affects the processing and nutrient digestibility (Duodu et al.,
2003; Serna-Saldivar and Espinosa-Ramirez, 2019). Therefore, the protein in the peripheral
endosperm would provide information on the endosperm-specific genes. The aleurone layers have
no starch, but contain minerals, protein, phytic acid, oil and vitamins (Rooney and Murty, 1982;

Serna-Saldivar and Espinosa-Ramirez, 2019).

The corneous and floury endosperm cells are composed of starch granules. The corneous
endosperm contains starch granules fixed in a dense protein matrix. The endosperm matrix protein
is comprised mainly of glutelins and prolamins (kafirins) (Serna-Saldivar and Espinosa-Ramirez,
2019). The cells in the floury endosperm are loosely packed. The protein matrix does not hold the
spherical starch granules together (Rooney and Murty, 1982). Endosperm texture refers to the
floury endosperm and determine the functional qualities of sorghum (Ezeogu et al., 2005) as well
as sorghum malting quality (Chiremba et al., 2011). The embryonic axis and the scutellum are the
two major components of the germ. The new plant is contained within the embryonic axis, which
is separated into radicals and plumules. The radical is responsible for the formation of basic roots,
whereas the plumule is responsible for the formation of leaves and stems. The cotyledon of the
sorghum caryopsis is the scutellum, the germ transport reserve tissue, containing a high
concentration of oil, protein, enzymes, minerals and acts as a link between the endosperm and the

germ (Rooney and Murty, 1982; Serna-Saldivar and Espinosa-Ramirez, 2019).
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Figure 2.3 Longitudinal section of a sorghum kernel (Belton and Taylor, 2002).

2.6 Chemical composition of sorghum grain

Sorghum grain composition and functional qualities have been extensively researched. According
to Rhodes et al. (2017), protein content in global sorghum germplasm range from 8.1 to 18.8%,
fat content from 1.0 to 4.3% and starch content from 61.7 to 71.1%. When compared to other
cereal grains, sorghum grain is known for its hardness. Sorghum grain with modified endosperm
texture has improved nutritional quality and digestibility due to its increased lysine content.
Breeding resulted in sorghum cultivars with modified hard endosperm with high lysine content
and increased protein digestibility (Tesso et al., 2006). Sorghum contains complex carbohydrates
(starch and dietary fibre) that are slowly digested and provide a feeling of fullness when consumed,
while suppressing appetite. Sorghum is a great source of nutrients for people of all ages. Fe and
Zn are essential minerals for normal human growth, yet there is a deficiency of these two

micronutrients in underdeveloped nations (Are et al., 2019).
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Starch

Starch is the dominant carbohydrate in sorghum grain and is stored as granules in the endosperm,
which provides energy for humans and animals, and cellulose, which makes up many plant
structures. The quality and quantity of starch present in sorghum are important quality parameters
that can influence consumer acceptance of the end product (Pushpamma, 1993). Rhodes et al.
(2017) reported that starch concentration of global sorghum germplasm ranged from 61.7 to
71.1%. Starch is found in the form of granules and makes up 56 to 76% of sorghum flour,
depending on genetic and environmental factors (Bean et al., 2019). Starch granules are made up
of a linear carbohydrate called amylose (20-30%) and a highly branched polymer called
amylopectin (70-80%). Amylose (106-108 kDa) is a linear sugar made up of 1,6-linkage branching
and 1,4-linked sugar units per 200 to 10 000 units. Amylopectin (108-109 kDa) has a higher
branched structure than amylose-1, with 6-linkage branch points every 20 glucose units (Tetlow,

2011).

The ratio of amylose to amylopectin in sorghum grain starch is one of the most important factors
determining its use as food, feed or biofuel. Amylose creates a compound with lipids after heating,
increasing starch viscosity and decreasing fermentation and digestibility (Zhu, 2014). Wang and
Copeland (2013) found that amylopectin does not form a lipid complex and has a lower viscosity,
extending the shelf life of bread, cakes and pastes. Amylopectin improves grain digestibility and
ethanol fermentation efficiency. Sorghum starch physicochemical properties are improving,
making it more valuable for food and industrial applications. According to Bemiller (1997),
molecular and plant breeding approaches such as selection, mutation, crossover genetics,
physicochemical and enzymatic alterations can boost starch content. The application of genomic-
based breeding methods including SNP and genotyping-by-sequencing (GBS) in sorghum has the
potential to significantly accelerate selection gain. Bekele et al. (2013) showed that molecular
breeding has advanced and improved the effectiveness of breeding techniques. Waxy genes
produce starch that has high amylopectin with improved protein and starch digestibility in sorghum
(Are et al., 2019). Starch structures and enzyme activities are involved in starch biosynthesis and
many genes for these enzymes have been mapped. The enzymatic activities of starch biosynthesis

require the coordinated activities of several enzymes like starch synthase (SSS), granule-bond

13



starch synthase (GBSS), starch branching enzymes (SBE) and starch de-branching enzymes (DBE)
(Bing et al., 2014).

Protein

The protein quality of sorghum is related to the protein fraction distribution in grains and the
attributed nutritional composition (Serna-Saldivar and Espinosa-Ramirez, 2019). Sorghum
endosperm proteins can be found in two forms: a matrix and protein bodies that are encased in the
matrix. Albumins, globulins, kafirins, cross-linked kafirins and glutelins are several types of
proteins found in sorghum (De Mesa-Stonestreet et al., 2010). Kafirins are the most abundant
storage proteins in sorghum endosperm, accounting for 77-82% of total protein content (Duodu et
al., 2003). Kafirins are prolamin storage proteins with low quantities of certain amino acids,
particularly lysine, a problem common to cereal grains (Taylor and Schiissler, 1986). In poor
countries, sorghum is a reliable food crop. When kafirin, albumin, glutelin and globulin proteins
are restricted in critical amino acids (lysine, tryptophan and threonine), this may result in an
imbalanced diet. After starch, protein is the second most abundant component in sorghum grain
(6-18%) (Duodu et al., 2003). Sorghum flour protein content can range from 6 to 20%, depending

on genetic, environmental and management influences (Bean et al., 2019).

Sorghum proteins are found in the endosperm (80%), germ (16%) and pericarp (3%) of the grain
(Taylor and Schiissler, 1986). The sub-aleurone layer of the peripheral endosperm has a higher
protein concentration than the rest of the endosperm. As a result, the peripheral endosperm
provides insight into the endosperm's unique gene function. Taylor and Schiissler (1986) reported

that sorghum grain composition is affected by genotype and environmental factors.

Sorghum protein digestibility improvement

The use of sorghum in both food and feed applications has been limited, largely due to the low
digestibility of its proteins. Improving sorghum protein digestibility is one of the major tasks and
objectives of sorghum breeding programmes and some success has been achieved in the past

(Tesso et al., 2006).
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Food processing procedures affect nutrient bioavailability in cereal grains by modifying the effects
of anti-nutritional agents or chemical alterations to proteins and their interactions with other
molecules (Afify et al., 2012). The sorghum protein bodies and matrix are resistant to enzymatic
digestion due to their physical and chemical properties (Wong et al., 2010; Duodu and Dowell,
2019). After wet cooking, sorghum protein digestibility ranged from 36.4 to 74% (Hussain et al.,
2020), while Ezeogu et al. (2005) showed that in vitro protein digestibility significantly decreased
in wet cooking, from 59.1 to 30.5%. Dry heating (e.g. popping) has a deleterious influence on
protein digestion as well, but to a lesser extent (Opazo-Navarrete et al., 2019). The bioavailability
of sorghum protein as well as in vitro protein digestibility are further affected by food processing
procedures such as fermentation, dry roasting and malting or germination (Yetneberk et al., 2005;
De Mesa-Stonestreet et al., 2010; Weerasooriya et al., 2018). Findings suggest that modifying food
processing procedures and selecting appropriate genotypes for specific food products could help

to improve in vitro protein digestibility and bioavailability.

Because sorghum products are gluten-free, they lack the elastic gluten network that is necessary
for expanded texture development in staples like bread. Due to poor amino acid composition and
low protein digestion, sorghum protein nutritional scores are often low. Both environmental and
internal variables influence protein digestion. Physical inaccessibility due to trapping non-intact
cell structures and the presence of anti-nutritional substances are examples of external influences.
The amino acid sequence of proteins, as well as protein folding and cross-linking, are the most
important internal factors. Food processing is usually done to preserve the nutritional value of the
food. Linking of anti-nutritional elements such as tannins and phytic acid with sorghum
components, particularly its protein, makes it less digestible for humans and monogastric animals
than other cereals. To increase the nutritional quality of sorghum and fully utilise its potential as
human food or animal feed, these unwanted components must be removed or reduced (Are et al.,
2019). Proline-rich proteins bind sorghum tannins more effectively than other proteins. Proteins
of good quality are easily digestible and contain essential amino acids in sufficient quantities to
meet human needs. Digestibility is also strongly associated with the overall kafirin content (Wu et

al., 2013; Elkonin et al., 2018).
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Mineral elements

Micronutrient deficiency is one of the world's most serious problems, especially in Africa. Dietary
diversity and food biofortification have been used to combat micronutrient deficiency (Ohanenye
et al., 2021). Sorghum is high in minerals, which are found in the pericarp, aleurone layer and
germ. Sorghum is a rich source of potassium (K) and a good supply of magnesium (Mg), Fe, Zn
and copper (Cu) (Kumar et al., 2022). Sorghum has a wide adaptability range, is drought tolerant
and has low variability in Fe and Zn content. As a result, developing varieties with higher
micronutrient concentrations can help meet nutritional requirements. The grain Fe concentration
in elite parents generally ranges from 20 to 40 ppm, while the grain Zn concentration ranges from
20 to 30 ppm (Are et al., 2019). The aleurone layer and embryo (particularly the scutellum) have
the highest Fe and Zn concentrations, while the starchy endosperm has the lowest (Are et al.,

2019).

The mineral content of sorghum grain varies greatly. Environmental variables have a greater
impact on the mineral content of this cereal grain than genetic factors. Micronutrient deficits are a
major public health issue with considerable health and nutritional implications (Ananda et al.,
2020). Zn and Fe nutritional deficiencies have received a lot of attention in recent decades,
especially in developing nations where many people rely on grains and legumes as their primary

sources of these nutrients.

Biofortification is still being scaled up and more work is needed to achieve the overall goal of
eradicating Fe and Zn deficiency in the world population and assuring nutritional security
(Stangoulis and Knez, 2022). Plant susceptibility to biotic and abiotic stressors is also affected by
micronutrient deficiency. However, the plant genotype plays a big role in mineral concentration
and each mineral element has intricate interactions with a variety and different environmental

conditions (Nakandalage and Seneweera, 2018).

Anti-nutritional factors
Sorghum contains phytochemicals such as phenolic acids, flavonoids and tannins of which tannins
are considered as major anti-nutritional factor. Sorghum tannins are made up of oligomers or

polymers of flavan-3-ol and flavan-3,4-diol that are mostly linked by B-type connections. In
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addition, monomers (primarily catechin) and dimers (mostly procyanidin B1), which have a low
molecular weight, are present in modest amounts in sorghum grain (Awika and Rooney, 2004;
Xiong et al., 2019). The tannin concentration of sorghum grain was found to vary significantly
between cultivars and values ranging from 2.3 to 8.8 mg/g, with an average of 5 mg/g were
reported (Abdelhalim et al., 2019). Sorghum has a total polyphenol concentration of 1.7 to 102.6
g/kg, which includes tannins, proanthocyanidins, flavonoids and phenolic acids. In comparison,
the polyphenol content of maize and wheat is low, while barley has a 13.5 g/kg polyphenol content
(Bravo, 1998). One of the most important nutritional aspects influenced by tannins is protein
digestibility. Tannins produce a protein-tannin complex, which decreases protein digestibility,
delays growth and sometimes interferes with amino acid synthesis (Tapiwa, 2019). Tannins are
divided into two groups: hydrolysable and condensed tannins (Okuda and Ito, 2011). Tannins can
be easily treated if they are hydrolysable. Their effects can be reduced by soaking sorghum grains
allowing it to absorb water. Condensed tannins can be removed through dehulling or heat treatment
to remove the sorghum coat. If tannins in sorghum can be easily removed, sorghum will become
one of the best sources of animal feed (Tapiwa, 2019). The use of high-tannin forages is lethal and
even at low levels, their regular use reduces dairy, meat and egg productivity, reproduction and
quality. Tannins have been found in nature as monomers or low-molecular-weight oligomers in
plants such as grapes, tea and legumes (Terblanche, 2017; Watrelot and Norton, 2020). Sorghum
tannins, on the other hand, are in a condensed state with a high molecular weight and a high degree

of polymerisation, which is unusual among the major grains (Wu et al., 2012).

In sorghum, phenolic acids, 3-deoxyanthocyanidins and condensed tannins make up the majority
of the phenolic components. Rhodes et al. (2017) reported on the phenolic contents of the sorghum
races. The highest mean content of phenolic acids is seen in bicolor and guinea-caudatum.
Caudatum has a lower level of phenolics than the other botanical races. Bicolor-durra accessions
have high mean amounts of phenolics (Rhodes, 2014). Sorghum phenolic acids have been
demonstrated to have high antioxidant action in vitro and consuming sorghum whole grains may
enhance gut health and lower the risk of chronic diseases (Xiong et al., 2019). Sorghum with high
tannin content provide agronomic benefits, such as protecting the plant against diseases and birds

and have been widely produced in some underdeveloped areas with food security issues.
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Phytic acid is another anti-nutritional compound found in seeds. Phytic acid can be found in most
cereal grains, legumes, nuts, oilseeds, tubers, pollen, spores and organic soils. Phytic acid accounts
for about 1-2% of the weight of cereal seeds and it can sometimes reach 3-6% (Febles et al., 2002).
According to Syed (2019), the phytic acid concentration of grains ranged from 0.2 to 2.4 mg/g,
with an average of 1.1 mg/g. Phytic acid is the primary phosphorus storage compound in plant
seeds, accounting for up to 80% of total phosphorus in seeds (Lopez et al., 2002). In many plant
species, 90% of phytic acid is found in the aleurone layer and only 10% in the embryo. Many
factors can influence the phytic acid content and phosphorus availability in cereal grain, including
genetics, environmental fluctuations, location, irrigation conditions, soil type, season and fertiliser
application (Dost and Tokul, 2006). Phytic acid has long been regarded as an anti-nutrient due to
its strong ability to form complex multi-charged metal ions, particularly Zn, Ca and Fe. As a result,
consuming large amounts of phytic acid-rich foods may result in a deficit in the absorption of some

dietary minerals (Reddy and Pierson, 1994).

2.7 Environmental factors affecting nutritional quality

Crop yields and nutritional security are heavily reliant on weather patterns and the changing
climate is placing the bulk of food produced for human consumption at risk. As a result of climate
change, soil quality is deteriorating, mostly owing to the disturbance of soil microbial
communities, which harms the breakdown of organic pollutants and soil organic matter, as well as
nitrogen fixation (Ai et al., 2021). Despite attempts to boost global food availability, which is
critical for food and nutritional security, the worldwide burden of malnutrition and micronutrient
deficiencies remains severe, especially among low-income groups and is intrinsically tied to

climate change (FAO, 2018).

Developmental processes, morphological traits and fundamental physiological responses to varied
environments all have distinct effects on plants. Increased carbon dioxide (CO>) is well known to
improve plant growth and production by speeding up photosynthesis while also boosting crop
water uptake efficiency (Guo et al., 2013; Li et al., 2018). However, increased plant growth at
increasing CO» levels is offset by decreased grain quality responses, which have been reported in
many plant species (Morison and Lawlor, 1999). This indicates how rising CO; levels alter the

balance of agricultural metabolic pathways, mineral intake and nutrient availability.
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Environmental factors such as pH, air temperature, sunlight, rainfall, organic matter and soil
texture have the potential to influence nutrient concentration in crops and must be considered when

investigating micronutrient content variation in crops (Nakandalage and Seneweera, 2018).

Environmental conditions may also influence the concentration of provitamin A carotenoids in
maize cultivars (Mengesha et al., 2019). Large variability for sorghum grain micronutrients (Fe
and Zn), as well as the presence of genotype by environment interaction (GEI) for micronutrients,
impacts the expression of these traits (Phuke et al., 2017). Grain physical characteristics (size and
hardness) are controlled by genotype, location and their interactions. Tao et al. (2020)
demonstrated that cross-environment correlations of these grain features are relatively high within
the same population and heritability of the variables is moderate to high, indicating a strong genetic
influence. To find and promote superior genotypes, stability assessments of potential genotypes
must be reproducible across years. The use of factor-analysis in conjunction with mixed models
for multi-environmental trial (MET) analysis of imbalanced data is crucial for determining the
relative stability and GEI of varieties (Cullis et al., 2010; Smith et al., 2015). Sorghum protein
level and composition vary by cultivar due to genetic and agronomic factors (water availability,
soil fertility, temperatures and environmental variables during grain growth) (Taylor and
Schiissler, 1986). Positively interacting varieties can be employed for specific agroecological
conditions in the target areas and are thus best adapted to those conditions. For many cereal grains,
including sorghum, geographical and/or environmental factors (such as soil characteristics)

influence protein content (Kaufman et al., 2018).

The availability of minerals in the soil has a considerable influence on plant nutrition. Low nutrient
availability typically has a limited influence on plant photosynthetic rates, perhaps resulting in less
carbon available for secondary compound formation (Dong et al., 2018). There are considerable
environmental effects on both yield and quality features. Because the crop is cultivated under a
variety of agro-climatic conditions that impact the nutritional makeup of the grain, the essential
amino acid composition of sorghum protein also varies greatly (Fano, 2017). Human selection for
various food applications altered grain composition delivery patterns among genetic groupings. It
is also likely that some of the changes in grain composition between genetic groups are caused by

adaptation to environmental variables (Rhodes et al., 2017).
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2.8 Drought effects on grain quality traits

Drought stress has been shown to reduce grain quality in cereals such as wheat, barley, maize and
sorghum (Safian et al. 2022; Ullah et al., 2023). The impact of drought stress on sorghum
productivity during each growing stage can vary depending on the severity, duration and timing
of water deficit, as well as the sorghum variety's tolerance to drought (Assefa et al., 2010; Yahaya
and Shimelis, 2022). Extended periods of water scarcity can limit sorghum's ability to complete
its life cycle, resulting in reduced yield and quality (Bing et al 2014; Sehgal et al., 2018). Repeated
exposure to drought stress can weaken sorghum plants, making them more susceptible to other
stressors such as pests and diseases (Funnell-Harris et al., 2023). Drought stress during critical
stages such as flowering, grain filling and ripening can lead to substantial yield losses (Sarshad et
al., 2021). Water deficit during pre-flowering stage can lead to a decrease in the number of flowers
produced per panicle and limit the potential for successful pollination and seed set in sorghum
(Lehrer, 2022). Water scarcity during flowering and pollination stage can result in incomplete
pollination, poor pollen viability and reduced fertilization rates, leading to a decrease in grain set
and potential yield loss (Raymundo et al., 2023). Insufficient soil moisture during grain filling and
ripening critical period can result in poor grain filling, smaller kernel size and reduced grain
weight, ultimately leading to lower yields and inferior grain quality in sorghum (Raymundo et al.,

2023).

Heat and drought have been found to alter protein production and cross-linking in wheat and maize.
Drought stress lowers grain filling rate and shortens filling duration during flowering and grain
filling, decreasing grain size and output (Sehgal et al., 2018). It reduces grain size by decreasing
endosperm cell division and the amount of starch granules in the grain. According to Sehgal et al.
(2018), drought stress reduce the availability of sucrose from leaves and hampered enzymatic
activity in grains. Drought has a large impact on the physicochemical grain characteristics of
cereals, particularly sorghum. Drought stress influences grain starch concentration, endosperm cell
numbers and grain size and has a significant impact on starch production. Drought can impair
protein and starch digestibility (Impa et al. (2019), resulting in insufficient nutritional absorption
from drought-stressed sorghum. Drought decreases grain protein digestibility and micronutrient
composition (Zn, Fe, Mn and Cu), while increasing kernel hardness and total protein in grain (Impa

et al., 2019). Drought reduces sorghum feed digestion (in vitro organic matter digestibility)
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(Somegowda et al., 2021). Drought stress at anthesis resulted in lower total starch, amylose and
amylopectin accumulation, which is related to poor enzyme activity on sugar nucleotide precursors
(Bing et al., 2014). SSS, GBSS, SBE and DBE enzymatic activity in sorghum grains were reduced
to varying degrees due to drought stress, inhibiting starch synthesis during grain filling (Bing et
al., 2014).

Drought and heat stress reduce grain filling rate and duration during flowering and grain filling,
reducing seed size and quantity, influencing commercial attributes such as seed weight and seed
quality. It reduces grain size by inhibiting cell proliferation in endosperm cells and the number of
starch granules in grain (Dalling, 1985). The production and transfer of photo assimilates, as well
as the import of precursors for biosynthesis of seed reserves, minerals and other functional
elements, all have an impact on seed filling. These processes are especially susceptible to drought
due to the participation of a varied array of enzymes and transporters present in leaves and seeds

(Figure 2.4; Sehgal et al., 2018).

Figure 2.4 illustrates the movement of sucrose and other nutrients from the source
(endosperm/cotyledon) to sink during seed growth (embryo). Carbon, nitrogen, phosphorus and
other minerals obtained from the hydrolysis of endosperm/cotyledon stored nutrients are
transferred to the embryo for development and mobilised toward the assimilate-transport pathway
into growing seeds, as well as the starch and sucrose synthesis pathways. Both drought and heat
can have an impact on seed filling by altering any of these or many processes, causing them to
either accelerate (as in heat) or disrupt seed filling (as in heat and drought) (Sehgal et al., 2018).
A summary of previously published results on the effect of drought stress on the quality of sorghum

genotypes at different growth stages is presented in Table 2.1.

2.9 Genetics of kernel colour

Kernel colour has a key role in determining the nutritional content and consumer appeal of
sorghum. Sorghum kernel colour varies greatly. Xiong et al. (2019) reported that sorghum kernel
colour has been categorised into five types: white, yellow, red, black and brown. The kernel colour
is related to phenolic compounds in the bran layer and is controlled by the R and Y genes (pericarp

colour), the Z gene (pericarp thickness), the presence of B/ and B2 genes (pigmented testa), the S
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gene (spreader), the 7p gene (testa colour) and the / gene (the colour intensifier) (Dykes et al.,
2009; Dykes et al., 2013; Khoddami et al., 2023).

White sorghum possesses a y recessive gene as well as RRyy or Rryy alleles, which result in a white
pericarp. White sorghum has low amounts of total phenolics, tannins and 3-deoxyanthocyanidins.
Yellow sorghum contains a recessive » gene and a dominant Y gene, with 7Y yielding a yellow
pericarp. Yellow sorghum is high in flavanones and low in phenolics. Sorghum with a red or black
pericarp possesses both dominant R and Y genes, with RY yielding a red or black pericarp. The
pericarp of red and black sorghum contains a high concentration of phenolic compounds. Red
sorghum has a somewhat higher phenolic content than white sorghum, but no tannins (Dykes et

al., 2009; Dykes et al., 2013; Khoddami et al., 2023).
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Figure 2.4 Schematic representation of various processes during the seed filling stage in both monocot (top left) as well as dicot (top
right) plants (Sehgal et al., 2018).

SUT = sucrose transporter; AAP = amino acid protein; PEPC, AK, PEP = carboxylase and/or aspartate kinase; AGP = ADP glucose pyro-phosphorylase; GPT = plastidic glucose-
6-P translocator; pPGM = plastidic phosphoglucomutase.
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Table 2.1 Summary of previously published studies on the effect of drought stress on the quality of sorghum genotypes at different

growth stages

Experiment Genotype Stress level and Results Genotypes that had high Reference
name conditions grain qualities under stress
Effect of drought stress 2 sorghum 714%™ 215 and Drought stress during the grain filling and Tieza 17 Bing et al.,
during flowering stage on hybrids (Tieza 28 day after flowing stages lowered starch synthesis (2014)
starch accumulation and 17 than Liaoza  flowering enzyme activity, resulting in lower
starch synthesis enzymes in 11) accumulations of starch, amylase and
sorghum grains amylopectin in grains
Water deficit and heat stress- 24 sorghum Two water stress Drought stress decreased protein digestibility SC372 and RTx7000 Impa et al.
induced alterations in grain genotypes conditions: and micronutrient composition (2019)
physicochemical flowering and Drought stress increased kernel hardness and
characteristics and grain filling stages  total proteins in grain
micronutrient composition in
field-grown grain sorghum
Nutritional composition of 100 sorghum Post-flowering Post-flowering water stress reduced Carbohydrates: BRO07B, Queiroz et al.
sorghum [Sorghum bicolor genotypes water stress carbohydrate, protein and ash contents SC59 and SC1033 (2015)
(L.) Moench] genotypes Proteins: SC325, SC320 and
cultivated without and with SC124
water stress Ash: SC224, SC566, SC467
and SC1356

The potential of some sweet 10 sweet Once every 15 Drought stress reduced protein digestibility and ICSSH 30 was superior in Alhajturki et al.
sorghum (Sorghum bicolor sorghum days till the the content of micronutrients drought-tolerance-associated ~ (2012)
L.) genotypes under two varieties heading stage, Drought-enhanced kernel hardness and overall traits and high sugar and bio-
water regimes for sugar and plants exposed to protein content in grain ethanol potential yield under
bio-ethanol production water stress Water stress after blooming lowered both water regimes.

carbohydrate, protein and ash levels

Water stress lowered yields of stalk, juice,

sugar and ethanol
Effect of moisture stress on 4 hybrid The stress was Water stress decreased starch and protein Varieties BD 740 and BD Hossain et al.
morphological and yield sorghum exposed in 2-day contents 731 had higher starch and (2016)
attributes of four sorghum varieties intervals starting protein contents
varieties from the tilling

stage
Morphological and 3 sorghum The stress was at Drought stress negatively influenced Payam variety is better touse  Sarshad et al.
biochemical responses of varieties pollination, seed morphological and yield-related traits in both drought stress and (2021)
Sorghum bicolor (L.) (Sepideh, milky, and seed non-stress conditions
Moench under drought stress  Kimia, and doughy stages
Payam)
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Because of the presence of polyphenols, some sorghum has a red hue. Under adverse conditions
such as humidity and rain, these polyphenolic chemicals move from the glumes to the grains.
During this process, the grain becomes discoloured, compromising the end-use quality of the final
products (Hikeezi, 2010). Because the red pericarp transforms to black under solar radiation during
maturation, black sorghum is genetically red and a subspecies of red sorghum. The pericarp of
black sorghum contains a high concentration of phenolic compounds, notably 3-
deoxyanthocyanidins (Dykes et al., 2013). Brown sorghum, often known as tannin sorghum,
contains coloured testa and a high concentration of condensed tannins (Awika and Rooney, 2004;
Dykes et al., 2009). The existence of the testa in sorghum is controlled by the dominant testa genes

B1 and B2, with BI and B2 generating brown pericarp and testa hues (Earp et al., 2004).

rryy or R yy

Figure 2.5 Genetics of sorghum pericarp colour (R and Y and Bl and B2 genes): (a) White (rryy
or R_yy); (b) yellow (rrY ); (c) red (R_Y ); (d) black (R_Y ) and (e) brown (B/_B2 ).

2.10 Association mapping for grain quality

GBS is a powerful technique that combines genotyping with next-generation sequencing. It offers
a practical solution for genotyping diverse panels, addressing missing data and advancing
association mapping studies (Fu and Yang, 2017; Wang et al., 2020). Association mapping is a
technique for identifying genetic variants associated with phenotypic traits by analysing the
patterns of genetic variation within a population (Mural et al., 2022). Advantages of association
mapping over traditional QTL linkage studies is its ability to capture natural genetic variation and
achieve higher mapping resolution. This will result in an extremely well-characterised genetic
population (Poland and Rife, 2012). The use of genomics to investigate variability, inheritance and
trait associations to enhance nutritional quality is growing. Sorghum has a small genome (730 Mb)

with a whole genome sequence being available (Paterson, 2013). Sorghum is amenable to the use
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of genomic breeding approaches. In recent years, there has been a rapid decrease in the cost of
genotyping for GWAS for the identification of SNPs using high-density SNP array technologies
(Batley and Edwards, 2007; Negro et al., 2019) or GBS (Elshire et al., 2011; Morris et al., 2013)
or next-generation sequencing technologies (Metzker, 2010). This has paved the way for genomic

selection or predictive breeding tactics (Jannink et al., 2010).

In plants, SNPs are used for a variety of molecular genetic marker applications. High-resolution
genetic map creation, linkage disequilibrium-based association mapping, genetic diagnostics,
genetic variability assessment, varietal identification, phylogenetic studies and characterisation of
genetic resources are among these uses (Batley and Edwards, 2007). Recent advancements allow
such techniques to significantly accelerate selection gain and increase breeding effectiveness
(Bekele et al., 2013; Krishnappa et al., 2021). The genetic control of quality characteristics, as well
as mutation research, have greatly increased our understanding of nutritional quality aspects in
sorghum. Mutations in sorghum genes, such as the waxy gene, produce starch with high
amylopectin content and low amylose content, as well as increased protein and higher starch

digestion (Griebel et al., 2019).

Starch content has been genetically mapped in many cereal crops, such as maize (Cook et al.,
2012), rice (Bing et al., 2014; Yang et al., 2019) and wheat (McCartney et al., 2006). Several SNPs
linked to sorghum starch concentration have been found (Sukumaran et al., 2012; Boyles et al.,
2017). There are 27 genes encoding kafirin proteins, with 22 gene clusters coding for kafirins on
chromosome 5, two on chromosome 2, one on chromosome 9, one on chromosome 10 and one
additional gene on chromosome 8 (Xu and Messing, 2008; Duressa et al., 2018). Even though
these kafirin genes and gene sequences are well-known, research on gene variants and allelic
combinations, as they relate to protein digestibility, is limited. Cremer et al. (2014) detected no

relationship between allelic variants of -, y-, or 6-kafirins and grain protein digestibility.

In general, the candidate gene association mapping technique supplements genome-wide
association research and classical linkage mapping. This strategy can establish the gene—trait
association at the population level by employing a significant number of SNPs in conjunction with

a thorough selection of candidate genes (Sukumaran et al., 2012). A SNP in the putative gene SS/la
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on chromosome 10 is linked to kernel hardness and accounts for 8% of the trait's variation
(Sukumaran et al., 2012). Studies on kernel hardness in sorghum, wheat and rice suggests that
starch concentration and the distribution of proteins and lipids on the surface of starch granules
are essential determinants of grain hardness (Chen et al., 2012). Sorghum grain hardness is related
to vitreousness and vitreousness is related to amylose content, which is a significant component of

starch.

QTL discovered by GWAS for sorghum protein, fat and starch properties (Table 2.2) are used to
identify likely genes inside a GWAS QTL region. A putative alpha-amylase 3 gene, previously
associated with grain composition characteristics, has been identified as a key possibility for
protein and fat variation (Rhodes et al., 2017). Tao et al. (2020) detected 111 orthologues in the
sorghum genotype for the suspected causative genes underlying the grain size QTL, 109 genes
influencing grain size in rice and maize and the hypothesised causative genes underpinning the
grain size QTL. According to Tao et al. (2020), 16 of the 111 candidate genes are identified within
a 0.1 cM window of a grain size QTL. ShGS3, the ortholog of the rice grain size gene, GS3 (Mao
et al., 2010), was shown to be co-located with ¢GS1.9, a QTL for grain size (length, weight,
volume, width and thickness) discovered in both the sorghum diversity and backcross-nested

association mapping populations (Tao et al., 2020).
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Table 2.2 Quantitative trait loci mapped for grain quality traits in sorghum

Trait No. of sorghum No. of markers  Type of Chr/LG  Method Candidate genes References
population markers
Kernel quality traits (protein, starch, fibre, fat and tannin)
Protein 245 accessions 85 585 SNP 2,5 MLM Sobic.002G217100 Liu et al. (2018)
390 accessions 404 627 SNP 2,4 MLM Sb02g023790 Xiong et al. (2019)
40 accessions 226 SSR 7 MLM SbAGB02 Ng'uni et al. (2012)
(MW467, ZMB6986
and TZ3966)
390 accessions 404 627 SNP 2,4 MLM AMY3, §h02g023790 Rhodes et al. (2017)
390 RILs SNP 1 Sobic.001G059100 Boyles et al. (2017
Starch 40 accessions 200 SSR 5 MLM SbKAFGK1 Ng'uni et al. (2012)
(ZMB3947 and
ZMB4859)
196 RILs 841 038 SNP 4,5,8,9  FarmCPU  Sobic.005G089600 Kimani et al. (2020)
300 accessions 1291 SNP 4,3 MLM SS1Ib, pSB1120 Sukumaran et al.
(2012)
364 accessions 260 000 SNP 6,9 MLM 10 candidate genes Bing et al. (2014)
390 RILs SNP 1 MLM Sobic.001G029500 Boyles et al. (2017
Waxy 20 RILs SNP 10 MLM Wx Mclntyre et al.
(2008)
Amylose 390 RILs SNP 10 MLM Wx
(Sobic.010G022600)  Boyles et al. (2017
Fibre 245 accessions 85 585 SNP 3,10 MLM Sobic.003G272200, Liu et al. (2018)
Sobic.010G172100
Fat 390 accessions 404 627 SNP 2,4 MLM Sb02g023790 Xiong et al. (2019)
390 accessions 404 627 SNP 2,4 MLM AMY3, §h02g023790 Rhodes et al. (2017)
Tannin 196 RILs 841 038 SNP 4 FarmCPU  Tanninl, TT16 Kimani et al. (2020)
Proanthocyanidin 373 accessions 404,628 SNP 1,2,4 MLM 178, TTG1, Zml, Rhodes et al. (2014)
1TI16
3-deoxyanthocyanidin 373 accessions 404,628 SNP 3,4 MLM 1718, TT6, TT7 Rhodes et al. (2014)
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Table 2.3 Quantitative trait loci mapped for grain quality traits in sorghum (continued)

Trait No. or sorghum No. of markers Type of markers Chr/LG  Method Candidate genes References
population
Minerals
Fe 40 accessions (MW467, 226 SSR 7 MLM SbAGBO0?2 Ng'uni et al. (2012)
ZMB6986 and TZ3966)
407 accessions 270,228 SNP 1 MLMM,  Sobic.001G213400 Shakoor et al. (2016)
CMLM
Zn 407 accessions 270,228 SNP 7 MLMM,  Sobic.007G064900 Shakoor et al. (2016)
CMLM
40 accessions (MW467, 226 SSR 7 MLM SbAGB02 Ng'uni et al. (2012)
ZMB6986 and TZ3966)
Ca 300 accessions 1292 SNP 3,6 MLM pSB0289, PRC1044 Sukumaran et al. (2012)
P 407 accessions 270,228 SNP 1 MLMM,  Sobic.001G443900 Shakoor et al. (2016)
CMLM
300 accessions 1293 SNP 6 MLM pSB0140 Sukumaran et al. (2012)
Physical kernel characteristics
Kernel 300 accessions 1290 SNP 3,10 MLM pSB1700, SSlla Sukumaran et al. (2012)
hardness
Kernel/pericarp colour
Red 373 accessions 404 628 SNP 3,4 GLM, ANS, F3H and TT19  Rhodes et al. (2017)
MLM
Brown 373 accessions 404 628 SNP 2,6 GLM, TTi2, TT16 Rhodes et al. (2017)
MLM
1386 accessions 459 304 SNP 4 MLM Tanninl Hu et al. (2019)
(Sobic.004G280800)
Yellow 1386 accessions 459 304 SNP 1 MLM YI Hu et al. (2019)
(Sobic.001G397900)
Pericarp 1425 accessions 72,190 SNP 1,3,4 CMLM  Eight candidate genes Girma et al. (2019)
colour

Chr = Chromosome; LG = Linkage group; RIL = Recombinant inbred line; SNP = Single nucleotide polymorphism; SSR = Simple sequence repeat; MLM = Mixed linear model;
FarmCPU = Fixed and random model circulating probability unification; GLM = General linear model; CMLM = Compressed mixed linear model; MLMM = Multi-locus mixed
model.

1189

28



2.11 Conclusions

Ethiopia is the centre of origin and genetic diversity of sorghum. However, the level of diversity
and its genetics are poorly understood. Yield and kernel properties that determine traditional food
recipes are not understood, which has affected improvement. Kernel composition is a key trait that
determines end-use and functional properties. The quality of grain sorghum is determined by
nutritional quality traits such as protein and starch digestibility, nutrient bioavailability and anti-
nutritional factors such as tannins, processing characteristics, cooking quality and consumer
acceptability. Sorghum is used for fermented flatbreads and injera, which is the staple food of

Ethiopia.

Environments have varying effects on plant responses at the level of molecular function,
developmental processes, morphological traits, basic physiological responses and nutritional grain
quality of sorghum. Drought stress conditions decrease starch, grain protein digestibility,
micronutrient compositions and increased kernel hardness and total protein in sorghum grain. The
molecular mechanisms of drought tolerance and nutritional qualities using genetic, genomic,
proteomic and metabolomic studies would lead to the identification of molecular markers that can
be targeted for improving the drought tolerance and nutritional grain quality of desirable sorghum

cultivars using molecular breeding techniques.
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CHAPTER 3

PHENOTYPIC DIVERSITY AND DROUGHT ADAPTATION IN AN
ETHIOPIAN SORGHUM LANDRACE COLLECTION

3.1 Abstract

Climate-resilient and high-yielding sorghum cultivars must be developed for sustainable food
systems and improved livelihoods in sub-Saharan Africa. This study aimed to assess the genetic
diversity and drought tolerance of 365 Ethiopian sorghum landrace accessions using agronomic
traits, to select promising lines for production and/or breeding. In stress environments, yield and
yield components had low means, genetic variance and heritability values, except for days to
flowering. Irrigated conditions lead to a 44.6% higher mean yield and 14% higher thousand seed
weight. Ten genotypes were identified, that had the highest stress tolerance index, geometric mean
productivity, mean productivity and yield, in all trials. Cluster analysis separated the sorghum
landraces into seven distinct genetic groups, largely based on geographic origin. Grain yield
correlated significantly with head weight, thousand seed weight and head width. The current study
showed significant genetic variation among Ethiopian sorghum landraces under irrigated and

drought-stress conditions for strategic conservation and breeding in similar agro-ecologies.

3.2 Introduction

Sorghum was shown to have significant genetic and geographic diversity for both phenotypic and
grain quality parameters. Genetic variation in plant genetic resources enables plant breeders to
develop new improved varieties with desirable traits, including farmer-preferred traits (Govindaraj
et al., 2015). Genetic variation is required not only for the identification of superior genotypes that
could be recommended for direct release for commercial production, but also for the identification
of desirable parents to use as source material in genetic improvement. High levels of genetic
diversity are essential for climate adaptation development of crop varieties to mitigate the effects
of climate change. Ethiopia is one of the centres of origin of sorghum and a major source of
sorghum diversity (Harlan, 1969; Harlan and Wet, 1972; Mekbib, 2006). The genetic diversity of
sorghum has been studied using morphological, biochemical and molecular markers (Appa Rao et

al., 1996; Geleta et al., 2005; Girma et al., 2019).
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Sorghum is generally well adapted to abiotic stress conditions, especially drought stress, which is
the primary abiotic stress in sorghum production. The impact of drought stress on grain yield and
its components will vary depending on the stage of plant development at which the water deficit
occurs. It was reported that drought stress slowed panicle development before anthesis but
accelerated it after anthesis (Manjarrez-Sandoval, 1989). Grain sorghum's adaptation to various
environments has resulted in the evolution and occurrence of comprehensive genetic variation for
drought tolerance (Amelework et al., 2015). Drought and heat stress have a greater impact on crop
growth and yield if they occur during the reproductive stages of crop development (Sehgal et al.,
2018). Tolerant genotypes can be used to increase yield and crop performance among small-holder
farmers, reducing food insecurity, poverty and famine. This study aimed to assess the level and
pattern of genetic variation and drought adaptation in a core collection of Ethiopian sorghum

landraces, using phenotypic traits.

3.3 Materials and methods

3.3.1 Plant material and design

In this study, 361 Ethiopian sorghum landraces and four improved varieties were evaluated for
genetic diversity during two consecutive seasons (2020 and 2021). Landraces included the recently
defined representative core subset (n=387) selected from an initial set of over 2 000 accessions
(Girma et al., 2019). A few accessions from the core were not included in the current study due to
lack of seed. A germination test was done on seeds in 2020 before planting in 2021. Seven sorghum
landraces that did not germinate were replaced by seven different landraces in 2021, so this was

the only difference between trials of the two seasons.

In these extensive field experiments, covering diverse environments, a combination of row-column
design, spatial and MET analysis and linear mixed models (LMM) was used. Employing LMMs
is crucial for managing correlated and uncorrelated observations across different environments,
leading to more precise estimations of treatment effects and their variability. LMMs effectively
capture variability among different experimental units like plots, blocks, and locations, accounting

for unmeasured sources of variation that may impact on traits across diverse environments, by
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integrating covariates related to environmental conditions (such as temperature, precipitation and

soil type) as fixed effects (Smith et al., 2001; Smith and Cullis, 2018).

Due to the large number of landrace accessions included in this study, partial replication was used
in all trial designs (Cullis et al., 2006). This customised design was used to minimise spatial error
effects within each trial and had a row-column arrangement. A multi-environment trial design with
354 landraces and four commercial checks, totalling 358 sorghum entries across two sites
(Melkassa and Miesso) was used. Of the total of 354 sorghum landrace accessions, a third were
replicated at each site and the replicated set was different at each site. The four checks were
replicated at all sites. Each plot consisted of a single row, 4 m in length. Experiments consisted of
a total of 10 columns and 48 rows. A total of 48 sorghum landraces were organised per single

column.

Soon after ploughing, seeds were drilled in the row at 75 cm between rows and thinned to maintain
15 cm intra-row spacing. Fields were ploughed in the main summer cropping season. Basal
fertiliser was applied at the recommended rate and normal recommended agronomic practices for

sorghum production in Ethiopia were applied.

3.3.2 Locations

Trials were planted at two dry lowland sorghum production environments, which are both found
in the central Rift Valley of Ethiopia. Miesso and Melkassa are located 225 and 100 km east of the
capital, Addis Ababa, respectively. Miesso, where sorghum is traditionally grown as a rainfed
crop, is a drought stress sorghum testing site in Ethiopia (MoA, 1998) while Melkassa serves as
the national sorghum research coordinating station and has facilities for supplemental irrigation to
create non-stressed growing conditions for comparison with stress conditions. Information for the
two sites including planting and harvesting dates, rainfall patterns, relative humidity and
maximum/minimum temperatures are presented in Table 3.1. Data on monthly temperatures and

rainfall are listed in Appendix 1 for the two consecutive seasons (2020 and 2021).

The sorghum landrace collections display differences in flowering and maturity periods, as well

as in morphological characteristics. This research highlights that the landraces have an obvious
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extended flowering duration of two months during particular seasons and locations, as indicated

by the range of flowering periods detailed in Table 3.7.

In Miesso, the sorghum landraces were planted on July 20, 2020, which corresponded to a severe
drought period. Throughout the flowering stage, only 20.5 mm of rainfall was recorded, with 6
mm occurring in October and 14.5 mm in November. In the subsequent year, the sorghum
landraces were planted on May 11, 2021 and received a considerably higher total rainfall of 166.6
mm throughout the flowering stage, with 95.6 mm in August and 69.9 mm in September,
exceeding the precipitation of 2020 (Table 3.1 and Appendix 1). In MET analysis, both LMM and
integrating random effects are critical. LMMs allow for the incorporation of both fixed effects
(treatment effects or covariates) and random effects (environmental effects or experimental errors)

into the model, providing a flexible framework for analysing MET data (Smith et al., 2001).

Table 3.1 Long-term average temperature and rainfall properties and planting and harvesting dates
for each experimental site

Location Longitude Latitude  Altitude Soil type Rainfall Minimum Maximum
(m.a.s.l.) (mm) T°C T°C

Melkassa  39°9'E 14°6'N 1550 Clay loam 763 20.4 34

Miesso 39°21'E 8°30'N 1470 Clay loam 570 16 31

Planting date Harvesting date

Location Year 1 Year 2 Year 1 Year 2

Melkassa Jul 15,2020 Aug 3, 2021 Jan 1-20, 2021 Jan 10-12, 2022

Miesso Jul 20, 2020 May 11, 2021 Nov 27-28, 2020 Aug 30-Dec 24, 2021

M.a.s.l. = meter about sea level; T°C = temperature in degrees centigrade.

Both locations have a brief rainy season, with most rain falling in July and August. During these
months, there is a good quantity of rain, but a part of it is squandered as runoff. After September,
rain becomes considerably less. As a result, sorghum accessions produced under rainfed conditions
at both sites often face moisture stress during the anthesis and post-anthesis development stages.
From planting to grain filling, supplemental irrigation was provided every week at Melkassa.
Seven supplemental irrigations (three before and four after anthesis) were given, which was

sufficient for normal crop growth and development in this non-stress environment.
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3.3.3 Phenotypic data collection and sampling techniques
Data were collected from the single rows for plot-based data and five randomly sampled plants for
plant-based data, following the descriptors for sorghum (IBPGR/ICRISAT, 1993). The data were

reported as an average of five plants per entry. Details of the data collection are listed in Table 3.2.

Table 3.2 List of quantitative characteristics recorded at Melkassa and Miesso

Quantitative character Code Description

Days to 50% flowering DTF  Number of days from emergence to when 50% of plants
(days) have started flowering in a plot

Days to 90% maturity DTM  Number of days from emergence to when 90% of plants
(days) have started maturity in a plot

Head length (cm) HLP  Length of the panicle from its base to tip

Head width (cm) HWD  Width of panicle in a natural position at the widest part
Head weight (g) HWT  The average weight of the harvested whole panicles
Internode length per plant ILP Average internode length of the internode from its base to

(cm) tip

Number of internodes per NIP Count of total internodes per plant

plant (count)

Plant height (cm) PHT  Height of the main stalk from the ground to the tip of the
main panicle

Grain yield per plant (g) GY Weight of grain per panicle (average of harvested plants or
panicles in the plot)

Thousand seed weight (g) TSW  The weight of a thousand seeds at 12% moisture content

3.3.4 Data analysis

The concurrence of genotypes across the two seasons allowed trials to be analysed as four METs
for each of the measured quantitative parameters. Each MET was analysed by fitting a linear mixed
model for random effects, which can obtain the best linear unbiased predictor (BLUP) of the
variety effect, that is, the best estimate of the performance of that variety in future trials using the
package ASReml (Butler et al., 2017) and R statistical software (Matloff, 2011; Brown, 2021).
The model consisted of the targeted trait at each trial, random effects (BLUPs) for genotypes within
the trial and spatial error for each trial (Smith and Cullis, 2018). Spatial effects were fitted to each
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trial and then a variance structure was created to produce a correlation of environments in a factor
analytic framework (Smith et al., 2001). Heritability was calculated for the different environments

according to the method proposed by Cullis et al. (2006).

The model used for analysis is the spatial mixed model for MET and can be written as:

y=X;:+Z,+ e
= Xe+ Zoto +Z5ug te

Where the fixed effect t includes environmental main effects and trial-specific effects for
extraneous field variation (Butler et al., 2017), y is the matrix of the response variable and X is the

design matrix of the fixed variable. Z,, is the design matrix of random variables, p is the vector of
random effect parameters and e is the error, u, is the variety effect at each environment with the

associated design matrix Z, ;nxmp) and uo comprises an additional random effect with design matrix

Zo.

3.3.5 Cluster analysis

The use of multiple measurements subjected to multivariate statistical analysis can provide a
measure based on generalised distance as indicated by D? statistics (Mahalanobis, 2018; Yang and
Delpha, 2022). Mahalanobis D? statistics is a powerful tool for describing divergence among lines
based on multiple characters (Deepashree et al., 2023). This statistical tool is especially valuable
in fields such as pattern recognition and cluster analysis and classification, where the goal is to
determine the degree of dissimilarity or similarity among different samples based on multiple

variables (Madhusri et al., 2022).

Before clustering, standardisation of the scoring system across different traits enables data analysis
and interpretation by converting trait scores to a 1 to 10 scale for clustering purposes. This
improves the clustering process by ensuring that all traits are measured on a consistent scale,
making it easier to identify patterns and relationships in the data (Manly, 1986; Deutsch et al.,
2015). The optimum number of clusters in the data set is determined by using gap statistics
(Tibshirani et al., 2001). R statistical software (Matloff, 2011; Brown, 2021) was used for the
UPGMA clustering analysis method.
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3.3.6 Drought stress tolerance indices

The following relationships were used to calculate drought stress tolerance indices:

T __ 1-(Ys/Yp)
Stress susceptibility index (SSI) = s Tp)
Yp+Ys

Mean productivity (MP) = —
Tolerance index (TOL) = Yp-Ys

Yp+Ys
¥Yp2

Stress tolerance index (STI) =

Geometric mean productivity (GMP) = (YpxYs)%>

Yield stability index (YSD) = ;>

Where Yp is yield in non-stress conditions; Ys is yield in stress conditions; ¥s and Yp represent the
mean yield of all cultivars under stress and non-stress conditions, respectively and 1- (¥s /Yp)
represents the stress intensity (Fischer and Maurer, 1978; Husain et al., 1990; Fernandez, 1992;

Gavuzzi et al., 1997).

3.4 Results
3.4.1 Genotypic variation, genotype by environment interaction and assessment of

heritability

Grain yield (GY) and yield-related components, except head width per plant (HWD) and thousand
seed weight (TSW) for Miesso in 2020 (MS20), showed highly significant genotypic variances
(c%g) in each environment. Low mean, range, g and heritability (H?) values were observed for
GY and yield-related components in stress environments MS20 and Miesso 2021 (MS21), except
for days to 50% flowering (DTF) (Table 3.3). The study also examined c°g for different traits
under non-stress conditions in Melkassa 2020 (MK20) and Melkassa 2021 (MK21). MK20 had
the highest o?g for all traits, while MS20 had the lowest values in stress environments. Highly
significant genotype (c’g), environment (c’en) and genotype x environment (c2gen) interaction
variances were present for all traits, except for o”gen for days to 90% maturity (DTM) (Table 3.4).
H? was consistently higher in non-stress environments than in stress environments (Table 3.3).
DTF and head length per plant (HLP) had the highest H? across all environments while GY and
TSW at MS20 had the lowest H2.
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Table 3.3 Heritability and variance components for each trait in each environment
Trait MK20 MK21 MS20 MS21

o’g ole H? c’g cle H? c’g cle H? o’g ole H?

DTF  163.30**  40.89 87.15 125.80**  20.74 89.28 117.40**  9.17 87.24 472.20*%*  86.19 84.73

DTM  78.10** 55.98 73.38 18.90** 17.12 72.04 3.10* 1.73 63.01 55.70** 26.47 66.76
HLP  44.20%* 9.51 88.72  36.10** 10.33 90.26 25.00** 10.37 80.05 34.00** 8.66 86.91
HWD 0.90** 0.99 56.78 0.60** 1.34.00 5137 0.1 2.25 50.65 0.40* 1.71 45.25
HWT 795.20*%*  1501.07 41.57 162.90**  699.56  26.53 271.90** 147430 62.47 112.00%*  379.00 20.93
ILP 4.80%** 1.21 79.02 - - - 11.30** 4.28 54.99 9.13** 12.04 51.88

INP 19.50%* 8.12 70.62  2.90** 3.10 69.55 1.20** 0.47 68.57 0.80** 2.75 60.71
PHT  2091.10%* 250.56  78.34 1507.40** 134238 69.75 1405.40** 1276.71 50.32 1699.10%* 1133.15 69.27
GY 447.40**  593.60 4630 77.60%* 279.00  39.50 140.20**  456.70 19.90 100.70** 22240  39.70
TSW  44.60** 28.80 80.90 28.50** 14.50 77.30 4.6 17.80 14.40 17.50** 85.60 810.00

MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and 2021; DTF = Days to 50% flowering (days); DTM = Days to 90% maturity (days); HLP = Head
length per plant (cm); HWD = Head width per plant (cm); HWT = Head weight per plant (g); ILP = Internode length per plant (cm); INP = Internode number per plant (count); PHT
= Plant height per plant (cm); GY = Grain yield per plant (g); TSW = Thousand seed weight (g); c>g = genotype variance; 6’en = environment variance; c’gen = genotype X
environment interaction variances; H? = heritability.
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Table 3.4 Genotype (c°g), environment (c’en) and genotype X environment (c°gen) interaction
variances and standard errors for agronomic traits for combined environments

Trait c’g c’en c’gen SE
DTF 121.10%* 893.00%* 21.12%* 10.33
DTM 6.30** 7884.00** 0.00 0.86
HLP 34.43%* 27.20%* 2.20%* 2.90
HWD 0.41* 247.50%* 0.19%** 0.07
HWT 184.50%** 637.60%* 266.62%* 29.83
ILP 0.81** 1576.90** 5.44%%* 0.40
INP 0.98%* 769.40%* 0.28%* 0.12
PHT 1295.30%** 188.80%** 203.25%* 114.70
GY 37.94%* 734.50%* 136.69** 8.75
TSW 3.94% 934.00%* 3.57** 0.47

** P <0.01; * P<0.05; DTF = Days to 50% flowering (days); DTM = Days to 90% maturity (days); HLP = Head length per plant
(cm); HWD = Head width per plant (cm); HWT = Head weigh per plant (cm); ILP = Internode length per plant (cm); INP =
Internode number per plant (count); PHT = Plant height per plant (cm); GY = Grain yield per plant (g); TSW = Thousand seed
weight (g); SE = standard error.

When environments are correlated (similar landrace responses in different environments), the best
genotypes selected in one environment will also be the best in the correlated environment. In this
case, MET analysis can also assist in recognising genotype broad and specific adaptation across a
wide range of genetic materials. Correlation values of -1 indicated that results of these
environments were opposite, implying that the highest-performing genotypes in one environment
were the lowest-performing genotypes in the other. A correlation of +1 indicated that the two

environments were perfectly similar, so selecting superior genotypes in one environment will also

apply to the correlated environment (Figure 3.1 and Appendix 6).

3.4.2 Influence of drought on measured characteristics

Low GY, TSW and head weight (HWT) mean values were observed under drought-stress
conditions compared to the non-stress conditions (Table 3.5). The GY, TSW and HWT values for
the four environments ranged from 32.66 to 79.59 g/plant, 28.26 to 34.86 g and 54.36 to 121.16
g/plant, respectively, with irrigated environments (Melkassa) typically producing the highest GY,
TSW and HWT. The MK20 trial (irrigated) resulted in the highest yield, most likely due to the

supplemental and rain throughout the growing season.

Melkassa (irrigated) had a 54.5% higher mean GY than Miesso (stress) in 2020 and Melkassa
(irrigated) had a 26.9% higher mean GY than Miesso (stress) in 2021. Overall, the irrigated
conditions had a 44.6% higher GY and 14% higher TSW than the stress conditions. Because of
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the impact of rainfall patterns and other agro-climatic factors, the average yield in 2020 was 31.5%
higher than in 2021. HLP, HWD, plant height (PHT) and DTF were higher under stress than non-

stress conditions (Table 3.5).

Table 3.5 Mean values for grain yield and yield components of sorghum landraces in non-stress
and stressed environments for two growing seasons

Environment GY TSW HWT HLP HWD PHT ILP INP DTF DTM

2020

Melkassa 79.59 34.86 121.16 25.84 6.90 269.16 12.15 19.79 104.49 165.94
Miesso 36.18 30.64 86.07 2793  7.87 261.82 18.58 1092 9294 129.41
Mean 57.89 3275 103.62 2689 7.38 26549 1536 1535 98.72 147.68
2021

Melkassa 44.66 33.92 70.68 26.19 594 232.86 - 10.83  99.65 155.30
Miesso 32.66 2826 54.36 2496 6.99 302.07 22.81 11.88 122.14 152.69
Mean 39.66 31.09 62.52 25.58 6.46 267.47 2281 1135 11090 154.00
Mean per location

Melkassa 62.13 3439 9592 26.02 642 251.01 12.15 15.40 102.07 160.62
Miesso 3442 2945 70.22 2645 743 28195 20.69 11.40 107.54 141.05

LSD (0.05) 1.55 0.31 1.98 0.22 0.07 1.92 0.22 0.25 0.89 0.53
Melkassa = dry lowland (irrigated); Miesso = dry lowland (stress); GY = Grain yield per plant (g); TSW = Thousand seed weight
(g); HWT = Head weight (g); HLP = Head length per plant (cm); HWD = Head width per plant (cm); PHT = Plant height per plant
(cm); ILP = Internode length per plant (cm); INP = Internode number per plant (count); DTF = Days to 50% flowering (days);
DTM = Days to 90% maturity (days).
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Figure 3.1 Correlations of testing environments for (a) grain yield (GY), (b) head weight (HWT),
(c) head width (HWD) and (d) head length (HLP)

ENVT = Environment; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and 2021; 1.0 indicates a
good positive correlation, - 1.0 negative correlation and 0.0 no correlation.
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3.4.3 Stress tolerance indices

The GY of landraces across environments was used to compute TOL. A high TOL shows stress
sensitivity and as a result, tolerant cultivars are selected based on lower TOL values. There were
positive and significant correlations between yield in non-stress conditions (Yp) and yield in stress
conditions (Ys), GMP, MP, STI and TOL (Table 3.6). TOL revealed G18 as the most tolerant
genotype, with a TOL index of 10.41, followed by G296 (11.44), G141 (11.57) and G132 (11.93).
According to TOL, the least stress-tolerant sorghum landraces were G351 (47.95), G324 (44.61),
G71 (43.81) and G97 (43.58) (Appendix 2).

The YSI had a significant positive correlation with Ys (r = 0.40), which suggests that a higher
value of Y's is associated with a higher YSI value. On the other hand, YSI had a significant negative
correlation with Yp (r = -0.26) and TOL (r = -0.76), indicating that higher Yp and TOL values
were associated with lower YSI values. The SSI showed a significant negative correlation with
YSI (r=-1.00) and Ys (r =-0.40). SSI had a significant positive correlation with Yp (r=0.26) and
TOL (r = 0.76), indicating that higher Yp and TOL values are associated with higher SSI values.
Overall, YSI and SSI were inversely related, with YSI reflecting yield stability under stress
conditions, while SSI reflected stress susceptibility (Table 3.6). G132, G10 and G134 had the
lowest SSI (0.48, 0.57 and 0.59, respectively), but the highest YSI (0.79, 0.75 and 0.74,
respectively). G136 had the highest SSI (1.52), but the lowest YSI (0.32), with non-stress and
stress yields of 56.6 and 18.3 g/plant, respectively (Appendix 2).

Table 3.6 Correlation of stress tolerance indices in sorghum landraces based on grain yield

Indices Yp Ys TOL MP GMP YSI SSI
Ys 0.77%*

TOL 0.82%** 0.26**

MP 0.97** 0.91** 0.64**

GMP 0.94** 0.95%* 0.56** 0.99**

YSI -0.26%* 0.40** -0.76** -0.01 0.09*

SSI 0.26%* -0.40** 0.76** 0.01 -0.09* -1.00%**

STI 0.93%x* 0.94** 0.56** 0.99%* 0.99%* 0.09* -0.09*

** P <0.01; * P <0.05; Yield in non-stress conditions (Yp); Yield in stress conditions (Ys); Tolerance index (TOL); Mean
productivity (MP); Geometric mean productivity (GMP); Yield stability index (YSI); Stress susceptibility index (SSI); Stress
tolerance index (STI).

56



The STI, as well as GMP and MP are the averages of genotype yield under non-stress and stress
conditions, with higher values indicating greater yield potential under such conditions. As a result,
G189, G210, G125, G353, G324, G319, G219, G187, G229 and G269 had the highest STI, GMP
and MP values (Appendix 2). Based on genotype yield averages under non-stressed and stress

conditions, there were strong correlations between Yp, Ys, STI, GMP and MP (Table 3.6).

3.4.4 Performance of evaluated sorghum landraces for yield and related traits across
environments

The sorghum landraces were analysed and ranked individually in different environments and
genotypes G210, G125, G189 and G219 exhibited the highest GY across all tested environments:
MK20, MK21, MS20 and MS21. Meanwhile, genotypes G324, G319 and G187 displayed higher
GY specifically in the environments MK20, MK21 and MS21, whereas G353 consistently
performed well in both locations during 2021. In TSW, genotypes G208, G333, G282, G126, G358
and G188 demonstrated superior performance across MK20, MK21 and MS21, while G274, G19
and G292 excelled in MK20 and MS21. Genotypes G8, G190 and G189 showed notable
performance in MS20 in TSW. For HWT, genotypes G269, G219, G95, G210, G73, G68, G333,
G332, G219 and G188 exhibited the highest performance across all environments. Similarly, in
HLP, genotypes G296, G311, G157, G192, G152, G17, G28, G278, G298 and G279 displayed the
highest performance across all environments. In HWD, genotypes G321, G322, G211, G219,
(G353, G282 and G136 demonstrated the highest performance across all environments. Regarding
DTF, genotypes G78, G75, G134, G3 and G296 were the earliest across all environments, whereas
genotypes G294, G111, G121, G132, G365 and G75 displayed early DTM (Table 3.7).

In terms of GY performance, 30 landraces had a 23% higher GY than the check cultivar (Bonsa)
(Table 3.8). Across environments, a mean yield of 48.3 g/plant for these 30 landraces was obtained.
ETSL100956 (G189) had the highest grain yield of 74.2 g/plant, which was 51.8% higher than the
check cultivar (Bonsa). The highest grain yield and ten top ranked landraces were ETSL100956,
ETSL101061, ETSL100639, ETSL101676, IS38303, ETSL101640, ETSL101127, ETSL100951,
ETSL101190 and ETSL101353, ranging from 67.15 to 74.19 g/plant. The top 30 yielding
landraces had higher TSW and HWT than the commercial check cultivars. When compared to
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check cultivars like Bonsa and Dagim, most of the high-yielding genotypes were late to medium-

maturing, with tall to medium PHT (Table 3.8).

3.4.5 Cluster analysis

Cluster analysis divided the 361 landraces (the 354 entries of season 1 and the additional seven
landraces included in season 2), as well as the four checks, into seven main groups based on
quantitative traits (Table 3.9, Figure 3.2 and Table 3.10). The core sorghum landrace collection
represents various sorghum growing areas and agro-climatic zones in Ethiopia (dry highland, dry
lowland, dry intermediate, wet lowland, wet highland and wet intermediate altitude). However,
data on the precise growing regions and agro-climatic zones were not captured. In this study,
different clusters were identified based on certain traits. The length of branches in the dendrogram
reflects the genetic distance or dissimilarity between clusters. Longer branches indicate greater
genetic differences, while shorter branches indicate closer genetic relationships (Figure 3.2). These
clusters were characterised by their values for the traits, which could be categorised as high,

moderate or low when compared to values of those traits in other clusters.

58



Table 3.7 Range and mean values and 10 top-ranking genotypes for each trait in each environment

Trait Envt  Range Mean 1 2 3 4 5 6 7 8 9 10
MK20 42.18-126.33 79.59 G189 G324 G269 G229 G319 G187 G339 G210 G125 G293
GY MK21  29.83-62.49 4467 G324 GIl125 G189 G319 G353 G210 G219 G192 G187 G143
MS20  23.18-60.24 36.18 G210 G125 G189 G190 G66 G228 GI88 GI21 G219 Gl8l
MS21  12.55-54.14 3266 G353 G324 G187 G189 G319 G210 G219 G229 GI25 G342
MK20 21.05-49.77 3486 G208 G333 G282 GI26 G358 G274 GI19 G280 G292 G188
TSW MK21  22.19-64.04 3392 G208 G214 G188 G282 G358 G333 G38 G221 G192 Gl26
MS20  29.73-31.66 3064  G8 G190 G189 G112 G342 G300 G205 G221 G23 G200
MS21  19.66-37.53 2826 G208 G282 G333 G274 G126 G292 G358 GI88 GI9  G38
MK20  71.18-202.34 121.10 G269 G291 G95 G210 G73 G688 G333 G332 G219 G188
HWT MK21  50.61-102.88 7050 G269 G291 G95 G210 G73 G688 G333 G332 G219 G188
MS20  55.2-128.70 83.18 G269 G291 G95 G210 G73 G688 G333 G332 G219 G188
MS21  39.65-77.16 5476 G209 G332 G269 G219 G291 G95 G688 G73 G364 (G252
MK20 11.55-47.54 2581 G296 G311 G157 G298 G278 G152 G17 G28 G192 G279
HLP MK21 12.63-45.47 26.11 G296 G311 G157 G17 G192 G28 G278 G298 G152 G279
MS20  16.16-43.56 27778 G311 G296 G157 G298 G152 G17 G28 G192 G278 G279
MS21  44.03-11.44 24776 G296 G311 G157 G192 G152 G17 G28 G278 G298 G279
MK20 5.32-9.63 6.39 G321 G322 G211 G282 G136 G275 G219 G205 G186 G97
HWD MK21  4.59-7.93 5.93 G322 G321 G211 G219 G282 G353 GlI36 G168 G100 G205
MS20  7.50-8.40 7.86 G322 G321 G211 G282 G219 G353 GI36 G168 G100 G275
MS21  5.87-8.66 6.97 G321 G322 G211 G219 G353 G282 GlI36 G275 G100 G168
MK20 153.56-351.25 27096 G279 G74 GI20 G73 G97 G192 G251 G137 G276 G322
PHT MK21 126.58-301.41 232,53 G250 G137 G266 G139 G267 G70 G255 G311 G297 G138
MS20  117.99-344.94 256.00 G290 G154 G238 G160 G298 G222 G186 G296 G128 G252
MS21  174.61-373.73 30247 G32 G328 G28 G267 Gl17 G264 G187 G104 G250 G326
MK20 5.77-18.30 12.15 G286 G74 G81 G284 G266 G283 G274 G60 G291 G269
ILP  MS20 5.99-27.54 1847 G276 G160 G131 G242 G296 G78 G250 Gl66 G311 G180
MS21  16.39-31.36 2281 GI8 G32 G8 G297 G237 G329 G244 G245 G20 Gl6
MK20 12.66-35.87 1980 G296 G311 G157 G38 G78 Gl66 GI31 G310 G178 G84
INP MK21 = 5.68-14.55 1083 G274 G209 GI0 G20 G286 G196 G186 G74 G83 G189
MS20  7.16-12.99 1080 G189 G20 G284 G186 G155 G187 G46 G274 G252 G271
MS21  9.23-13.61 11.87 G20 G189 G155 G284 G186 G187 G274 G252 G83  G65
MK20 74.83-138.09 10437 G75 G296 G134 G3 G78 G131 G254 G130 G84 G344
DTF MK21  73.59-128.46 9952 G78 G75 G134 G3 G296 G132 G130 G131 Gl12 G272
MS20  69.67-117.91 9291 G78 G134 G75 Gl1l GI132 G254 G131 G3 G362 G296
MS21  80.34-167.40 122.10  G3 G362 G361 G75 G134 G296 G132 G213 G87  G78
MK20 141.65-179.27 165777 G294 G111 GI21 G132 G63 G365 G75 G254 G275 G296
DTM MK21 143.16-161.62 155.18 G294 G111 GI21 G63 G365 G272 G75 G230 G132 G316
MS20  124.44-131.61 12929 G294 G316 GI11 G254 GI32 G75 GI21 G3 G78 G272
MS21  134.93-168.67 15244 G254 (G294 G272 GI21 G365 GlI11 G360 G75 G132 G275

Envt = Environment; GY = Grain yield per plant (g); TSW = Thousand seed weight (g); HWT = Head weight per plant (g); HLP
= Head length per plant (cm); HWD = Head width per plant (cm); PHT = Plant height per plant (cm); ILP = Internode length per
plant (cm); INP = Internode number per plant (count); DTF = Days to 50% flowering (days); DTM = Days to 90% maturity (days).
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Table 3.8 Yield and agronomic traits mean values of the top 30 yielding landraces (>23% higher yield than the best commercial check)
compared to four commercial checks across four environments

Code Genotype GY Rank % Above bestcheck TSW HWT HLP HWD PHT ILP INP DTF DTM
G189 ETSL100956 74.20 1 51.80 38.80 79.90 13.00 7.10 27040 19.30 1449 102.30 150.50
G210 ETSL101061 71.90 2 47.00 32,50 119.40 14.50 7.20 27640 1690 1431 105.60 151.20
G125 ETSL100639 71.20 3 45.60 34.30 97.60 21.70 7.40 215.00 15.60 12.59 86.70 142.90
G324 ETSL101676  70.20 4 43.60 36.90 9440 16.30 6.50 266.50 1830 13.62 108.60 152.60
G353 1S38303 69.30 5 41.90 36.00 98.50 26.00 8.00 291.40 1740 13.98 95.70  150.50
G319 ETSL101640 69.10 6 41.30 34,60 103.70 19.70 7.70 261.10 17.10 13.05 95.70 151.40
G219 ETSL101127 68.50 7 40.20 3550 109.80 23.40 8.10 288.10 17.50 12.29 105.80 150.00
G187 ETSL100951 68.40 8 40.00 34.70 87.10 21.60 7.40 29450 17.90 1422 103.10 153.00
G229 ETSL101190 68.20 9 39.50 3220  100.60 16.50 7.10 26430 16.80 1443 106.50 146.80
G269 ETSL101353 67.20 10 37.40 3550 13290 18.30 7.40 27590 1640 13.05 108.60 153.90
G192 ETSL100977 66.40 11 35.80 38.60 85.10 36.90 6.90 294.00 1890 14.69 96.70 149.10
G190 ETSL100964 65.60 12 34.20 3640 106.10 15.20 7.30 276.60 1840 13.54 103.40 151.50
G201 ETSL101019 65.60 13 34.20 3320 100.60 28.90 7.20 298.20 1890 14.07 99.10 148.40
G293 ETSL101477 65.00 14 33.00 3590 107.80 17.10 7.50 25640 16.10 13.56 97.10 150.20
G143 ETSL100739 64.40 15 31.70 28.20 9420 33.20 6.70 293.60 18.60 13.56 116.00 152.60
G339 ETSL101760 64.10 16 31.10 33.20 99.10 30.00 7.20 24640 17.70 13.33  103.20 155.40
G332 ETSL101719 63.80 17 30.50 3690 11430 22.80 6.90 276.20 18.30 12.06 108.40 152.60
G121 ETSL100619 63.70 18 30.20 33.60 89.80 19.70 7.50 21570 16.80 13.12 83.10 138.20
G188 ETSL100953 63.60 19 30.00 39.60 106.10 29.10 7.40 289.80 18.10 14.08 98.90 149.70
G6 DS10 63.30 20 29.60 34.40 96.10 23.50 7.20 199.10 16.10 13.05 91.50 143.30
G342 ETSL101851 63.30 21 29.40 37.30 92.50 34.70 7.30 237.40 1520 12.89 93.00 149.10
G344 ETSL101858 62.20 22 27.30 35.00 9440 28.30 6.90 261.80 16.00 14.36 86.80 144.80
G84 ETSL100406 62.20 23 27.20 34.00 8490 23.50 7.00 278.70 17.70 14.40 86.30 143.60
G71 ETSL100315 61.90 24 26.70 3480 105.50 15.50 6.80 266.10 1890 14.28 100.30 151.00
G291 ETSL101464 61.80 25 26.40 3470 123.40 14.40 7.80 27920 17.70 13.82 107.30 156.00
G69 ETSL100307 61.20 26 25.30 37.70 9430 35.80 6.60 249.10 16.70 1293 90.80 149.70
G364 PML981488  61.10 27 24.90 32.60 99.10 34.60 6.60 190.30 16.00 12.89 91.30 141.30
G318 ETSL101629 61.00 28 24.80 3460 101.70 35.80 7.00 29240 17.30 14.36 98.10 150.10
G203 ETSL101023 61.00 29 24.80 34.30 86.30 34.10 7.30 261.40 1840 13.38 86.90 143.80
G109 ETSL100529 60.30 30 23.30 36.90 90.30 32.10 7.50 227.80 1740 12.38 90.30 150.10
Commercial checks

G4 Bonsa 48.90 152 0.00 27.20 81.30 27.90 6.90 168.30 11.90 10.73 98.70 148.40
G5 Dagim 45.10 231 -7.70 30.20 77.70  33.30 5.90 193.60 14.70 10.71 91.00 145.10
G2 Assosa-1 4510 232 -7.70 31.10 74.10 25.20 6.80 216.00 17.50 11.38 126.00 158.50
Gl Adukar 4170 294 -14.70 30.30 66.30 21.00 6.60 190.30 18.00 11.68 128.70 156.40
Mean (N-365) 48.30 31.90 83.10 26.20 6.90 266.50 17.80 13.30 104.80 150.80

GY = Grain yield per plant (g); TSW = Thousand seed weight (g); HWT = Head weight per plant (g); HLP = Head length per plant (cm); HWD = Head width
per plant (cm); PHT = Plant height per plant (cm); ILP = Internode length per plant (cm); INP = Internode number per plant (count); DTF = Days to 50%
flowering (days); DTM = Days to 90% maturity (days).
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Table 3.9 Grouping of Ethiopian sorghum landraces into different clusters based on climate and adaptation regions

Sorghum landraces Ethiopian No of Region Cluster
sorghum climate  entries
classifications
ETSL101000 Dry lowland 1 Afar
ETSL101246, ETSL101715 Dry highland 2 Ambhara
ETSL100587, ETSL101058, ETSL101059 Dry intermediate 3
ETSL100141, ETSL101021, ETSL101051, ETSL101056, ETSL101128, ETSL101362, ETSL101389, Wet highland 9
1S38306, 1S38326
ETSL100584 Wet intermediate 1
ETSL100007, ETSL100016, ETSL100020, ETSL100030, ETSL100060, ETSL100063, ETSL100064, Wet lowland 20 Benishangul Gumuz
ETSL100079, ETSL100090, ETSL100091, ETSL100105, ETSL100107, ETSL100167, ETSL100169,
ETSL100178, ETSL100198, ETSL100200, ETSL100238, ETSL101461, 1S25531
ETSL101445, ETSL101586 Dry lowland 2 Dire Dawa
ETSL100634, ETSL100876, ETSL100877, ETSL100889, ETSL101408 Wet lowland 5 Gambela
ETSL100801, ETSL101687 Dry highland 2 Oromia
ETSL100328 Dry intermediate 1
ETSL101446 Dry lowland 1
ETSL100409, ETSL100436, ETSL100443, ETSL100491, ETSL100492, ETSL100502, ETSL100565, Wet highland 21
ETSL100782, ETSL100798, ETSL101218, ETSL101224, ETSL101231, ETSL101255, ETSL101256, I
ETSL101312, ETSL101321, ETSL101347, ETSL101443, ETSL101523, ETSL101524, ETSL101555
ETSL100204, ETSL100392, ETSL100445, ETSL100476, ETSL100763, ETSL100851, ETSL101335, Wet intermediate 8
ETSL101550
ETSL100192, ETSL100474 Wet lowland 2
ETSL101712 Dry lowland 1 SNNP
ETSL100568 Wet highland 1
ETSL100739 Dry lowland 1 Somalia
ETSL100431 Dry intermediate 1 Tigray
ETSL101160, ETSL101161 Dry lowland 2
ETSL101101 Wet highland 1
Adukar, Assosa-1, ETSL100005, ETSL100022, ETSL100025, ETSL100034, ETSL100040, Unknown 40 Unknown

ETSL100046, ETSL100048, ETSL100066, ETSL100068, ETSL100072, ETSL100100, ETSL100112,
ETSL100149, ETSL100170, ETSL100181, ETSL100366, ETSL100367, ETSL100388, ETSL100465,
ETSL100575, ETSL100651, ETSL100735, ETSL100771, ETSL100867, ETSL100898, ETSL100970,
ETSL101206, ETSL101540, ETSL101643, ETSL101732, ETSL101868, 1IS38275, 1S38290,
ETSL100560, ETSL101249, ETSL101310, ETSL101848, ETSL100669

61



Table 3.9 Grouping of Ethiopian sorghum landraces into different clusters based on climate and adaptation regions (continued)

Sorghum landraces Ethiopian No of Region Cluster
sorghum climate  entries
classifications

ETSL100978 Dry lowland 1 Afar

ETSL100234 Wet intermediate 1 Benishangul Gumuz

ETSL100246, ETSL100249, ETSL100267 Wet lowland 3

ETSL101451 Dry lowland 1 Dire Dawa

ETSL101316 Wet lowland 1 Gambela

ETSL100808, ETSL101262, ETSL101297 Dry highland 3 Oromia

ETSL100485, ETSL100494, ETSL100707, ETSL101217, ETSL101225, ETSL101232, ETSL101254, Wet highland 17

ETSL101258, ETSL101277, ETSL101313, ETSL101410, ETSL101506, ETSL101527, ETSL101556, i

ETSL101559, ETSL101730, ETSL101766

ETSL100450, ETSL100699, ETSL100702, ETSL101416, ETSL101453, ETSL101459 Wet intermediate 6

ETSL100444 Wet lowland 1

ETSL101081, ETSL101142 Dry highland 2 Tigray

ETSL101114 Wet highland 1

ETSL100039, ETSL100044, ETSL100078, ETSL100093, ETSL100096, ETSL100214, ETSL100250, Unknown 12 Unknown

ETSL100488, ETSL100825, ETSL100834, ETSL101325, ETSL101323

B35 Unknown 1 Unknown 11

ETSL100985 Dry lowland 1 Afar

ETSL100121, ETSL101369 Dry lowland 2 Amhara

ETSL100152, ETSL101292 Wet highland 2

1S38412 Wet lowland 1

ETSL100023 Wet lowland 1 Benishangul Gumuz

ETSL100638, ETSL100644, ETSL100661, ETSL100683, ETSL100722, ETSL100890 Wet lowland 6 Gambela

ETSL100365 Dry highland 1 Oromia

1S38331 Dry lowland 1

ETSL100874 Wet highland 1

Dagim Wet intermediate 1

ETSL100297 Dry lowland 1 SNNP v

ETSL100689, ETSL101181 Wet highland 2

ETSL101486, ETSL101491 Dry intermediate 2 Somalia

ETSL100349, ETSL100350, ETSL100353, ETSL100419, ETSL100430, ETSL100842 Dry highland 6 Tigray

ETSL101512 Dry intermediate 1

ETSL100417, ETSL100544, ETSL100550, ETSL101163, ETSL101535, ETSL101571, ETSL101578 Dry lowland 7

ETSL101118, ETSL101536 Wet highland 2

Bonsa, ETSL100127, ETSL100184, ETSL100667, ETSL100872, ETSL101749, IS38353, P9830, Unknown 13 Unknown

PML981446, PML981474, TAM428, ETSL100275, ETSL100284
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Table 3.9 Grouping of Ethiopian sorghum landraces into different clusters based on climate and adaptation regions (continued)

Sorghum landraces Ethiopian No of Region Cluster
sorghum climate  entries
classifications

ETSL100983, ETSL101074 Dry lowland 2 Afar

ETSL100964 Dry intermediate 1 Ambhara

ETSL100310, ETSL100813 Dry lowland 2

ETSL100951, ETSL100953, ETSL100956, ETSL101001, ETSL101015, ETSL101029, ETSL101038, Wet highland 11

ETSL101299, ETSL101654, ETSL101722, IS38279

ETSL101640 Wet intermediate 1

ETSL101464 Wet lowland 1 Benishangul Gumuz

ETSL101673, ETSL101686 Dry highland 2 Oromia

ETSL101444 Dry lowland 1 V4

ETSL100332, ETSL100340, ETSL100400, ETSL100438, ETSL100768, ETSL101671 Wet highland 6

ETSL100593, ETSL101337, ETSL101346, ETSL101353, ETSL101418, ETSL101436 Wet intermediate 6

ETSL101470, ETSL101477, ETSL101676 Dry intermediate 3 Somalia

ETSL101719 Dry lowland 1 Tigray

ETSL101127, ETSL101404 Wet highland 2

ETSL100062, ETSL101061, ETSL101190, ETSL101358, ETSL101388, 1S38303, PML981476, Unknown 9 Unknown

ETSL100303, ETSL100315
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Table 3.9 Grouping of Ethiopian sorghum landraces into different
(continued)

clusters based on climate and adaptation regions

Sorghum landraces Ethiopian No of Region Cluster
sorghum climate  entries
classifications

ETSL100977 Dry lowland 1 Afar

ETSL101247, ETSL101248 Dry highland 2 Ambhara

ETSL101629 Dry intermediate 1

ETSL100120, 1S38259 Dry lowland 2

ETSL100150, ETSL100919, ETSL100945, ETSL101006, ETSL101014, ETSL101023, ETSL101289, Wet highland 9

ETSL101431, 1S38319

ETSL100286, ETSL100619, ETSL100620, ETSL100639, ETSL100642, ETSL100648, ETSL100666, Wet lowland 12 Gambela

ETSL100888, ETSL100900, ETSL100902, ETSL101293, ETSL101396

ETSL100751, ETSL100786 Dry highland 2 Oromia

ETSL101858 Dry lowland 1

ETSL100720, ETSL100785, ETSL100797, ETSL100861, ETSL100863, ETSL101199, ETSL101210, Wet highland 10

ETSL101215, ETSL101270, ETSL101760

ETSL100406, ETSL100408, ETSL100761, ETSL100792, ETSL100928 Wet intermediate 5 Vi

ETSL100716, ETSL100745, ETSL101305, ETSL101698, ETSL101704 Dry lowland 5 SNNP

ETSL101173, ETSL101180 Wet highland 2

ETSL101681 Dry intermediate 1 Somalia

ETSL100428, ETSL100432, ETSL100529, ETSL100841, ETSL101508, ETSL101515, ETSL101563 Dry highland 7 Tigray

ETSL100427, ETSL100539, ETSL101568 Dry intermediate 3

ETSL100307, ETSL101138, ETSL101851 Dry lowland 3

ETSL101097, ETSL101110 Wet highland 2

DS10, ETSL100233, ETSL100561, ETSL100837, ETSL100862, ETSL100893, ETSL100895, Unknown 20 Unknown

ETSL101019, ETSL101084, ETSL101274, ETSL101564, ETSL101723, ETSL101725, 1S38254,

1S38255, PML981488, ETSL100292, ETSL100916, ETSL100921, ETSL101856

ETSL100805 Wet intermediate 1 Oromia

ETSL101492 Dry intermediate 1 Tigray VII

ETSL101561 Dry highland 1

Unknown = No available data for landraces, SNNP = Southern Nations, Nationalities and People; lowland (< 1600 m above sea level), intermediate elevation (1600-
1900 m.a.s.1.), highland (> 1900 m.a.s.l.), wet (high rainfall and long growing period), dry (low rainfall and short growing period).
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Figure 3.2 Dendrogram of cluster analysis displaying the relationship among landraces

Longer branches indicate greater genetic differences, while shorter branches indicate closer genetic relationships
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Table 3.10 Summary of the cluster analysis displaying the origin of the 361 sorghum landraces
and four checks, the number of genotypes and the mean values for 10 phenotypic traits

Cluster Cluster Cluster Cluster Cluster Cluster Cluster
1 1I 111 v \% VI %11

Number of landraces

Source of landraces

Afar 1 1 1 2 1

Ambhara 15 5 15 14

Benishangul Gumuz 20 4 1 1

Dire Dawa 2 1

Gambela 5 1 6 12

Oromia 35 27 4 15 18 1
SNNP 2 3 7

Somalia 2 3 1

Tigray 4 3 16 3 15 2
Unknown 40 12 1 13 9 20

Total 125 49 1 51 48 88 3
Traits

GY 45.79 42.01 40.25 44.60 56.94 53.19 35.99
TSW 31.57 27.63 31.32 32.27 34.26 33.46 28.20
HWT 81.91 81.76 62.40 70.67 99.15 84.82 61.25
HLP 25.28 29.83 22.61 26.21 21.11 27.87 42.89
HWD 6.84 7.03 6.30 6.50 7.40 7.00 6.02
PHT 266.64 309.38 114.56 217.40 281.17 263.78 287.47
ILP 17.98 19.87 8.77 15.55 18.12 17.75 19.42
INP 13.14 14.06 8.65 12.18 13.74 13.70 15.97
DTF 112.48 118.20 76.78 91.94 105.20 94.65 85.94
DTM 153.60 154.64 141.77 145.59 152.35 147.42 141.67

SNNP = Southern Nations, Nationalities and People; GY = Grain yield per plant (g); TSW = Thousand seed weight (g); HWT =
Head weight per plant (g); HLP = Head length per plant (cm); HWD = Head width per plant (cm); PHT = Plant height per plant
(cm); ILP = Internode length per plant (cm); INP = Internode number per plant (count); DTF = Days to 50% flowering (days);
DTM = Days to 90% maturity (days).

Most of the assessed landraces (125 or 34.25%) grouped in cluster I, which contained landraces
from Afar (1), Amhara (15), Benishangul Gumuz (20), Dire Dawa (2), Gambela (5), Oromia (35),
Southern Nations, Nationalities and Peoples (SNNP) (2), Somalia (1), Tigray (4) and unknown
(data not available; 40). All six the sorghum agro-climatic zones contributed landraces to this
group. Landraces in cluster I had a moderate mean GY and HWT (45.79 and 81.91 g/plant,
respectively), medium to late flowering and maturity (112 and 154 days, respectively) and medium

to tall PHT. Other characteristics were also moderate compared to other clusters (Table 3.10).

66



Cluster II contained 49 landraces [Afar (1), Benishangul Gumuz (4), Oromia (27), Dire Dawa (1),
Gambela (1), Tigray (3) and unknown (12)] showing low mean GY and TSW (42.01 g/plant and
27.63 g, respectively), the tallest PHT (309.36 cm), the longest ILP (19.87 cm) and latest flowering
and maturity (118 and 155 days, respectively) (Table 3.10).

Cluster III contained one genotype with a low mean GY (40.25 g/plant) and HWT (62.40 g/plant),
the shortest PHT and ILP of 114.56 and 8.77 cm, respectively and the earliest DTF and DTM of
77 and 142 days, respectively; a moderate TSW of 31.32 g and the lowest INP number (9).
Fourteen percent of the landraces were found in cluster IV and were from Afar (1), Amhara (5),
Benishangul Gumuz (1), Oromia (4), Gambela (6), SNNP (3), Somalia (2), Tigray (16) and
unknown (13). This group of landraces had medium to late mean flowering and maturity (92 and
146 days, respectively), moderate GY and HWT (44.6 and 70.67 g/plant) and medium to short
PHT and ILP (217.4 and 15.55 cm). Furthermore, in comparison to other groups, other

characteristics were moderate.

Forty-eight of the assessed landraces (13%) were found in cluster V, which originated from Afar
(2), Amhara (15), Benishangul Gumuz (1), Oromia (15), Somalia (3), Tigray (3) and unknown
(9). Cluster V’s landraces had the highest mean GY and HWT (56.94 and 99.15 g/plant,
respectively), the highest TSW (34.26 g), highest HWD (7.40 cm), medium to late flowering and
maturity (105 and 152 days, respectively) and medium to high PHT and ILP (281.17 and 18.12

cm).

Cluster VI contained 88 genotypes, with a medium mean GY and HWT of 53.19 and 84.82 g/plant
respectively. A medium TSW of 33.46 g, a moderate HWD of 7.00 cm and a moderate PHT of
263.78 cm, 95 and 147 DTF and DTM and a moderate ILP of 17.75 cm.

Cluster VII had a low number of landraces (3). Landraces in this cluster exhibited the lowest mean
GY and HWT (35.99 and 61.25 g/plant, respectively), the smallest HWD (6.02 cm), the earliest
flowering and maturity (85 and 142 days, respectively) and medium to high PHT and ILP (287.47
and 19.42 cm, respectively).
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3.4.6 Inter- and intra-clustering distances

Based on Mahalanobis' D? statistics, the pairwise generalised squared distance (D?) between the
seven clusters showed that the highest inter-cluster genetic distance was recorded between clusters
I and VI (D? = 13.28), followed by clusters II and IV (D? = 12.54). Cluster VII had the highest
intra-cluster distance (D? = 9.67), indicating that genotypes in this cluster had comparatively high

genetic divergence (Table 3.11).

Table 3.11 Inter- (below diagonal) and intra- (diagonal) cluster Mahalanobis' D? statistics based
genetic distances

Cluster 1 11 111 v \ VI VII
I 5.63

I 10.61 9.67

I 7.44 11.76 6.07

v 7.05 12.54 8.70 6.88

A\ 6.38 11.05 6.70 6.51 5.49

V1 9.35 13.28 9.94 8.94 8.74 7.82

VII 8.07 11.45 7.51 9.10 7.29 10.87 5.42

3.4.7 Trait correlation

Even small correlations were statistically significant because the large dataset enabled the
detection of even subtle patterns. GY was positively and significantly correlated with TSW (r =
0.44), HWT (r = 0.62) and HWD (r = 0.38) (Table 3.11). DTF, DTM, HLP and ILP correlated
significantly negatively with GY. These negative correlations may aid in the selection of early
maturing genotypes with high GY for areas prone to terminal drought. PHT, INP, ILP, DTF and
DTM were significantly positively correlated. TSW was significantly negatively correlated with

DTF, DTM, HLP, INP, ILP and PHT.
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Table 3.12 Phenotypic correlation coefficients of 10 characteristics from 365 sorghum landraces
for four trials

Trait GY TSW HWT HLP HWD PHT ILP INP DTF
TSW 0.44**
HWT 0.62%*  0.21**

HLP -0.22%*  0.25%%  -0.23**

HWD 0.38**  0.077 0.56*%*  -0.19**

PHT -0.04 -0.22%%  0.27*%*  0.13* 0.27**

ILP -0.12* -0.20**  0.14**  0.10* 0.20**  0.79**

INP -0.069 -0.24%*  0.23*%x  0.27**  0.24*%*  0.99* 0.80**

DTF -0.29*%*  -0.28**  0.16**  -0.092 0.10* 0.43**  0.43**  0.41**

DTM -0.18**  -0.11* 0.25*%*  -0.096 0.15%%  0.46**  041**  0.44**  (.83**

**P<0.01; * P <0.05; GY = Grain yield per plant (g); TSW = Thousand seed weight (g); HWT = Head weight per plant (g); HLP
= Head length per plant (cm); HWD = Head width per plant (cm); PHT = Plant height per plant (cm); ILP = Internode length per
plant (cm); INP = Internode number per plant (count); DTF = Days to 50% flowering (days); DTM = Days to 90% maturity (days).

3.5 Discussion

The genetic variation present in the collection of sorghum landraces evaluated for GY and other
agronomic characteristics across the test environments indicated that there is potential for selecting
high-yielding landraces that could be used in variety development. Low mean, range, heritability
and genetic variances were observed for agronomic traits in stress environments compared to non-
stress environments, except for DTF. Heritability assessment provides information about trait
architecture and high heritability improves selection efficiency, optimising resource use. GY
generally has a low heritability because it is controlled by many genes and selection progress is
generally slow (Ogunniyan and Olakojo, 2014). Somegowda et al. (2021) reported that genotypic
variances were higher in non-stress conditions than in stress conditions for agronomic traits, except
for DTF, which correlates with results obtained in the current study. Rainfall alone can be the most
significant cause of differences in sorghum production for a given location. The soil moisture level
is recharged after rain and when drought occurs, the surface soil moisture gradually decreases
toward the end of the crop cycle, affecting yield and yield-related components (Rossato et al.,

2017).

Climate change will have an impact on yield, so maintaining selection for high yield, either through

direct selection or selection of correlated secondary traits, is important. This study showed that
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drought increased physiological growth stages, shortened regular growth periods and reduced final
yield. Drought stress affects the entire panicle during microsporogenesis and reduces yield at all
stages of panicle development. Kilic and Yagbasanlar (2010) reported that drought stress reduced
mean grain yield by 44.6% and grain weight by 14%. Manjarrez-Sandoval et al. (1989) reported
that drought caused panicle abortion and a 25-55% reduction in the number of grains per mature
panicle; later drought stress periods reduced individual grain weight by up to 50%. Under stress
conditions PHT and DTF and DTM were found to be shorter than under non-stress conditions
except under MS21. In the current study, a small number of genotypes did perform better than
commercial varieties in both drought-stress and irrigated environments. For all environments,
genotypes G189, G210, G125, G353, G324, G319, G219, G187, G229 and G269 had the highest
Yp, Ys, MP, GMP and STI and had high GY in both environments, indicating that these genotypes
could perform well in METs, which will be the next stage of evaluation. Wasae (2021) and
Mwamahonje et al. (2021) found high TOL values in some sorghum genotypes and concluded that
such genotypes are susceptible to drought stress. In the current study, four genotypes (G18, G132,
G141 and G296) had low TOL values, indicating good drought tolerance.

Landraces were divided into seven clusters using ordinal variable cluster analysis. Landraces from
similar altitude classes and eco-sites largely grouped together. As a result, the clustering pattern of
origin also reflects the distribution patterns of different cultivated sorghum races in Ethiopia
(Stemler et al., 1977; Ayana and Bekele, 1999). Thus, genotype adaptation is identified and
genotype evaluation for potential adaptation is improved when classification is based on multiple
agronomic characteristics (Abdi et al., 2002). Furthermore, as Desmae et al. (2016) hypothesised,
clustering of accessions from geographically similar areas indicates the evolution of co-adaptive
quantitative character associations. Clustering analysis was conducted to identify different types
of sorghum landraces based on their trait values and growing conditions (lowland, intermediate
and highland) in specific agro-ecologies within different regions. Results of the clustering analysis
support the existence of distinct sorghum landraces corresponding to these different ecological

regions.

GY had positive and significant correlations with HWT, TSW and HWD. Akatwijuka et al. (2019)

reported that the positive correlation between GY and panicle weight suggests that selection for
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panicle weight will also increase yield. In this study, GY was inversely related to HLP, DTF and
DTM, supporting previously reported results (Enyew et al., 2021). These negative correlations

may be useful in selecting early maturing genotypes with high GY in stress areas.

3.6 Conclusions

This study revealed the existence of significant genetic variation in Ethiopian sorghum landraces
for GY and related traits. Drought stress reduced yield, but promising landraces with drought
tolerance have been identified. The geographic clustering of landraces emphasises the importance
of regional diversity in breeding programmes. Additionally, the positive correlations found
between GY and certain traits provide valuable insights for selecting desirable traits in sorghum
breeding. Overall, these conclusions highlight the potential for harnessing the genetic diversity
present in Ethiopian sorghum landraces to develop improved varieties that are better adapted to

drought conditions and possess high GY and related traits.
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CHAPTER 4

ENVIRONMENTAL INFLUENCES ON, AND GENOTYPE BY
ENVIRONMENT INTERACTIONS FOR KERNEL COMPOSITION OF
AN ETHIOPIAN SORGHUM LANDRACE COLLECTION

4.1 Abstract

Sorghum has a distinct advantage over other cereals in terms of beneficial bioactive compounds
and climate resilience. Low grain protein, Fe and Zn concentrations are a frequent problem in food
crops and affect the crop's nutritional value, particularly in cereals. Many people in Africa rely
heavily on sorghum as a source of energy and micronutrients. For the creation of improved
cultivars with high nutritional value, it is crucial to determine genetic variation, GEI, and the
relationship between nutritional traits. In the current study, GEI for starch, protein, amylose,
amylopectin, ash, moisture, Fe and Zn was highly significant. A total of 361 sorghum landraces
and four commercial checks were grown under well-watered, wet intermediate and natural drought
conditions for two consecutive seasons. In stress environments, starch content decreased by 5%,
while protein content increased by 21% when compared to the wet intermediate conditions. The
Zn content was 60% and 55% higher in wet intermediate environments than in irrigated and stress
environments, respectively. The Fe content was 21% and 13% higher in wet intermediate
environments than in irrigated and stress environments, respectively. Wet intermediate
environments had higher total organic carbon, organic matter, nitrogen and available phosphorus

soil levels than soils in irrigated and stress environments.

The most reliable and high-ranking genotypes can be identified using the genotype main effects
with genotype by environment interaction (GGE) ranking biplots. Genotypes G246, G84, G4, and
G175 had the highest starch contents, whereas G218, G43, and G161 had the highest protein
contents. The highest Fe content was found in the G137 and G142 genotypes, with the G264 having
the highest Zn content.

High grain moisture content and biotic and abiotic factors likely contributed to decrease starch and

mineral contents. Starch showed negative correlations with protein, TSW, Zn, ash and moisture,

76



while it had positive correlations with GY, amylose and Fe. Protein positively correlated with TSW
and moisture, and negatively with GY, amylose, Fe, Zn and ash. Fe, Zn and ash were positively
correlated, indicating their interrelation. Grain moisture content had negative correlations with

starch, amylose, Zn, Fe and ash, but a positive correlation with protein content and TSW.

4.2 Introduction

Sorghum is a cereal grain native to the arid regions of sub-Saharan Africa. The genetic and
geographical diversity of sorghum cause significant variation in agronomic and grain quality
attributes. Genetic improvement has played an important role in improving sorghum quality, while
environmental factors such as soil quality, temperature, rainfall and pests can also have a
significant impact on sorghum growth and quality. Thus, genotype and location variation will
allow for the selection of the most desirable traits at a given location (Kaufman et al., 2018).
Sorghum is grown in arid and semi-arid areas of Ethiopia due to its tolerance to heat and drought
stress. Drought and heat stress have been shown to have a significant impact on grain quality in
other cereals such as wheat, barley and maize. Drought and high-temperature stress have been
shown to alter protein formation and crosslinking in wheat and maize grains (Thitisaksakul et al.,
2012; Ashraf, 2014). It was reported that grain physical characteristics as well as chemical
composition and properties were significantly influenced by genotype, location and their
interactions (Kaufman et al., 2018). Gemechu et al. (2016) assessed the impact of climate change
on agricultural production in the Miesso district of the West Hararghe zone. The study found that
climate change related factors reduced agricultural productivity. According to Piguet (2003), low
rainfall and poor harvests in Hararghe prompted the United Nations Emergency Unit for Ethiopia

to organise a follow-up assessment mission during the small rainy season (Belg).

Adaptability and yield stability are important measures for crop cultivation in different agro-
climatic regions. The stability and adaptability of genotypes across different environments can be
assessed using various statistical tools such as joint regression (Finlay and Wilkinson, 1963) and
genotype main effects in addition to GGE biplots (Yan, 2001). GGE biplots serve as the most
efficient and commonly used multivariate models for determining genotype stability, adaptability
and ranking, as well as for identifying suitable mega-environments (Kang, 2003; Yan et al., 2007;

Yan and Holland, 2010; Yan and Tinker, 2005, 2006).
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Most sorghum landrace studies have focused on the evaluation of GY, with less emphasis placed
on grain quality traits using MET data. Although GEI has been used to assess the stability of
improved varieties of sorghum using MET data (Rao et al., 2011; Admas and Tesfaye, 2017;
Worede et al., 2020), information on the stability of sorghum landraces for quality traits using
GGE biplot models is lacking. As a result, the objectives of this research were to assess chemical
composition GE interaction, drought effects, environmental influence, the performance and
stability of sorghum landraces, the correlation of grain quality traits and the representativeness and

discriminating ability of different environments where sorghum is grown.

4.3 Materials and methods

4.3.1 Study areas and crop management

This study quantified GEI for the wet intermediate (Jimma) and dry lowlands, specifically
Melkassa (irrigation) and Miesso (stress) agroecology from 2020 to 2021. The two dry lowland
experimental sites are found in the central rift valley of Ethiopia. Jimma is in the wet intermediate
agroecology with good rainfall in the cropping season. Both Miesso and Melkassa are lowland
sorghum production areas and moisture-stress sorghum testing sites in Ethiopia (Figure 4.1) (MoA
1998). Tables 4.1 to 4.3 and Appendix 1 show data for the three sites on planting and harvesting
dates, rainfall patterns, relative humidity, maximum/minimum temperatures and soil analytical
data for macronutrients and organic matter. The supplemental irrigation was provided at Melkassa
as described in section 3.3.2. Seeds were drilled in the row at 75 cm between rows soon after
ploughing and then thinned to maintain 15 cm intra-row spacing at all sites. Basal fertiliser was
applied at the recommended rate and other agronomic practices were applied for normal sorghum

production in Ethiopia.
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Figure 4.1 The three test locations in Ethiopia, Jimma, Miesso and Melkassa, depicted on a map
using an ArcGIS geographic information system (Redlands, 2011).

Jimma, Miesso and Melkassa are situated in the Oromia regional state's Jimma, west Hararghe (Mirab Haraghe) and east Hararghe
(Misrak Hararghe) zones, respectively.
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Table 4.1 Long-term average temperature and rainfall properties for each trial site

Location  Longitude Latitude Altitude Soil Rainfall Minimum Maximum

(m.a.s.l) type (mm) T°C T°C
Miesso 39°21'E 8°30'N 1470 Clay 570 16 31
loam
Melkassa  39°9'E 14°6'N 1550 Clay 763 20.4 34
loam
Jimma 36°47"E 7°40' N 1753 Clay 1500 20 29

m.a.s.l. = meter above sea level; T°C = temperature in degrees centigrade.

Table 4.2 The planting and harvesting dates of trials in two consecutive seasons

Planting date Harvesting date
Location Year 1 Year 2 Year 1 Year 2
Melkassa Jul 15,2020 Aug 3, 2021 Jan 1-20, 2021 Jan 10-12, 2022
Miesso Jul 20, 2020 May 11, 2021 Nov 27- Dec 5, 2020 Aug 30-Dec 24, 2021
Jimma May 26, 2020 May 6, 2021 Dec 8, 2020 to Jan 8, 2021  Dec 4-30, 2021

4.3.2 Design and data analysis

The 361 Ethiopian sorghum landraces and four improved varieties were evaluated for genetic
diversity and GEI in two consecutive seasons (2020 to 2021). Trial design and layout was done as
described in section 3.3.1 for Melkassa and Miesso, and Jimma was added as a third site with a
trial design and layout similar to Melkassa and Miesso. This experimental design allowed for the
testing of effects of both genotype and environment, as well as GEI. The sorghum grain quality
and GY data collected from the six environments were subjected to a combined analysis of
variance (ANOVA) using the mixed linear model in R software (Butler et al., 2017). METs were
analysed by fitting a linear mixed model using the spatial analysis with package ASReml (Smith
et al., 2019). Each model consisted of a fixed effect for the targeted trait at each trial, random
effects (BLUPs) for genotypes within the trial and spatial error for each trial (Smith and Cullis,
2018). The GGE biplot analyses were done using GENSTAT software (Horn et al., 2018).
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Table 4.3 Soil analytical data for some macronutrients and organic matter for the three trial sites

Soil depth EC Av. P

Environment (cm) pH  (uS/cm) Textural class %TOC  %OM  %TN (ppm)
Jimma 0-30 6.67  96.50 Clay 1.57 2.71 0.16 845
30-60 6.88 72.70 Clay 1.21 209 013 833
Melkassa 0-30 6.79  190.80 Clay loam 1.29 2.23 0.08 7.95
30-60 7.28  230.00 Clay 1.25 2.16  0.08 7.73
Miesso 0-30 7.25  139.70 Clay loam 1.06 1.83 0.09 8.73
30-60 7.28  231.50 Clay 1.03 1.78  0.09 8.61

EC = Electrical conductivity; TOC = Total organic carbon; OM = Organic matter; TN = Total nitrogen; Av. P = available
phosphorus.

4.3.3 Analysis of sorghum grain quality

The near-infrared spectroscopy (NIRS) calibration model was created at Melkassa Agricultural
Research Center to analyse sorghum grain quality, offering a cost-effective and time-efficient
alternative to the more expensive and time-consuming wet chemistry analysis. The development
of NIRS models for sorghum grain quality analysis involved the use of over 108 Ethiopian
sorghum accession samples (Zerihun et al., 2020). The NIRS calibration equations exhibited high
coefficients of determination for calibrations (R?c = 0.815) and marginally lower coefficients of
determination for cross-validations (R%cv = 0.589) regarding tannin content. Similarly, the total
starch content demonstrated high R?c = 0.983 with slightly lower R%cv = 0.910, while amylose
content displayed high R?c = 0.762 and slightly lower R*cv = 0.697. The standard error of
calibration (SEC) and standard error of cross-validation (SECV) were minimal (SECV/mean =

3.8%, 1.2%, and 4.3% for tannin, total starch, and amylose, respectively).

Ethiopian sorghum accessions grain samples were analysed for moisture, ash, protein, Fe and Zn
content using both NIRS and chemical analysis at Melkassa Agricultural Research Centre. A
Inframatic 9500 NIR System Grain Analyzer was used to scan 200 g of cleaned whole grain for
every environment. Calibration models were established using NIRS spectra from 168 Ethiopian
sorghum accession samples for calibration purposes and 46 samples for external validation, as

reported by Zerihun et al. (2023).

Moisture, ash and protein were expressed as percentages, while Fe and Zn were measured in

mg/kg, with respective ranges of 3.33%, 3.85%, 7.40%, 86.35 mg/kg, and 58.66 mg/kg.
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Predictions for moisture, ash, protein, Fe and Zn demonstrated high accuracy, with R%c and R%cv
as follows: moisture (0.999, 0.99), ash (0.997, 0.996), protein (0.942, 0.890), Fe (0.849, 0.599)
and Zn (0.953, 0.883), respectively. The SEC of prediction values for moisture, ash, protein, Fe
and Zn were 0.210, 0.197, 0.049, 0.058 and 0.03, respectively.

4.3.4 Broad-sense heritability

Broad sense H? was estimated from individual and combined ANOVA using the formula of
Johnson et al. (1955). H? is classified as follows: 0-30% is considered low, 30-60% is considered
moderate and >60% is considered high (Abate and Mekbib, 2015; Kumar et al., 2015).

2
Heritability (H?) = ;’—i x 100

2

Where: H? = heritability in a broad sense, 6?p = Phenotypic variance and o2g = Genotypic

variance.

4.4 Results

4.4.1 Genotypic variation, genotype by environment interaction and assessment of
heritability

Starch and protein concentration showed highly significant 6°g in each environment and for pooled
analysis. Highly significant 6°g, 6%en and c’gen effects were present for all traits (Table 4.4). In
stress environments, starch and protein concentration had low mean 02g and H? values, however,

protein concentrations had high mean values (Table 4.5).

Table 4.4 Genotype (c%g), environment (c%en) and genotype x environment (c’gen) interaction
variance, and standard errors (SE) for quality traits

Trait c’g SE c’gen SE c’en
Starch 0.30%* 0.06 0.29%** 0.11 2182%*
Protein 0.45%* 0.05 0.227** 0.06 1321%*
Amylose 0.01** 0.00 0.01** 0.00 1967**
Amylopectin  0.01** 0.00 0.01%** 0.00 1967**
Zn 4.38%* 0.67 4.32% 1.79 250.70%*
Fe 11984.76** 126.11 0.11%* 0.32 748.21%*
Ash 0.09** 0.01 0.05%* 0.01 537.60**
Moisture 0.12%* 0.03 0.16** 0.05 2933%*

* P<0.05;** P <0.01.
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In the non-stress conditions, starch had the highest heritability (44.3%) at MK20, while protein
had a high heritability (68.4%) at MK21. However, under stress environments, starch had the
lowest heritability (23.2%) at MS20, while MS21 had the lowest protein heritability (54.7%). In
non-stress environments (irrigated and intermediate-Jimma 2021 (JM21), Zn and Fe
concentrations were highly heritable. In the stress environment, Zn and Fe had low heritability
values (MS20). Zn and Fe heritability values in the intermediate environment Jimma 2020 (JM20)
were average. There was a significant correlation for values across environments for some of the
measured traits (Figure 4.2). When environments are correlated (have similar landrace responses),
selecting the best materials in one environment would also reflect the best materials in another
(Figure 4.2 and Table 4.6). In this case, MET analysis can help identify genotype broad and
specific adaptations across a wide range of genetic materials. In MET analysis, using both the
LMM and including random effects is essential. LMMs enable the integration of fixed effects
(treatment effects or covariates) and random effects (environmental impacts or experimental

errors) into the model, offering flexibility for MET data analysis.

Table 4.5 Mean, heritability and variance components for each trait in each environment

JM20 JM21 MK20

Trait Mean 6’g c’e H? Mean 6’g c’e H? Mean 6’g c’e H?

Starch 70.80 0.10 1.80 37.80 69.50 0.40 0.70 39.10 67.50 0.60 0.80 44.30
Protein 8.10 0.50 1.40 38.70 9.00 0.70 0.70 60.50 10.80 0.40 1.00 66.20
Amylose 19.90 0.10 0.00 44.40 19.70 0.10 0.00 83.70 19.50 0.00 0.00 85.60
Amylopectin 80.10 0.10 0.00 44.40 80.30 0.10 0.00 83.70 80.50 0.00 0.00 85.60
Zn 38.50 126.00 49.30 51.40 25.50 25.60 20.10 67.90 24.50 25.30 20.50 73.30
Fe 44.20 186.00 64.30 51.00 28.80 112.00 0.80 76.10 30.20 252.00 112.00 83.70
Ash 2.00 0.30 0.10 44.60 1.80 0.10 0.00 74.80 1.50 0.10 0.10 63.80
Moisture 14.80 0.98 0.95 36.30 14.90 0.01 1.62 36.30 17.10 0.22 0.48 38.20

MK21 MS20 MS21

Trait Mean 6’g c’e H? Mean 6’g c’e H? Mean 6’g c’e H?

Starch 71.60 0.50 2.10 38.40 66.80 0.70 1.40 23.20 66.50 0.40 3.20 25.10
Protein 7.60 1.10 0.60 68.40 11.60 0.80 0.50 57.10 10.30 1.10 0.80 54.70
Amylose 19.80 0.00 0.00 87.30 19.40 0.00 0.00 76.00 19.40 0.10 0.00 76.50
Amylopectin 80.20 0.00 0.00 87.30 80.70 0.00 0.00 76.00 80.60 0.10 0.00 76.50
Zn 24.70 18.10 17.00 73.40 27.20 79.30 17.80 24.40 27.90 31.60 10.40 58.80
Fe 27.10 175.00 54.00 82.00 29.80 229.00 19.60 60.40 33.60 192.00 52.00 81.30
Ash 1.80 0.10 0.10 75.20 1.50 0.20 0.00 32.30 2.20 0.20 0.00 67.30
Moisture 13.80 0.35 0.00 37.70 17.00 0.92 0.26 31.20 15.50 0.28 1.26 14.00

o2g = Genotypic variance; c’en = Environment variance; o’gen = Genotype x environment interaction variance; H? = heritability;
IM20 and JM2 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and 2021.
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Table 4.6 The genetic correlation matrix of the six environments for starch (below diagonal) and
protein (above diagonal) content

Environments  JM20 JM21 MK20 MK21 MS20 MS21
JM20 0.62%** 0.73%** 0.62%* 0.65* 0.5%*
JM21 0.45* 0.85%** 0.71%* 0.75%* 0.58*
MK20 0.69** 0.31 0.84** 0.89%* 0.68%*
MK21 1.00%** 0.45* 0.69** 0.75%* 0.58**
MS20 0.65%* 0.29 0.45% 0.65%* 0.61**
MS21 0.74** 0.33 0.51%** 0.74** 0.48*

*P <0.05; ** P <0.01; IM20 and JM2 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21
= Miesso 2020 and 2021.

High starch contents were found in commercial cultivar G4 (Bonsa) and landraces G246, G175,
G84, G63 and G3, which were ranked in the same order in MK21 and JM20. Test environment
JM21 was non-significantly correlated with other environments for starch content as shown in
Figure 4.2 and Table 4.6. The range and mean values of protein content were higher in stress
environments than in the non-stress and intermediate environments. Landrace G358
(ETSL101310), had a high protein content in all environments. The JM20 environment had higher
Zn and Fe ranges (22.3 to 95.7 ppm and 19.0 to 77.6 ppm, respectively) and mean values (38.5
and 44.2 ppm, respectively) than the other test environments. The top ten and bottom five
performing landraces, as well as commercial check cultivars G1 (Adukar) and G4 (Bonsa), with
their mean values for grain quality traits, are listed in Table 4.8. Sorghum landraces G264, G278,
G142, G175 and G148 had the highest mean values for amylose, Zn and ash content. The eight
grain quality traits were investigated and evaluated using METs with spatial analysis, and the

combined mean of the BLUP was determined (Appendix 3).
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Figure 4.2 The heat map of the restricted maximum likelihood (REML) estimates of (a) starch,
(b) protein (c) amylose and (d) Fe content of the environments’ genetic correlation matrix. The
key on the right side of each map depicts the correlation colour scale.

ENVT = Environment; JM20 and JM 21 = Jimms 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21
= Miesso 2020 and 2021; 1.0 indicates a good positive correlation; - 1.0 negative correlation and 0.0 no correlation.

85



4.4.3 Influence of drought on sorghum grain quality traits

Protein and starch concentrations

Melkassa and Miesso had higher protein concentrations in 2020 than in 2021, but lower starch
concentrations. However, at Jimma, protein concentration was higher in 2021 than in 2020, while
starch concentration was higher in 2020 (Table 4.9), confirming the expected inverse relationships
between protein and starch concentrations. Protein concentrations at Miesso were higher in both
years than in other environments, but starch concentrations were lower. MK21 produced grain
with higher starch (71.56%) and lower protein (7.68%) concentrations than other environments
(Table 4.10). Starch content was 5% higher in wet intermediate environments than in stress
environments. Protein content was 21% higher in stress environments than in wet intermediate
environments. Figure 4.3 and Table 4.10 show that the sorghum landraces had higher protein
concentration trends in stress environments (MS20 and MS21) than in wet intermediate
environments (JM20 and JM21), but sorghum landraces had higher starch concentration trends in

wet intermediate environments (JM20 and JM21) than in stress environments (MS20 and MS21).

Stress environments had higher mean protein concentrations than irrigated and wet intermediate
environments, while wet intermediate environments had higher mean starch concentrations
compared to stress environments (Table 4.10 and Figure 4.3). In general, the mean protein content
was higher in 2020 than in 2021 across all environments, but the mean starch content was higher
in 2021. Miesso had the highest ash and moisture content in 2021, while Jimma had the highest

ash content in 2020, but Melkassa and Miesso had higher moisture content in 2020.
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Table 4.7 Range and mean values, and six top-ranking genotypes for each trait in each environment

Trait Envt Range Mean 1 2 3 4 5 6
Starch (%) IM20 69.90 - 71.30 70.80 G4 G246 G175  G84 G63 G3
IM21 67.90 - 70.40 69.50 G265 G246 G257 (G286 G261 G115
MS20 64.60 - 67.90 66.80 G162 G84 G3 G175 G178 G4
MS21 65.20 - 67.20 66.50 G175 G4 G246 G194 G63 G84
MK20 64.94 - 68.94 67.50 G4 G175 G41 G246 G40 G87
MK21 69.62 - 72.71 71.60 G4 G246 G175  G84 G63 G3
Protein (%) IM20 7.00 -9.20 8.10 G358 Glel G171 G218 G221 G293
IM21 7.10 - 10.60 9.00 G358 G221 G293 G143 Gle61 G171
MS20 9.40 - 13.20 11.60 G358 Glel G218 G225 G171 G184
MS21 7.30 - 12.50 10.30 G358 G88 G184 (G231 G360 G151
MK20 9.36-11.97 10.80 G358 Glel G171 G218 G221 G293
MK21 5.36-9.97 7.70 G171 Glel G218 G221 G293 G143
Amylose (%) IM20 19.40 - 21.10 19.90 G278 G264 Gl63 G142 G230 G175
IM21 19.00 - 20.90 19.70 G264 G278 G142 G175 G148 G122
MS20 18.80 - 20.40 19.40 G264 G142 G278 G175 G148 G122
MS21 18.70 - 20.40 19.40 G264 G142 G175 G278 G148 G122
MK20 18.89 - 20.59 19.50 G264 G142 G278 G175 G148 G319
MK21 19.19 - 20.98 19.80 G264 G142 G278 G175 G148 G319
Amylopectin IM20 78.90 - 80.60 80.10 G184 G20 G48 G341 G356  G46
(%) IM21 79.10 - 81.00 80.30 G341 G46 G48 G2 Gl G12
MS20 79.60 - 81.20 80.70 G48 G2 G341 G46 Gl G12
MS21 79.60 - 81.30 80.60 G294 G48 G12 G2 G341 G46
MK20 79.41 - 81.11 80.50 G48 G2 G341 G46 Gl G12
MK21 79.02 - 80.81 80.20 G48 G2 G341 G46 Gl G12
Zn (ppm) IM20 22.30-95.70 38.50 G264 G142 G278 G175 G148 G230
IM21 20.80 - 60.60 25.50 G264 G278 G142 G175 G148 Gl
MS20 19.70 - 63.60 27.20 G135 G245 G190 G119 G149 G207
MS21 19.30 - 50.8 27.90 G264 G230 Gl16 G142 G355 G175

MK20 19.46 - 59.53 24.80 G264 G278 G142 G175 G148 G137
MK21 20-24 - 53.45 24.70 G264 G142 G278 G175 G148 G137

Fe (ppm) IM20 19.00 - 77.60 44.20 G142 G137 G322 G194 G258 G276
IM21 10.50 - 71.00 28.60 G137 G142 G278 G166 G180 G248
MS20 8.00 - 78.0 29.80 G142 G119 G137 G87 G245 G166
MS21 12.00 - 87.30 33.60 G142 G137 G23 G166 G248 G260
MK20 3.75-93.13 30.80 G142 G137 G166 G248 G260 G172
MK21 7.15-81.10 27.50 G142 G137 G279 G260 G248 G28

Ash (%) IM20 0.90 - 3.80 2.00 G148 G142 G278 G264 Gl G163
IM21 1.20-3.30 1.80 Gl G264 G278 G142 G148 G46
MS20 0.80 - 3.00 1.50 G135 G245 G119 G149 G190 G87
MS21 1.50-3.30 2.20 G202 G142 G230 G264 G148 Gl
MK20 0.79 - 2.80 1.51 G264 G278 G142 G148 Gl G137
MK21 1.13-3.19 1.80 G142 G148 G264 Gl G278 G137

Moisture (%) IM20 11.40 - 16.20 14.80 G184 G34 G358 G49 G208 G27
IM21 14.80 - 15.20 14.90 G278 G163 G230 G245 G135 G207
MS20 13.20 - 18.50 17.00 G184 G225 G125 G318 G314 G73
MS21 15.10-16.80 15.50 G346 Gl64 G30 G182 G169 G9
MK20 15.69-17.85 17.10 G34 G358 G49 G184 G27 G208
MK21 13.21-16.54 13.80 G90 G355 G212 G290 G173 G106

Envt = Environment; JM20 and JM2 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 =
Miesso 2020 and 2021.
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Table 4.8 The mean (BLUP) performance of the top ten and bottom five sorghum genotypes across the six environments for each of
the grain quality traits

Starch Protein Amylose Amylopectin Zn Fe Ash Moisture

Gen Means Gen Means Gen Means Gen Means Gen Means Gen Means Gen Means Gen  Means
G4 69.70 G358 11.10 G264 20.70 G48 81.00 G264 58.00 G142 80.80 G264 3.00 G355 16.20
G246 69.60 Gl61 11.00 G278 20.50 G341 80.90 G142 50.00 G137 79.60 G148 3.00 G184 16.10
G84 69.60 G171 1090 G142 20.50 G46 8090 G278 4820 Glo66 63.10 G142 2.90 G290 16.10
G175 69.50 G218 1090 G175 2030 G1 8090 G175 46.50 G248 6290 Gl 2.90 G30 16.00
G63 6950 G888 1090 G148 20.00 G294 80.90 G148 4430 G260 6140 G278 2.70 G225 16.00
G194 6940 G221 1080 G319 20.00 G12 8090 G230 39.00 G172 60.00 G137 2.60 G208 16.00
G123 6940 G184 10.80 G122 20.00 G2 80.80 G137 38.10 G55 59.70 G175 2.50 G34 16.00
G3 69.40 G293 10.80 G230 20.00 G184 80.80 G355 37.50 G279 59.50 Gl66 240 G90  16.00
G162 6940 G143 1070 G163 20.00 G25 80.80 G259 37.50 G23 5780 G23 240 G318 16.00
G41 6930 G214 10.60 G137 19.90 G356 80.80 G206 37.20 G87 57.80 G48 240 G314 16.00
G362 6790 G63 8.10 G294 19.10 G148 80.00 G186 23.50 G132 1520 G78 1.30 G135 14.60
G90 6790 G265 8.00 Gl 19.10 G175 79.70 G4 23.30 G121 1490 G301 1.30 G163 14.50
G264 67.80 G142 8.00 G46 19.10 G142 7950 G111 23.00 G18 13.10 G244 1.20 G207 14.40
G212 67.60 G94 8.00 G341 19.10 G278 79.50 G289 2290 G272 13.00 G139 1.20 G278 14.40
G355 67.40 G202 7.70 G48 19.00 G264 7930 G296 2190 G6 12.10 G9% 1.20 G245 14.30

For the corresponding traits, the first ten landraces in each genotype (Gen) column are the top ten, while the last five are the bottom five.

88



Table 4.9 Influence of drought on sorghum landrace grain quality concentrations

Environment Starch Protein Amylose Amylopectin Zn Fe Ash Moisture
2020

Jimma 70.77  8.21 19.94 80.06 37.65 4421 2.00 14.76
Melkassa 67.46 10.75 19.49 80.51 2483 3022 1.51 17.09
Miesso 66.80 1147 19.35 80.65 2723 2983 149 16.99
2021

Jimma 69.45  8.99 19.65 80.35 25.57 2875 1.84 14.89
Melkassa 71.56  7.68 19.82 80.18 2474  27.10 1.80 13.76
Miesso 66.45 10.22 19.36 80.64 28.32  33.57 2.19 15.53
LSD (0.05) 0.03 0.04 0.01 0.01 0.50 0.58 0.03 0.05

Jimma = wet intermediate; Melkassa = dry lowland (irrigated); Miesso = dry lowland (stress).
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Figure 4.3 Sorghum starch and protein mean concentrations in different locations.

Jimma = wet intermediate, Melkassa = dry lowland (irrigated), Miesso = dry lowland (stress); lowland (> 1 600 m above sea level),
intermediate elevation (1 600-1 900 masl), wet (high rainfall and long growing period), dry (low rainfall and short growing period).
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Table 4.10 Environmental comparisons for sorghum grain quality traits

Contrast

comparisons Starch Protein  Amylose Amylopectin  Zn Fe Ash Moisture
2020 68.34 10.14 19.59 80.41 2990 3475 1.67 16.28
2021 69.15  8.97 19.61 80.39 2621 2981 1.94 14.73
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Wet intermediate ~ 70.11  8.60 19.80 80.20 61.31 3648 1.92 14.83
Irrigated 69.51 9.22 19.66 80.34 24778  28.66  1.65 15.43
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Irrigated 69.51 9.22 19.66 80.34 24778  28.66  1.65 15.43
Stress 66.63  10.84 19.36 80.64 27777 3170 1.84 16.26
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Wet intermediate ~ 70.11  8.60 19.80 80.20 61.31 3648 1.92 14.83
Stress 66.63  10.84 19.36 80.64 2777  31.70 1.84 16.26
p-value <0.001 <0.001 <0.001 <0.001 <0.001 NS <0.001 <0.001

Jimma = wet intermediate; Melkassa = dry lowland (irrigated); Miesso = dry lowland (stress); NS = not significant.

Zn and Fe concentrations

Across environments, Zn and Fe concentrations (37.65 and 44.21 ppm, respectively) were the
highest at JM20 followed by MS21 (28.32 and 33.57 ppm) (Table 4.9) with the lowest
concentrations at Melkassa (irrigated) in both years. Jimma (wet intermediate) had higher soil total
organic carbon, organic matter, nitrogen and available phosphorus contents than other
environments. However, Melkassa had lower total nitrogen and available phosphorus contents than
other environments (Table 4.3). Therefore, the high levels of total nitrogen and available
phosphorus in the soil helped in promoting Zn and Fe uptake in plants. The wet intermediate
environment had higher mean Fe and Zn concentrations than irrigated and stress environments,
while irrigated environments had lower mean Fe and Zn concentrations (Table 4.10 and Figure
4.4). In general, Zn and Fe concentrations were higher in 2020 than in 2021. The Zn content in
wet intermediate environments was 60% higher than in irrigated environments, while the Fe
content in wet intermediate environments was 21% higher than in irrigated environments. The Zn
content in wet intermediate environments was 55% higher than in stress environments, while the

Fe content in wet intermediate environments was 13% higher than in stress environments.
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Figure 4.4 Sorghum Fe and Zn mean concentrations in different locations across seasons.

Jimma = wet intermediate; Melkassa = dry lowland (irrigated); Miesso = dry lowland (stress); lowland (> 1 600 m above sea level);
intermediate elevation (1 600-1 900 masl); wet (high rainfall and long growing period); dry (low rainfall and short growing period.

4.4.4 Genotype main effects with genotype by environment interaction biplot analysis

“Which-won-where” polygon of GGE biplot

The GGE biplot polygon view identified the highest-performing genotypes by showing interaction
patterns among genotypes and environments (Figures 4.5 and 4.6). A polygon was drawn in this
GGE biplot by connecting the vertex genotypes, which were far from the origin, with straight lines,
and thus all the other genotypes were enclosed within the polygon. Genotypes located at the
polygon's vertices showed the best performance or worst in one or more environments. The starch
vertex genotypes were G265, G84, G246, G4, G40, G110, G36, G264 and G355. The protein
vertices genotypes were G358, G161, G232, G346, G202, G142, G94, G207 and G98. G142,
G137, G194, G311, G272, G6, G18, G325, G190 and G119 were selected for the Fe vertex. The
Zn vertices were G264, G249, G296, G285, G245 and G135 (Figure 4.5). As a result, these four
groups of genotypes were the most responsive to environmental interactions for starch, protein, Fe

and Zn, in that order.
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In the "which-won-where" GGE biplot, lines from the origin divide the biplot into different sectors
and create different mega environments (MGESs). In this study, all traits had two MGEs formed,
except for Fe that only had one. For starch, environments JIM20, MK20, MK21, MS20 and MS21
formed a joint MGE, whereas environment JM21 was a separate MGE for this trait. For protein,
environments JM20, MK20, MK21, MS20 and JMS21 formed an MGE together, whereas
environment MS21 was a separate MGE for this trait (Figure 4.5). For Zn, environments JM20,
MK20, MK21, JM21 and MS21 formed a joint MGE, whereas environment MS20 formed a

separate MGE for this trait, whereas for Fe, all environments formed a single MGE (Figure 4.6).

a Scatter plot (Total - 93.94%) b Scatter plot (Total - 96.74%)
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Figure 4.5 “Which-won-where” polygon view of genotype main effects with genotype by
environment interaction scatter biplot of the 365 sorghum landraces for (a) starch and (b) protein,
displaying landraces with the best performance in each environment and the mega environments.
Vertex landraces on convex hulls (polygon) are the greatest for each mega environment for the
correlating parameters.

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021, respectively.
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Figure 4.6 “Which-won-where” polygon view of genotype main effects with genotype by
environment interaction scatter biplot of the 365 sorghum landraces for (a) Fe and (b) Zn,
displaying landraces with the best performance in each environment and the mega environments.
Vertex landraces on convex hulls (polygon) are the greatest for each mega environment for the
correlating parameters.

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021, respectively.

Genotypes G4 (Bonsa), G246 (ETSL101256) and G84 (ETSL100406) performed well in control
and stress conditions for starch concentrations. Whereas genotype G161 (ETSL100834) performed
well in control and stress environments for protein concentrations in 2020 and 2021, G358
(IS38353) performed well under stress in 2021 at Miesso. Genotypes G355, G36 and G264 had
low starch contents, while genotypes G142, G94, G207, G202 and G98 had low protein contents
in all environments (Figure 4.5). Genotype G264 (ETSL101325) performed well in the control and
stress conditions for Zn concentrations, whereas G245 (ETSL101255) and G135 (ETSL100798)
performed well in the MS20 stress condition. For Fe concentrations, genotypes G137

(ETSL100702) and G142 (ETSL100735) performed well in the control and stress conditions.
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Genotypes G272, G6, G18 and G325 had low Fe contents, while the genotypes G285 and G296

had low Zn contents in all environments (Figure 4.6).

Genotype performance and stability

Genotypes should be assessed for average performance and stability over all environments within
a single mega-environment. The single-arrowed line on a GGE biplot indicates the average
environment coordinate (AEC) and indicates that the mean trait value is higher across
environments. A genotype with a greater mean performance has an average environment axis
(AEA) in the ranking biplot, represented by a single-arrowhead line passing through the origin.
Thus, G246 and G84 had the highest mean starch contents, followed by G4, G175, and so on;
G170, G35, G215, G106 and G193 had mean starch contents that were similar to the grand mean;
and G355 and G212 had the lowest mean starch contents. In terms of protein, G358, G218, G161,
G171 and G221 had the highest mean protein contents, followed by G43, G88, G293, G184 and
so on; G170, G35, G215, G106, and G208 had mean protein contents similar to the grand mean;
and G202, G63, G142 and G94 had the lowest mean protein contents (Figure 4.7). For Fe
concentrations, G137 and G142 had the highest mean Fe contents, followed by G166, G248 and
so on. G88 and G162 had mean Fe contents similar to the grand mean and G272, G6 and G18 had
the lowest mean Fe contents. G264 had the highest mean Zn content, followed by G142, G278,
G175 and G148, and so on; G119 and G90 had mean Zn contents similar to the grand mean (Figure
4.8).
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Figure 4.7 Genotype main effects with genotype by environment interaction biplot genotype focus
scaling displaying the stability and mean priority of the 356 sorghum landraces for (a) starch and
(b) protein.

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021.

The stability of genotypes was assessed using the distance of the vector between genotype
positions and the AEA in the ranking biplot. The best-performing and most stable genotypes are
those that are far from the origin but on or near the AEA. As a result, G246 and G84 were the most
stable genotypes with high mean starch contents and the shortest vector from AEA, whereas G264
and G110 were the least stable genotypes with the longest vector from AEA. The highest mean
protein content and shortest AEA vectors were found in G218, while the lowest mean protein

contents and longest AEA vectors were found in G210, G232, G98 and G251 (Figure 4.7).
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Figure 4.8 Genotype main effects with genotype by environment interaction focus scaling
displaying the stability and mean priority of the 356 sorghum landraces for (a) Fe and (b) Zn.

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021.

The highest mean Fe content and shortest AEA vectors were found in G137 and G142 and these
genotypes were thus the most stable genotypes with high mean Fe contents and shorter AEA
vectors, whereas G311, G194 and G119 were the least stable genotypes with the longest AEA
vector. Meanwhile, G148 and G175 had the highest mean Zn contents and the shortest AEA
vector, and G245 and G135 had the lowest mean Zn contents and the longest AEA vector (Figure
4.8).
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Evaluation of the testing environment

The AEA, also known as the average-tester-axis, contains the AEC and ideal environment (shown
by the circle at the end of the arrow in Figures 4.9 and 4.10) of all test environments and the AEA
is the line that passes through the biplot origin and ideal environment. The GGE biplot displays
AEA, AEC, ideal environment and concentric circles to evaluate the tested environments. The
ideal test environment should be both discriminating and representative of the target environments
and is on or near the centre of the concentric circles. A smaller angle with the AEA in a test
environment is more representative of other test environments while test environments that are

close to AEC are more representative of other environments.

In this study, for starch content, if the target environments are distributed into mega-environments,
the discriminating but non-representative test environments MK20 and JM21 can be used to select
genotypes with specific adaptation. The environment of MK21 was the closest to the ideal
environment and thus the best at selecting cultivars adapted to the entire region. It should be noted
that more years are required to confirm that a particular test location is ideal (Figure 4.9a). For
protein content, MS20 was the most representative and ideal test environment, as well as the
closest to the AEC, while MS21 was the most discriminating environment for protein content
(Figure 4.9b). Environments with the highest Fe content, MS21, MK20 and MK21, were
representative test environments with the smallest angles and were closest to AEC; on the other
hand, MS20 and JM20 were discriminating environments for Fe concentrations (Figure 4.10a).
The most representative environment for Zn was MS21, while the ideal and discriminating test

environments were JM20 and MS20, respectively (Figure 4.10b).

4.4.5 Quality trait correlation

As the dataset was very large, even small correlations were significant (Table 4.11) but only
correlations >0.3 are discussed here. Starch was positively and significantly correlated with
amylose (r = 39) but negatively and significantly correlated with protein content (r =-0.39). Protein
content was negatively and significantly correlated with starch (r =-0.39), Fe (r =-0.31) and Zn (r
=-0.34). TSW correlated negatively and significantly with amylose (r =-0.37), Fe (r =-0.55) and
positively with moisture (r = 0.33). Fe and Zn were significantly positively correlated (r = 0.54) as

well as Fe and ash (r = 0.5) as were Zn and ash (r = 0.82). There was a negative and significant
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correlation between grain moisture content and amylose (r = -0.50). On the other hand, grain

moisture content had a positive and significant correlation with TSW (r = 0.33), which is expected.

Cormparison biplot (Total - 96.74%)
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Figure 4.9 The discrimination and representativeness view of the genotype main effects with
genotype by environment interaction biplot used to rank test environments relative to an ideal test
environment (represented by the centre of the concentric circles) for (a) starch and (b) protein.

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021.
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Figure 4.10 The discrimination and representativeness view of the genotype main effects with
genotype by environment interaction biplot used to rank test environments relative to an ideal test
environment (represented by the centre of the concentric circles) for (a) Fe and (b) Zn.

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021.
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Table 4.11 The grain quality correlation coefficients of eight traits from 358 sorghum landraces
and checks

Trait Protein GY TSW Amylose  Fe Zn Ash Moisture
Starch -0.39*%*  0.17*%*  -0.13%* 0.39%* 0.13* -0.22%*  -0.20%*%  -0.25%%*
Protein -0.11%* 0.17%*  -0.14%* -0.31%*  -0.34%*%  -0.26%*  0.15%%*
GY 0.18**  0.03 0.01 -0.10 -0.02 0.04
TSW -0.37** -0.55**  -0.20**  0.01 0.33%**
Amylose 0.20%*  0.16**  -0.14**  -0.50**
Fe 0.54**  0.50*%*  -0.27%*
Zn 0.82%*  -0.14**
Ash -0.26**

*P <0.05; ** P <0.01; GY = grain yield; TSW = thousand seed weight.

4.5 Discussion

Sorghum has great potential due to its ability to adapt to harsh environments as well as evidence
of its value as a healthy crop due to its polyphenol content and antioxidant properties. Regarding
grain composition with advantageous bioactive compounds and climatic resilience, sorghum has
a clear advantage over other cereals. It is critical to understand the grain composition to promote
sorghum as a functional food grain. The variety of end-use products that can be made from
sorghum grains necessitates different grain traits, which are appropriate for each end-use product
(Aruna and Cheruku, 2019). Sorghum has a high phenotypic diversity for grain quality traits,
suggesting that it could be bred for specific end-use products. Understanding the genetic variation
that underpins the available phenotypic diversity enables breeders to create genotypes with desired

grain traits for specific end-uses (Boyles et al., 2017).

The performance of promising genotypes must be repeatable and stable across years to identify
and recommend superior genotypes. To achieve this, MET analysis of unbalanced data with factor
analysis coupled with mixed models to accurately identify the relative stability and GEI of varieties
is crucial. In MET analysis, both Linear mixed model (LMM) and integrating random effects are
critical. The LMM provides a flexible modelling framework for analysing MET data, while fitting
terms as random effects helps account for the hierarchical structure and variability inherent in MET

experiments. LMMs allow for the incorporation of both fixed effects (treatment effects or
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covariates) and random effects (environmental effects or experimental errors) into the model,
providing a flexible framework for analysing MET data (Smith et al., 2001). The use of an LMM
helps account for the correlation among observations within the same environment and across
different environments, thereby providing more accurate estimates of treatment effects and their

variability (Smith and Cullis, 2018).

In this study, starch and protein concentrations had low mean genetic variance and heritability
values in stress environments. If the heritability of the desired traits is high, variability can be taken
advantage of through selection. According to a study done on a natural collection of landraces, the
BLUP methodology is an effective way to predict additive genetic values and estimate the
components of variance (Kruuk, 2004; Smith et al., 2015). Complex traits are impacted by
interactions between genetic and environmental factors, which lowers their heritability value.
Additionally, GEI leads to various genetic association patterns in various environments (Phuke et
al., 2017). Sorghum is the primary source of energy and micronutrients for many people in Africa.
The present study was aimed at determining genetic variation, GEI and associations between
measured traits, and to determine whether improved varieties with higher levels of Fe and Zn can
be developed. In a previous study, efforts were made to identify the variation in mineral content
in sorghum grains across environments as well as to understand the variation in grain Fe and Zn

concentrations in recombinant inbred line populations (Phuke et al., 2017).

Under drought stress during the flowering stage, the total starch, amylose and amylopectin
accumulation all decreased at the mid-late stage of grain filling. Drought stress during the

flowering stage decreased starch synthesis enzyme activities, reducing starch accumulation in

grains (Sehgal et al., 2018).

Lower accumulation of total starch, amylose and amylopectin was the result of the sorghum being
subjected to drought stress during the flowering stage, which is associated with less efficient
enzyme activity on sugar nucleotide precursors. Sorghum grain enzymatic activity for SSS, GBSS,
SBE and DBE was decreased to varying degrees, preventing starch synthesis during grain filling
(Bing et al., 2014). Drought reduces grain size by inhibiting cell proliferation in endosperm cells

and the number of starch granules in grain (Nicolas et al., 1985). Drought stress increased total
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protein content and kernel hardness but decreased protein digestibility (Kili¢ and Yagbasanlar,
2010; Impa et al., 2019), our study indicated that mean protein levels under stress conditions were
higher than the non-stress conditions. However, protein digestibility decreased under both stresses,
with heat stress being more detrimental than water deficit stress (Impa et al., 2019). In the present
study, the mean starch content in wet intermediate environments was 5% higher than in stress
environments. However, the mean protein content in stress environments was 21% higher than in

wet intermediate environments.

Both salinity and drought stress limit the availability, transport and partitioning of nutrients in the
connection between mineral nutrients and plants, which in turn slows plant development. Salinity
and drought, however, can have different effects on a plant's mineral concentrations (Hu and
Schmidhalter, 2005). A lack of soil water disrupts the balance of minerals in the soil, which
prevents plants from growing and developing and affects the final yield of the crop. A lack of
water often inhibits the mass flow-dependent mineral nutrient uptake and translocation from the
roots to the shoots, which affects all metabolic processes involved in plant physiology

(Bhattacharya, 2021).

In this study, mineral concentrations in grains were typically higher under wet intermediate
conditions when compared to stress and irrigated conditions. Variation between environments was
found in the comparison of GGE biplots for grain Fe and Zn (Phuke et al., 2017). Grain Zn and Fe
showed significant GEI, highlighting the need for further research to address the GEI and create
sorghum landraces that are high in micronutrients. Fe and Zn concentrations in grain vary
according to soil micronutrient concentrations. Another reason for the high GEI for Fe and Zn
content could be their heritability (Gregorio, 2002; Stangoulis and Knez, 2022). The difference in
the relative performance of genotypes in different environments is a strong indicator of GEI, as
well as variation in environmental conditions such as temperature, rainfall and soil type. Starch,
the main macronutrient, was reported to have a strong negative correlation with crude protein when
grain macronutrients were measured on a percent dry matter basis (Boyles et al., 2016). Fe and Zn
contents had a significant positive relationship over environments, indicating the possibility of
concurrently selecting for both traits (Phuke et al., 2017), which was also the case in the current

study.
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The GGE “which-won-where” biplot was applied to distinguish top-performing genotypes by
interpreting GEI, MGE clustering and specific adaptation (Yan and Tinker, 2006; Rakshit et al.,
2012; Enyew et al., 2021). The unstable genotypes are those that are far away from the biplot
origin (vertex genotypes) and perform best or worst in different environments. Vertex genotypes,
which are more responsive to environmental change and are thought of as specifically adapted
genotypes, are the ones that perform poorly or are the best in some or all the tested environments
(Yan et al., 2007). Based on the "which-won-where" biplot, the testing environments were divided
into two MGEs with various high-performing genotypes for starch, protein and Zn, but Fe only
had one MGE. Environments with the highest starch content for genotypes G4, G84 and G246 in
MGE1 were MK20 and MK21, MS20 and MS21, and JM20, while MGE2 had environment JM21
with G265 as the highest starch content genotype. In terms of protein, MGEI included
environments MK21, MK20, MS20, JM21 and JM20 with genotype G161 having the highest
protein content, whereas MGE2 only had environment MS21 with the genotype G358 having the

highest protein content.

In terms of Zn, MGEI1 included environments MK21, MK20, JM21, MS21and JM20 with the
genotype with the highest concentration of Zn, G264, whereas in MGE2 environment MS20 had
genotypes with the highest concentration of Zn, G245 and G135. The highest Fe-containing
genotypes, G137 and G142, were combined into a single MGE for all environments. This suggests
that particular genotype adaptations to MGEs occurred and that the GE interaction was
successfully exploited (Mohammadi et al., 2015). The most effective way to take advantage of the
positive GE interaction is to cluster the target environments into expressive MGEs and choose

various genotypes for each MGE (Yan and Tinker, 2005).

The GGE biplots are the best for graphical assessment of the testing environments because they
show the heritability of traits in each test environment based on vector length and its genetic
correlation with other test environments based on the angle between two test environments, which
are two essential components for test environment assessment (Yan and Holland, 2010). Because
it takes into account both the effect of genotype and the GE interaction, the model is also known

as GGE (Yan, 2001).
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The most stable and high-ranking genotypes can be found using the GGE ranking biplot through
AEC (Yan, 2001). The highest starch content genotypes in the study were G246, G84, G4 and
G175, while landraces with low starch contents like G264, G362, G355 and G212 experienced
decreased stability due to the GEI effect. Genotypes G218, G43 and G161 scored highest in terms
of protein content in this study. However, the GEI effect decreased the stability of landraces with
high protein content, such as G358, G88 and G184. Although genotype G264 had the highest Zn
content, the GEI effect made it less stable. The highest Fe content was found in G137 and
G142. The GGE biplot statistical model is useful for identifying the top-ranking, stable genotypes
across environments and the best genotypes for a given mega environment (Yan and Kang, 2002).
The current study found that the GGE biplot could distinguish between environments. Because
they were far from the biplot origin in both analyses, the environments had a comparable level of
discriminative power. However, the contribution of the environments to genotype stability

produced somewhat different results.

Starch has a strong negative correlation with crude protein (Boyles et al., 2016). The protein
content of flour and the total starch content were significantly and inversely associated
(Labuschagne et al., 2007). Fe and Zn contents had a significant positive relationship over
environments, indicating the possibility of concurrently selecting for both traits (Phuke et al.,
2017), which was also the case in the current study. Starch had significant negative correlations
with protein, and significant positive correlations with amylose. Protein was negatively and
significantly correlated with Fe, Zn and starch. So, an increase in protein content will cause a
related decrease in Fe and Zn, and simultaneous selection for higher protein content and increased
mineral content will not be possible. Fe and Zn were positively and significantly correlated,
suggesting that selection for one of the two will lead to an increase in the other as well, which is

important as it will make selection for increased Fe and Zn content easier.

4.6 Conclusions

Findings of this study demonstrated that these sorghum landraces are an excellent genetic resource
with high variation in grain quality traits such as starch, protein and minerals that should be used
to develop new high-quality cultivars with a variety of desirable traits. Stress environments had

lower starch but higher protein content than wet intermediate environments. Wet intermediate
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environments caused higher mineral concentrations in grains than irrigated and stressed
environments. The genotypes G246, G84, G4 and G175 had the highest and most stable starch
contents, while G218, G43 and G161 had the highest and most stable protein contents. Genotypes
G137 and G142 had the highest and most stable Fe contents, while genotype G264 had the highest
and most stable Zn contents. In this study, JM21 was the most discriminating test environment for

starch content, while MS21 was the most discriminating for protein content.
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CHAPTER 5

GENOME-WIDE ASSOCIATION STUDY OF GRAIN QUALITY IN
ETHIOPIAN SORGHUM LANDRACES

5.1 Abstract

The aim of this study was to use GWAS to identify loci linked to the expression of starch, amylose
and protein content in 365 Ethiopian sorghum landrace accessions. Loci highly significantly
associated with variation for these traits, were identified across the different sorghum landraces.
Detected SNPs, linked to starch and protein content, varied across different environments. Similar
SNPs identified to be associated with amylose content across different environments, indicated
that genes/QTL associated with amylose expression may be less influenced by environmental
conditions and may be more consistently expressed across different environments. Across
environments, GWAS, using 209,572 SNPs and multiple models, identified five novel loci

associated with starch, three with amylose and three with protein.

Candidate genes and proteins showing significant association with diverse traits were identified.
The late embryogenesis abundant (LEA) and CCCH-type zinc finger proteins, which encode a
stress tolerance response; ABC transporter and sugar carrier proteins, which transport sugar and
various molecules; and auxin response factor 12 (ARF12) protein, a transcription factor known for
starch synthesis and storage in developing seeds, were found closely located with the significant
SNPs detected for starch. The WUSCHEL-related homeobox 6 (WOX6) protein, which acts as a
transcription factor and is known to regulate stem cell maintenance and differentiation, an alpha-
glucan phosphorylase, involved in amylose synthesis and a zinc finger CCHC domain protein
encoding gene, known to regulate gene expression, all located within the proximity of significant
SNPs identified for amylose. The long-chain-fatty-acid protein encoding gene, involved in the
biosynthesis of fatty acids, TatD family of hydrolases protein, known for plant growth and
development, Class III peroxidase 70 precursor and Class III peroxidase 69 precursor proteins,
involved in various biological processes like plant defence against pathogens, were found co-
localized with the SNPs detected for protein. Identification of loci associated with grain quality

provides new insight into the genetic control of these traits, while sorghum landraces with desirable
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grain composition can serve as gene sources during breeding. Overall, the findings suggested that
loci of grain quality genes play an important role in the chemical and physical properties of

sorghum grains.

5.2 Introduction

Sorghum is a cereal grain that is widely consumed in many parts of the world by both humans and
livestock (Xiong et al., 2019; Hossain et al., 2022). Sorghum is known for its nutritional value,
being rich in starch, protein and dietary fibre, as well as important minerals such as Fe, K and P.
It is furthermore a good source of antioxidants and other beneficial compounds, such as
polyphenols (Ragaee et al., 2006; Taylor and Emmambux, 2010). Starch is the primary storage
carbohydrate in sorghum grains and is composed of two types of glucose polymers, amylose and

amylopectin (Bahaji et al., 2014; Seung, 2020).

The protein content of sorghum varies depending on the cultivar, growing conditions and harvest
time (Motlhaodi et al., 2018; Bazié¢ et al., 2023). Sorghum protein is of high quality, with a well-
balanced amino acid composition (Young and Pellett, 1994). Sorghum has low protein
digestibility, which affects its nutritional value and marketability. Improving protein digestibility
can help fight hunger and malnutrition and benefit livestock and sorghum farmers (Mofokeng et
al., 2017). A study which investigated the effect of altering an alpha-kafirin gene family on
sorghum digestibility and protein quality targeted the k/C genes with a clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) gene editing
technique to develop variants with lower kafirin levels and increased protein quality and
digestibility (Li et al., 2018). The edited plants showed significantly increased grain protein
digestibility and lysine content. The study identified 42 SNPs that were associated with five forage
quality-related traits, including crude protein, neutral detergent fibre, acid detergent fibre,

hemicellulose and cellulose contents.

GWAS is a powerful tool for identifying genomic regions associated with complex traits in diverse
populations (Saini et al., 2022) and GWAS have been used to identify loci associated with sorghum
traits such as grain yield (Girma et al., 2019), drought tolerance (Maina et al., 2022) and disease
resistance (Nida et al., 2019; 2021). To perform GWAS, many sorghum lines from different
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landrace collections need to be genotyped using a high-density SNP array or whole-genome

sequencing (Mundada et al., 2022).

The objective of this study was to identify genomic regions associated with grain quality,
indicating a genetic basis for starch, amylose and protein content in Ethiopian sorghum landrace

accessions.

5.3 Materials and methods

5.3.1 Plant material and design

Sorghum landraces and improved varieties used in this study, as well as the trial design followed,
were as described in section 3.3.1. Planting was done across three sites (Jimma, Melkassa and

Miesso) as described in section 4.3.1.

5.3.2 Sorghum grain quality analysis
Analysis of the nutritional quality of sorghum grains collected from six different environments

(three locations over two seasons) was done as described in section 4.3.3.

5.3.3 Genotyping-by-sequencing

Results obtained by Girma et al. (2019) were used in this study. DNA extraction, GBS and SNP
calling to obtain genetic information for 365 sorghum landraces were performed. The SNP data
were extracted from raw data available in the Purdue University Research Repository and a total
of 209,572 SNPs were obtained after quality control. The quality control measures involved
filtering out individuals with less than 20% missing data, loci with less than 40% missing data and
SNPs with a minor allele frequency (MAF) > 0.05. TASSEL 5.0 software (Glaubitz et al., 2014),
a commonly used software for genetic analysis, was used. Extracted SNPs were used for
downstream analysis such as population structure analysis, association mapping and GWAS to

identify SNP loci linked to protein quality.
5.3.4 Linkage disequilibrium analysis

A comprehensive genome-wide linkage disequilibrium (LD) investigation was conducted utilising

trait analysis by association, evolution and linkage (TASSEL). This involved assessing the
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pairwise squared allele-frequency correlations (r?) between SNP markers within a sliding window
of 50 SNPs. Subsequently, the r* values were graphed against physical distance to gauge the degree
of LD between locus pairs. To estimate the LD decay rate, the genome-wide LD decay curve line
was integrated into the scatterplot through a smoothing spline regression line, a method delineated

by Hill and Weir (1988), within the R environment.

5.3.5 Genome wide association study

Grain quality data was generated using NIR and combined ANOVA was performed using the
mixed linear model in R software to determine variation in grain quality (starch, amylose and
protein) content across different environments. METs were analysed by fitting a linear mixed
model using spatial analysis in ASReml (Butler et al., 2017; Smith et al., 2019) to investigate the
effect of spatial variability on grain quality content. The methodology employed a combination of
statistical and genomic analysis to identify genetic factors associated with sorghum grain quality

collected from six different environments.

The BLUP data for sorghum grain quality traits were generated using 365 sorghum landraces,
209,572 high-quality SNPs and multiple models including the general linear model (GLM), mixed
linear model (MLM), compressed mixed linear model (CMLM), fixed and random model
circulating probability unification (FarmCPU) and Bayesian information and linkage
disequilibrium iteratively nested keyway (BLINK) in BLUP were implemented in R using the
GAPIT package version 3 (Wang and Zhang, 2021). Genomic regions associated with grain quality
composition (starch, amylose and protein) were identified and gene annotation databases like

Phytozome were used to find candidate genes within these regions.
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5.4 Results

5.4.1 Multi environment trial analysis and genetic variation

Data obtained in Chapter 4 indicated that Ethiopian sorghum landrace accessions exhibited
significant variability in its starch, amylose and protein contents across different environments.

This data was used for GWAS in the current chapter.

5.4.2 Linkage disequilibrium

The average linkage disequilibrium (LD) analysis examines the non-random association of alleles
at different loci on the same chromosome. The LD across the ten chromosomes shows a relatively
consistent pattern, with 1> values ranging from 0.10 to 0.14, and an overall mean of 0.12 (Table
5.1). LD was statistically significant for 44% of the marker pairs on average (269,457 pairs; mean
2 =0.26; p<0.01) (Table 5.1). Approximately 17% of these significant pairs (107,365 pairs) were
physically linked (r* > 0.2), with an average r* value of 0.50. Chromosome 3 exhibited the highest
number of marker pairs showing significant LD (30,860 pairs; t* = 0.27), while chromosome 9
displayed the lowest (23,438 pairs; r> = 0.25) (Table 5.1). Notably, chromosomes 1, 2 and 3
displayed the strongest LD among significant marker pairs (mean 1> = 0.27), while chromosomes
4, 6 and 10 exhibited the weakest LD (mean r? = 0.24) (Table 5.1). At the genomic level, the
overall 1 value stood at 0.12. The LD decay curve began at an 1 value of 0.47 and reached half-
decay at 0.24. The half-decay line intersected the LD decay curve at a distance of 7.6 kilobases
(kb) (Figure 5.1).
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Figure 5.1 The scatter plot of genome-wide linkage disequilibrium (LD) decay determined based
on the r? values of the marker pairs. The red curve line is the smoothing spline regression model
fitted to LD decay. The horizontal blue line is the half decay r* value of the genome (1> = 0.24),
whereas the vertical green line is the genetic distance between markers in base pair (bp) (7.6 kb)
at the intersection between the half decay and the LD decay curve.
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Table 5.1 A summary of the results of linkage disequilibrium (LD) analyses among SNP marker pairs, including the number of
significant marker pairs for each chromosome

Number of Average 12 for

Total number Average 1 significant all significant Number of PLP  Average 12 Complete
Chr of pairs for all pairs D in kb pairs* pairs Dinkb (r2>0.2) ** for PLP D in kb LD =1)

1 59821 0.12 59.44 25999 (43) 0.27 54.25 11344 (19) 0.49 46.8 644

2 62561 0.13 47.53 28802 (46) 0.27 43.27 12393 (20) 0.51 36.9 972

3 61417 0.14 58.48 30860 (50) 0.27 50.92 13303 (22) 0.51 40.6 821

4 62817 0.12 43.99 29580 (47) 0.24 39.14 10876 (17) 0.5 30.4 716

5 61962 0.11 50.97 25202 (41) 0.25 46.99 9897 (16) 0.49 42.38 685

6 61159 0.10 57.79 22603 (37) 0.24 50.71 8230 (13) 0.48 42.94 522

7 61699 0.13 43.12 28818 (47) 0.26 39.56 11823 (19) 0.5 31.1 922

8 63500 0.12 42.68 28024 (44) 0.26 38.33 10957 (17) 0.5 33.87 815

9 61414 0.11 41.6 23438 (38) 0.25 36.76 8991 (15) 0.52 30.83 549

10 62708 0.11 52.4 26131 (42) 0.24 48.01 9551 (15) 0.51 36.14 618
/M 619058 0.12 49.80 269457 (44) 0.26 44.79 107365 (17) 0.50 37.20 6620

Chr = Chromosome; D = Physical distance; kb = kilobase; PLP = physically linked pairs; r>= squared allele-frequency correlations between alleles at the two loci; T/M = Total/Mean;
Significant marker pairs = P < 0.01; * Numbers in the brackets are the percentage of the total number of marker-pairs; ** Numbers in the brackets are the percentage of the number
of significant marker pairs.
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5.4.2 Model comparison for genome-wide association study analysis

BLUP for measured traits of each sorghum landrace across six environments was used and
compared using five different association mapping (AM) models, ranging from simple to complex
(Figure 5.2). The five different statistical multiple models, GLM, MLM, CMLM, FarmCPU and
BLINK, were tested for their ability to identify true genetic associations with grain quality traits
while minimising false positives and negatives. The quantile-quantile (QQ) plots were used to
visualise false associations and is a graphical tool used to compare the observed distribution of p-
values from a statistical test with the expected distribution under the null hypothesis of no
association. If the observed p-values deviate from the expected distribution, it can indicate the

presence of false positives or negatives (Weine et al., 2021).

Results indicated that the GLM model generated false positives and the line generated from the
model deviated from the expected diagonal line for amylose and protein. In contrast, the MLM
and CMLM models produced p-values that plotted close to the expected line but only detected
significant associations for amylose. Both the BLINK and FarmCPU models performed well,
producing p-values that were plotted closest to the expected diagonal line and identifying
significant associations for the grain quality traits. These complex models identified highly
significant SNPs after adjustments to the Holm-Bonferroni test (HB p-value < 0.05) (Massimiliano
et al., 2018) across all traits. By reducing p-value inflations, these models were able to control

false positive and negative error rates.

5.4.3 Genome-wide associations studies across environments

The GWAS study identified 67 different SNPs significantly associated with starch (21), amylose
(37) and protein (9) after adjustment (HB p-value < 0.05) using the BLINK and FarmCPU models
(Appendix 4). Furthermore, there was detection of different SNPs in the ability of BLINK and

FarmCPU to detect significantly associated markers when covariates were included (Table 5.2).
Because of the highly significant interaction detected between genotypes and environments in the

previous chapters, GWAS was conducted separately for each environment. Using BLUP values,

11 different significant SNPs were identified for starch (5), amylose (3) and protein (3).
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Significantly associated SNPs linked to starch, amylose and protein detected in the individual

environments using GWAS, are presented in Table 5.2.

Five SNPs, S01 73075918 (chromosome 1), SO1 31764844 (chromosome 1), S04 53545349
(chromosome 4), S06 48180471 (chromosome 6) and S06 59687350 (chromosome 6), were
significantly associated with starch content and were detected across environments. Only
S06 59687350 was detected in all three locations; SO1 31764844 was detected at both Jimma and
Melkassa, while SNPs S01 73075918 and S06 48180471 were only detected at Jimma and
S04 53545349 was detected at Melkassa.

Three SNPs, S01 67415726, S07 62671638 and S10 21605004, located on chromosomes 1, 7
and 10, respectively, were significantly associated with amylose content. All three SNPs were
detected in all locations (Jimma, Melkassa and Miesso) across both years (2020 and 2021), except
for SO1 67415726 and S10 21605004 which were not detected in 2020 in Jimma.

Three SNPs, SO1 1332500, S02 3743197 and S09 3030812, located on chromosomes 1, 2 and
10, respectively, were significantly associated with protein content and both were only detected

under dry lowlands (Melkassa and Miesso).
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Figure 5.2 Genome-wide association analysis of grain quality across environments using different statistical models, best linear
unbiased prediction analysis and quantile-quantile (QQ) plots for starch (a), amylose (b) and protein (c).

GLM = general linear model; MLM = mixed linear model; CMLM = compressed mixed linear model, FarmCPU = fixed and random model circulating probability
unification; BLINK = Bayesian information and linkage disequilibrium iteratively nested keyway; BLUP= best linear unbiased prediction.
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Table 5.2 Summary of SNPs consistently and significantly associated with amylose, protein and composition in sorghum
landraces across years and locations

Putative gene

Trait Year  Location Model SNP Chr  Pos p-value Effect  Associated gene ..
description

Starch 2020  Jimma FarmCPU S01_31764844 1 31764844  4.78E-09 -0.08 Sobic.001G260000  Zinc finger, CCCH-type

Starch 2021  Melkassa ~ FarmCPU S01_31764844 1 31764844 1.32E-07 -0.16 Sobic.001G260000  Zinc finger, CCCH-type

Starch 2020  Jimma FarmCPU S01 73075918 1 73075918 4.07E-07 0.07 Sobic.001G454100  Sugar carrier protein C

Starch 2020  Melkassa FarmCPU S04 53545349 4 53545349 2.54E-05 0.17 Sobic.004G182000 Late embryogenesis
abundant (LEA)

Starch 2021  Jimma BLINK S06_ 48180471 6 48180471 2.38E-09 -0.19 Sobic.006G114100  ABC transporter G
family member 31
(ABCG31)

Starch 2020  Jimma FarmCPU S06_ 48180471 6 48180471 3.96E-07 -0.07 Sobic.006G114100  ABC transporter G
family member 31
(ABCG31)

Starch 2021  Jimma FarmCPU S06_48180471 6 48180471 6.14E-10 -0.15 Sobic.006G114100  ABC transporter G
family member 31
(ABCG31)

Starch 2020  Jimma BLINK S06_59687350 6 59687350 7.24E-10 -0.09 Sobic.006G262100  Auxin response factor 12
(ARF12)

Starch 2021 Melkassa ~ BLINK S06 59687350 6 59687350 6.87E-10 -0.21 Sobic.006G262100  Auxin response factor 12
(ARF12)

Starch 2021 Miesso BLINK S06_59687350 6 59687350 1.15E-09 -0.15 Sobic.006G262100  Auxin response factor 12
(ARF12)

Starch 2021 Melkassa FarmCPU S06_59687350 6 59687350 5.73E-07 -0.13 Sobic.006G262100  Auxin response factor 12
(ARF12)

AMY 2021  Jimma BLINK S01_67415726 1 67415726  2.88E-11 0.12 Sobic.001G386600 WUSCHEL-related
homeobox 6 (WOX6)

AMY 2020 Melkassa ~ BLINK S01_ 67415726 1 67415726 2.38E-09 0.09 Sobic.001G386600 WUSCHEL-related
homeobox 6 (WOXG6)

AMY 2021  Melkassa ~ BLINK S01_ 67415726 1 67415726 3.07E-09 0.1 Sobic.001G386600 WUSCHEL-related
homeobox 6 (WOX6)

AMY 2020  Miesso BLINK S01_67415726 1 67415726 1.22E-09 0.09 Sobic.001G386600 WUSCHEL-related
homeobox 6 (WOXG6)

AMY 2021  Miesso BLINK S01_ 67415726 1 67415726 9.51E-11 0.09 Sobic.001G386600 WUSCHEL-related

homeobox 6 (WOXG6)
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Table 5.2 Summary of SNPs consistently and significantly associated with amylose, protein and composition in sorghum
landraces across years and locations (continued)

Trait Year Location  Model SNP Chr  Pos p-value Effect  Associated gene Putative gene description

AMY 2021  Jimma FarmCPU  SO01 67415726 1 67415726  4.89E-08 0.08 Sobic.001G386600 WUSCHEL-related homeobox
6 (WOX6)

AMY 2020 Melkassa ~FarmCPU  SO01 67415726 1 67415726  3.44E-08 0.06 Sobic.001G386600 WUSCHEL-related homeobox
6 (WOX6)

AMY 2021  Melkassa ~ FarmCPU  SO01 67415726 1 67415726  4.24E-08 0.06 Sobic.001G386600 WUSCHEL-related homeobox
6 (WOX6)

AMY 2020  Miesso FarmCPU  SO01 67415726 1 67415726  3.89E-10  0.07 Sobic.001G386600 WUSCHEL-related homeobox
6 (WOX6)

AMY 2021  Miesso FarmCPU  SO01 67415726 1 67415726  2.03E-08 0.07 Sobic.001G386600 WUSCHEL-related homeobox
6 (WOX6)

AMY 2020  Jimma BLINK S07 62671638 7 62671638  8.74E-09 0.06 Sobic.007G193900 0s08g0531200

AMY 2021  Jimma BLINK S07 62671638 7 62671638  6.43E-17  0.13 Sobic.007G193900 0s08g0531200

AMY 2020  Melkassa  BLINK S07_62671638 7 62671638  9.68E-15 0.11 Sobic.007G193900 0s08g0531200

AMY 2021  Melkassa  BLINK S07_62671638 7 62671638  1.42FE-14 0.11 Sobic.007G193900 0s08g0531200

AMY 2020  Miesso BLINK S07 62671638 7 62671638  1.09E-20  0.14 Sobic.007G193900 0s08g0531200

AMY 2021  Miesso BLINK S07 62671638 7 62671638  1.50E-16  0.11 Sobic.007G193900 0s08g0531200

AMY 2020  Jimma FarmCPU  S07 62671638 7 62671638  5.70E-14 0.09 Sobic.007G193900 0s08g0531200

AMY 2021  Jimma FarmCPU  S07_ 62671638 7 62671638  6.13E-18 0.14 Sobic.007G193900 0s08g0531200

AMY 2020  Melkassa  FarmCPU  S07 62671638 7 62671638  1.69E-28 0.15 Sobic.007G193900 0s08g0531200

AMY 2021  Melkassa ~FarmCPU  S07 62671638 7 62671638  1.96E-28 0.16 Sobic.007G193900 0s08g0531200

AMY 2020  Miesso FarmCPU  S07 62671638 7 62671638  7.47E-27  0.14 Sobic.007G193900 0s08g0531200

AMY 2021 Miesso FarmCPU  S07_62671638 7 62671638 4.89E-19 0.12  Sobic.007G193900 0s08g0531200

AMY 2021  Jimma BLINK S10 21605004 10 21605004  2.32E-09 0.09 Sobic.010G137333  Zinc finger CCHC domain-
containing protein

AMY 2020  Melkassa  BLINK S10 21605004 10 21605004  3.83E-10  0.08 Sobic.010G137333  Zinc finger CCHC domain-
containing protein

AMY 2021 Melkassa  BLINK S10 21605004 10 21605004 4.77E-10 0.09  Sobic.010G137333  Zinc finger CCHC domain-

containing protein
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Table 5.2 Summary of SNPs consistently and significantly associated with amylose, protein and composition in sorghum
landraces across years and locations (continued)

Trait Year  Location Model SNP Chr Pos p-value Effect Associated gene Putative gene
description
AMY 2020  Miesso BLINK S10_21605004 10 21605004 1.03E-10 0.08 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
AMY 2021  Miesso BLINK S10_21605004 10 21605004  4.54E-11 0.08 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
AMY 2021  Jimma FarmCPU S10_21605004 10 21605004 1.00E-10 0.08 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
AMY 2020  Melkassa ~ FarmCPU S10_21605004 10 21605004  2.73E-13 0.07 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
AMY 2021  Melkassa ~ FarmCPU S10_21605004 10 21605004  3.82E-13 0.08 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
AMY 2020  Miesso FarmCPU S10_21605004 10 21605004  3.48E-14 0.07 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
AMY 2021  Miesso FarmCPU S10_21605004 10 21605004 1.30E-07 0.06 Sobic.010G137333 Zinc finger CCHC
domain-containing protein
Protein 2020  Melkassa BLINK S01 1332500 1 1332500 3.00E-06 0.11 Sobic.001G014900 Long-chain-fatty-acid
Protein 2020  Melkassa BLINK S02 3743197 2 3743197 2.98E-08 0.19 Sobic.002G038200 TatD family like protein
Protein 2021 Melkassa BLINK S02 3743197 2 3743197 6.48E-07 0.3 Sobic.002G038200 TatD family like protein
Protein 2020  Miesso BLINK S02 3743197 2 3743197 3.54E-09 0.3 Sobic.002G038200 TatD family like protein
Protein 2020  Melkassa ~ BLINK S09 3030812 9 3030812 5.49E-12 0.32 Sobic.009G033500 Class III peroxidase 70
precursor
Protein 2020  Melkassa ~ BLINK S09 3030812 9 3030812 5.49E-12 0.32 Sobic.009G033400 Class III peroxidase 69
precursor

Holm-Bonferroni with adjustment = HB p.value < 0.05; AMY = amylose; SNP = single nucleotide polymorphism; Chr = Chromosome; Pos = position on chromosome;
BLINK = Bayesian information and linkage disequilibrium iteratively nested keyway; FarmCPU = fixed and random model circulating probability unification
The candidate genes were identified using the reference genome data retrieved from the sorghum genome browser Sorghum bicolor v3.1.1, which is accessible on Phytozome

(https://phytozome-next.jgi.doe.gov/info/Sbicolo).
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5.4.4 Genome wide association study for grain quality traits in sorghum

Starch

Major QTL regions within 100 kb upstream and downstream of QTL peaks have been investigated
to identify candidate genes associated with the variations. A total of 21 SNPs were found to be
significantly (HB p-value <0.05) associated with starch content. The SNPs distributed across the
ten sorghum chromosomes (Appendix 4) of which five were highly significant and appeared as
major peaks. The SO1 31764844 SNP was located within the gene region of Sobic.001G260000.
The SO1 31764844 SNP was located within the gene region of Sobic.001G260000, which encodes
a protein known as zinc finger, CCCH-type. SNP S06 59687350 was detected by both models
within the Sobic.006G262100 gene on chromosome 6, with a functional annotation for ARFs
through selection of target genes as transcription factors. FarmCPU detected an additional four
closely linked SNPs; SO1 73075918, SO1 31764844, S04 53545349 and S06_48180471. The
GWAS approach mapped SO01 73075918 and SO1 31764844 both to chromosome 1 and
S04 53545349 to chromosome 4, while S06 48180471 and S06 59687350 both mapped to
chromosome 6 (Figure 5.3 and Table 5.3).

Genes that were close to the identified SNPs were considered potential candidate genes. The
S01 73075918 SNP was located within the gene region of Sobic.001G454100, which encodes a
putative sugar carrier protein. While the exact function of this gene in sorghum grain starch
metabolism is not fully understood, this protein may play a role in the transport of sugars into and
out of the starch granule during grain development and maturation. The S04 53545349 SNP was
located within the gene region of Sobic.004G182000, which is annotated as encoding a LEA
hydroxyproline-rich glycoprotein-related protein (HRGP).

The S06 48180471 SNP was located within the gene region of Sobic.006G114100. The
Sobic.006G 114100 gene encodes the ABC transporter G family member 31 (ABCG31) protein in
sorghum. The S06 59687350 SNP was located within the gene region of Sobic.006G262100,

which encode a protein known as ARF12.
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Amylose

A total of 37 SNPs were significantly associated with amylose across environments in all models,
with a significance level of HB p-value < 0.05 (Appendix 4). Among these significant SNPs, the
three SNPs located as major peaks at 64.4 on chromosome 1, 62.6 on chromosome 7 and 21.6 Mpb
on chromosome 10 were consistently detected by both BLINK and FarmCPU models across
environments (Figure 5.3) in BLUP analysis. The SNP on chromosome 7, S07 62671638, showed
significant associations with amylose for all five models tested: GLM, MLM, CMLM, FarmCPU
and BLINK (Table 5.2). FarmCPU detected five additional highly significant SNPs, which are
located at different loci on chromosomes 1, 6 and 10 (Figure 5.3). The SNP positions were used
to examine the sorghum genome annotation database to find candidate genes closely linked to

these SNPs.

The nearest gene to SNP S01 67415726, located on chromosome 1, was Sobic.001G386600,
which encodes a protein with similarity to WOX6. The nearest gene to SNP S07 62671638,
located on chromosome 7, was Sobic.007G193900. This gene encodes the Os08g0531200 protein,
a putative alpha-glucan phosphorylase. SNP S10 21605004, located on chromosome 10 of the
sorghum, was nearest to the Sobic.010G137333 gene. The zinc finger CCHC domain-containing
protein encoded by the Sobic.010G137333 gene.
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Figure 5.3 Genome-wide association study for sorghum landrace grain quality using the best linear
unbiased prediction (BLUP). Manhattan plots for starch using (a) the Bayesian information and

linkage disequilibrium iteratively nested keyway (BLINK) and (b) the fixed and random model
circulating probability unification (FarmCPU) models.
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Figure 5.4 Genome-wide association study for sorghum landraces' grain quality using the best
linear unbiased prediction (BLUP). Manhattan plots for amylose using (a) the Bayesian
information and linkage disequilibrium iteratively nested keyway (BLINK) and (b) the fixed and
random model circulating probability unification (FarmCPU) models.
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Protein

A total of nine SNPs were significantly associated with protein content across environments with
a significance level of HB p-value <0.05 (Appendix 4). Three SNPs; SO1 1332500, S02 3743197
and S09 3030812 were significantly associated with protein content (Figure 5.5 and Table 5.3).
FarmCPU, CMLM and MLM failed to detect any significant association with protein content using
BLUP and GWAS analysis, while GLM detected two and BLINK three SNPs (HB p-value <0.05).
Genes Sobic.001G014900, Sobic.02G038200 and Sobic.09G033500 were candidate genes located
close to SNPs identified on chromosomes 1, 2 and 9, respectively. Sobic.001G014900 is a gene
found in sorghum on chromosome 1, encoding a long-chain-fatty-acid enzyme. Sobic.02G038200
is a candidate gene located on chromosome 2, encoding a protein that belongs to the TatD family
of hydrolases. Sobic.09G033500 and Sobic.009G033400 are candidate genes located on
chromosome 9, encoding proteins similar to Class III peroxidase 70 precursor and Class III

peroxidase 69 precursor, respectively, which are members of the peroxidase enzyme family.
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Figure 5.5 Candidate Class III peroxidase 69 precursor and Class III peroxidase 70 precursor
genes associated with protein content in sorghum landraces. (a) Manhattan plot of genome-wide
association study for proteins using the Bayesian information and linkage disequilibrium
iteratively nested keyway (BLINK) model. The significant SNP linked to protein content is
indicated with an arrow. (b) Manhattan plot of chromosome 9 indicating the genomic location of
the peroxidase genes at 30.3 Mbp. (c¢) The specifics of the significant locus at indicate the location
of candidate genes for the significant SNP (S09 3030812).
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Table 5.3 Summary of significant SNPs, associated genes and putative gene descriptions consistently associated with grain quality
content in sorghum landrace collections in the best linear unbiased prediction (BLUP)

Trait Model SNP Chr Pos p-value HB p-value Effect Associated gene Putative gene description
<0.05

Starch ~ FarmCPU SO01 31764844 1 31764844 3.58E-10 8E-05 -0.16 Sobic.001G260000  Zinc finger, CCCH-type

Starch FarmCPU S01 73075918 1 73075918  1.94E-08 1E-03 0.14 Sobic.001G454100  Sugar carrier protein C

Starch ~ FarmCPU S04 53545349 4 53545349  2.29E-07 1E-02 0.08 Sobic.004G182000  Late embryogenesis abundant
(LEA) hydroxyproline-rich
glycoprotein-related protein

Starch ~ FarmCPU S06 48180471 6 48180471 1.97E-08 1E-03 -0.12 Sobic.006G114100  ABC transporter G family member
31 (ABCG31)

Starch ~ GLM S06 59687350 6 59687350 1.31E-07 0.03 -0.16 Sobic.006G262100  Auxin response factor 12 (ARF12)

Starch ~ BLINK S06 59687350 6 59687350  1.56E-09 0.00 -0.16 Sobic.006G262100  Auxin response factor 12 (ARF12)

Starch ~ FarmCPU S06 59687350 6 59687350  5.59E-07 2E-02 -0.11 Sobic.006G262100  Auxin response factor 12 (ARF12)

AMY BLINK S01 67415726 1 67415726  2.62E-09 3E-04 0.08 Sobic.001G386600 WUSCHEL-related homeobox 6
(WOX6)

AMY FarmCPU S01 67415726 1 67415726  3.43E-07 9E-03 0.06 Sobic.001G386600 WUSCHEL-related homeobox 6
(WOX6)

AMY CMLM S07 62671638 7 62671638  2.49E-09 0.00 0.13 Sobic.007G193900 Os08g0531200

AMY MLM S07 62671638 7 62671638 3.90E-10 8E-05 1E-01  Sobic.007G193900 0Os08g0531200

AMY GLM S07 62671638 7 62671638  5.03E-10 SE-05 0.12 Sobic.007G193900 Os08g0531200

AMY BLINK S07 62671638 7 62671638 1.98E-14 4E-09 0.1 Sobic.007G193900 Os08g0531200

AMY FarmCPU S07 62671638 7 62671638 6.11E-21 1E-15 0.13 Sobic.007G193900 Os08g0531200

AMY BLINK S10 21605004 10 21605004 1.15E-08 8E-04 0.07 Sobic.010G137333  Zinc finger CCHC domain-
containing protein

AMY FarmCPU S10 21605004 10 21605004  8.32E-13  9E-08 0.07 Sobic.010G137333  Zinc finger CCHC domain-
containing protein

Protein  BLINK S01 1332500 1 1332500 4.94E-07 0.04 0.15 Sobic.001G014900  Long-chain-fatty-acid

Protein  GLM S02 3743197 2 3743197 2.61E-07 0.00 0.28 Sobic.002G038200 Hydrolase, the TatD family like
protein

Protein  BLINK S02 3743197 2 3743197 5.47E-07 0.04 0.21 Sobic.002G038200 Hydrolase, the TatD family like
protein

Protein  BLINK S09 3030812 9 3030812 1.21E-08 0.00 0.33 Sobic.009G033500 Class III peroxidase 70 precursor

Protein  BLINK S09 3030812 9 3030812 1.21E-08 0.00 0.33 Sobic.009G033400  Class Il peroxidase 69 precursor

Holm-Bonferroni with adjustment = HB p.value <0.05; AMY = amylose; SNP = single nucleotide polymorphism; Chr = Chromosome; GLM = general linear model; MLM = mixed

linear model; CMLM = compressed mixed linear model; FarmCPU = fixed and random model circulating probability unification; BLINK = Bayesian information and linkage

disequilibrium iteratively nested keyway; BLUP= best linear unbiased prediction; Pos = position on chromosome.
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5.5 Discussion

Sorghum is an important cereal crop grown globally for human consumption, animal feed and
industrial uses (Zheng et al., 2011). Grain quality is an essential trait for sorghum breeding
programmes and there has been increasing interest in identifying genetic markers associated
with grain quality traits through GWAS and candidate gene approaches (Rhodes et al., 2014;
Boyles et al., 2017). GWAS involves screening many genetic markers across the entire genome
of unrelated individuals in a population to identify markers associated with a trait of interest
(Yang et al., 2015; Alqudah et al., 2020). The candidate gene approach, on the other hand,
involves selecting genes known to be involved in the pathway or function of a trait of interest
and screening for genetic variation within those genes (Alenezi et al., 2023). This study
presents findings from GWAS of a large collection of Ethiopian sorghum landraces, which

enabled the identification of novel loci associated with sorghum grain quality traits.

Linkage disequilibrium

Understanding the LD pattern is vital for shaping association studies and molecular breeding
strategies (Thornsberry and Buckler, 2003). In this research, LD decay was assessed at both
chromosome and genome levels using SNP data from 365 sorghum landraces. The average r°
value across the genome was 0.12, with LD initiating at an r* value of 0.47 and reaching half-
decay (1> = 0.24) within 7.6 kb. These LD decay findings align closely with those reported for
Ethiopian sorghum accessions (Wondimu et al., 2023), falling within the range of 10-15 kb.
However, they lower previously published values of 1> < 0.1 within 150 kb (Morris et al., 2013)
and 100 kb (Bouchet et al., 2012). The average 1> across sorghum chromosomes demonstrated
a consistent LD decay rate, ranging from 0.10 to 0.14, consistent with prior research on
sorghum (Wang et al., 2013; Hu et al., 2019; Enyew et al., 2022). LD generally declined rapidly
with distance (r> < 0.1 within 1500 bp), but rates of decline were highly variable among genes.
This rapid decline probably reflects large effective population sizes in maize during its

evolution and high levels of recombination within genes (Remington et al., 2001).

Evaluation of genome-wide association study models

Five AM models, namely GLM (Price et al., 2006), MLM (Yu et al., 2006), CMLM (Zhang et
al., 2010), FarmCPU (Liu et al., 2016) and BLINK (Huang et al., 2019) were compared for
efficacy in detecting markers linked to grain quality traits. The BLINK and FarmCPU models
were the most efficient in detecting linked markers in the Ethiopian sorghum landrace

accessions. The two multiple models, MLM and CMLM, were extremely conservative, as no
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significant SNP markers were detected. In contrast, the GLM model detected an excessive

number of linked markers.

The BLINK and FarmCPU models, using more complex methods of Holm-Bonferroni
adjustments (HB p-value < 0.05) (Massimiliano et al., 2018), detected 67 linked SNP markers.
The BLINK and FarmCPU models may be more efficient for complex populations and also
improve computing speed and increase the capacity to analyse big genomic data sets, while
CMLM, MLM and GLM may be more efficient for simpler populations or different types of
traits (Kaler et al., 2020; Wang and Zhang, 2021; Nida et al., 2021). Malik et al. (2019)
compared the performance of three GWAS models, MLM, CMLM and FarmCPU, for
association analysis of yield and straw quality traits in wheat; FarmCPU outperformed MTAs
for plant height, yield and harvest index. Both real and simulated data analyses revealed that
BLINK outperformed FarmCPU in terms of statistical power and computing time. BLINK is
the most recently developed GWAS model and eliminates problems associated with FarmCPU.
BLINK replaces the FarmCPU's random effect component with the fixed effect model using

Bayesian information criteria (Huang et al., 2019).

Based on the comparison of QQ plots and HB p-values < 0.05, BLINK and FarmCPU
consistently outperformed CMLM, MLM and GLM for all sorghum grain quality traits
analysed, suggesting that these models were suited for analysing the data under consideration
for this study. A comparison of QQ plots using different models for all quality traits revealed
that the BLINK and FarmCPU models controlled false positives and negatives better.
Furthermore, BLINK and FarmCPU identified SNP markers that were closer to the published
location of genes controlling these traits than the other models. Instead of a large peak area, as
in other models, the BLINK and FarmCPU models provided the most significant marker that

was always present and closest to the published genes.

Identification of linked markers across environments

In this study, significant SNP markers were detected across environments, but some of them
are still poorly defined as candidate genes in the phytozome database. The majority of SNP
markers in plants have not been discovered and defined as candidate genes in the phytozome
(Ganal et al., 2009; Hassanyar et al., 2023). During the GWAS analysis, the two multiple
models FarmCPU and BLINK detected the most significantly associated SNPs across

environments. The GWAS was conducted separately for each environment due to the highly
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significant interaction between genotypes and environments. The GWAS identified SNPs that
were significantly associated with starch, amylose and protein across all environments.
However, some SNPs were only detected in certain environments while other SNPs were
detected in all environments, indicating the differential expression of genes/QTL linked to

these SNPs under different environmental conditions.

The five significant SNPs linked to starch content, SO1 31764844, S01 73075918,
S04 53545349, S06 48180471 and S06 59687350, were detected across environments
differently. All SNPs were detected at Jimma except for S04 53545349, which was only
detected at Melkassa in 2020. Two of these SNPs, S01 73075918 and S06 48180471, were
only detected at Jimma; at Miesso, only one SNP, S06 59687350, was detected.

The three SNPs linked to protein content were only detected under dry lowland conditions but
not at Jimma (intermediate), SO1 1332500 and S02 3743197, were only detected at Melkassa,
while S09 3030812 was detected at Melkassa and Miesso. The three SNPs (S01 67415726,
S07 62671638 and S10 21605004) linked to amylose content were detected in all
environments, but the two SNPs (S01 67415726 and S10 21605004) were not detected in
2020 in Jimma. This indicates that the detected genes/QTL linked to amylose content may be
less influenced by environmental factors and may have a more consistent expression across

different environments.

In the trial growing seasons (2020 and 2021), Jimma (wet intermediate) and Melkassa
(irrigated) received consistent moisture, an intermediate temperature and had better soil
macronutrients and organic matter than Miesso (stress), as described in section 3.3.3 and Tables
4.3 and 4.4. As aresult, more genes/QTL were expressed at Jimma and Melkassa than at Miesso
for starch, amylose and protein content. In 2011, more genes/QTL were expressed for all traits
across all sites than in 2020. This suggests that the expression of genes/QTL linked to these
SNPs may be influenced by specific environmental factors, such as climate, rain fall, soil type
and management practices, which can affect starch, amylose and protein contents differently
in different regions. The QTLs are differentially expressed due to the GEI under two soil
moisture treatments (Messmer et al., 2009). Starch synthesis and phytohormone biosynthesis
are regulated by post-anthesis moderate soil drying treatment and differentially expressed
miRNAs in inferior spikelets (Teng et al., 2022). Zhao et al. (2023) reported on QTL linked to

agronomic traits in rice that were differentially expressed in different environments and it was
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predicted that the biological process was related to salt and water stresses and light intensity in

the annotation.

Genome-wide associations and candidate genes

This study used the genome assembly version Sorghum bicolor v3.1.1 from Phytozome
(Goodstein et al., 2012) and identified putative proteins and candidate genes through reference
genome data retrieved from the sorghum genome browser Sorghum bicolor v3.1.1, available
on Phytozome. This ensures transparency and clarity regarding the genomic reference used for

alignment and subsequent analyses.

Starch

Five novel loci associated with major effects on sorghum starch biosynthesis have been
detected. The first SNP on chromosome 1 has been linked to the Sobic.001G260000 gene,
which has a functional annotation to a putative zinc finger, CCCH-type proteins in sorghum
and plays a role in plant growth and stress response. The CCCH-type zinc finger proteins have
important roles in plant growth, development and stress adaptation, including heat and salt

tolerance (Xu et al., 2023; Zhang et al., 2023).

The second SNP located on chromosome 1 was linked to the Sobic.001G454100 gene with
functional annotation to a putative sugar carrier protein C and may play a role in transporting
sugars within the sorghum plant. During grain development, sugars are synthesised in leaves
and transported to the developing grain, where it is converted to starch and stored in the
endosperm (Li et al., 2022). Sugar transporters, such as the putative carrier protein encoded by
this gene, are likely involved in this process. Starch is the major component of cereal grains,
including sorghum, and is synthesised and stored in specialised organelles called amyloplasts.
Transport of sugars to and from these organelles is critical for starch synthesis and
accumulation. Given its similarity to a sugar carrier protein, expression of this gene may play
a role in transporting sugars into amyloplasts for starch synthesis, or in exporting sugars out of

amyloplasts for use in other metabolic processes (Dupont, 2008).

The third SNP located on chromosome 4 was linked to the Sobic.004G182000 gene and has
been annotated to encode a LEA hydroxyproline-rich glycoprotein (HRGP)-related protein.
Similarly, Sukumaran et al. (2012) detected the starch synthesis gene SS7/b on chromosome 4

in sorghum collections. These LEA proteins are known to be involved in various stress
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responses, including drought, salinity and cold (Shinozaki and Yamaguchi-Shinozaki, 1997)
and show higher concentrations during the later stages of seed development (Liu et al., 2013).
LEA3 proteins are involved in both abiotic and biotic stress tolerance in maize (Liu et al.,
2013), aflatoxin resistance in maize grains (Chen et al., 2002; 2007) and resistance to head
blight in wheat (Liu et al., 2019) and barley (Huang et al., 2016). Nida et al. (2021) indicated
that this locus could also impact the LEA3 gene, which encodes a protein that accumulates in
sorghum seeds. On the other hand, HRGPs are a group of cell wall proteins that have been
implicated in plant growth and development, as well as stress responses (Shailasree et al.,
2004). They are characterised by a high hydroxyproline (a modified amino acid) content and
are often glycosylated (addition of sugar molecules on side chains) (Showalter, 1993). These
proteins could thus possibly protect sorghum plants from damage caused by environmental
stresses by maintaining the stability of cellular components such as membranes and proteins.
Sequence variation in this gene could affect the level or activity of the LEA3 protein, which
could impact the ability of seeds to withstand stress. Expression of the Sobic.004G 182000 gene
may play a role in regulating starch composition or granule structure under stress conditions in

sorghum.

The fourth SNP located on chromosome 6 was linked to the Sobic.006G114100 gene that
encodes the ABCG31 protein. ABC transporters are a large family of proteins that transport
various molecules, including lipids, sugars and secondary metabolites (Yazaki, 2005; 2006)
across cell membranes in both prokaryotes and eukaryotes (Saurin et al., 1999). The specific
function of ABCG31 in sorghum starch content is not well characterised in literature. In plants,
ABC transporters have been shown to play important roles in various physiological processes,
such as the transport of nutrients, defence against pathogens and regulation of hormone levels.
There is some evidence that ABC transporters may be involved in the transport of sucrose,
which is an important precursor for starch biosynthesis (Elferink et al., 2001; Chandravanshi
etal.,2019). Previously discovered QTL in the sorghum QTL atlas (Mace et al., 2019) indicates
that the ABC transporter is co-located with a starch synthesis QTL, identified using the
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) sorghum mini
core collection, landraces and Chinese cultivars (Chen et al., 2019). Therefore, ABCG31 may
play a role in the regulation of starch biosynthesis in sorghum by transporting sucrose or other

related molecules.
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The fifth SNP, also located on chromosome 6, was linked to the Sobic.006G262100 gene in
sorghum that encodes for a protein that belongs to the ARF12 family. ARFs are transcription
factors that regulate gene expression in response to the plant hormone auxin. Various studies
indicated that ARFs play a role in plant development, including seed development and storage
compound synthesis, such as starch, in seeds (Santos-Mendoza et al., 2008; Shirley et al., 2019;
Mishra et al., 2022). It is therefore possible that this gene and its encoded protein, ARF12, may
play a role in regulating starch metabolism in sorghum seeds. ARFs have been shown to
directly or indirectly regulate the expression of genes involved in starch synthesis in several
plant species. The expression of these genes is thought to be regulated by the binding of ARF
transcription factors to specific regulatory elements in their promoter regions (Pratt and Zhang,

2021).

In sorghum, starch biosynthesis and metabolism are regulated by a complex network of genes
and enzymes. The functions of genes and enzymes in sorghum include the regulation of starch
synthesis and degradation, control of starch granule size and structure, and control of the
influence of environmental and developmental factors on starch metabolism (Chen et al., 2012;

Thitisaksakul et al., 2012).

Amylose

Three major novel loci were detected to be associated with amylose content. The first gene,
Sobic.001G386600, encoded a protein within the WOX6 family this is a transcription factor
involved in regulating stem cell activity and organ development in plants (Ikeda et al., 2009;
van der Graaff et al., 2009) and can control the expression of genes involved in starch synthesis
(Huang et al., 2021; Cai et al., 2023). Therefore, Sobic.001G386600 may also play a role in

regulating amylose content in sorghum.

The second gene, Sobic.007G193900 encodes the Os08g0531200 protein, a putative alpha-
glucan phosphorylase, which is involved in amylose synthesis in rice. Alpha-glucan
phosphorylase is an enzyme that catalyses the addition of glucose units to the growing chain
of amylose, a type of starch made up of long chains of glucose molecules (Mueller et al., 2009;
Ubiparip et al., 2018). Dhaka et al. (2021) identified enzyme-encoding genes ADP glucose
phosphorylase and phosphorylase involved in starch metabolism in foxtail millet (Setaria
italica). Phosphorylase catalyses starch biosynthesis in rice endosperm at low temperatures

(Satoh et al., 2008). Amylose is a type of starch composed of glucose units joined by alpha-1,4
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glycosidic bonds. Its synthesis is catalysed by the enzyme granule-bound starch synthase
(GBSS) (Nakamura, 2002; Ball and Morell, 2003). In the context of amylose synthesis in
sorghum, the zinc finger CCHC domain-containing protein encoded by the Sobic.010G137333
gene may play a role in regulating the expression of genes involved. Zinc finger proteins are
known to have a diverse range of functions, including DNA binding, transcriptional regulation,
RNA packaging and protein-protein interactions (Leon and Roth, 2000; Laity et al., 2001).
They are also involved in a variety of biological processes, such as development, differentiation
and response to environmental stress (De Storme and Geelen, 2014; Jiang et al., 2022; Wu et

al., 2022).

In general, the function of specific genes and proteins involved in amylose synthesis and
regulation in sorghum is an area of active research and there may be ongoing studies to
investigate the role of the Sobic.010G137333 gene and zinc finger CCHC domain containing
protein in this process. Similar research findings have been reported on the synthesis of
amylopectin in cereal grains (Jeon et al., 2010; Butardo et al., 2020), mostly expressed in leaves

and some in the early developing endosperm.

Protein

In this study, three new protein-associated loci encoding the Sobic.001G014900 on
chromosome 1, Sobic.02G038200 on chromosome 2, and the Sobic.09G033500 and
Sobic.009G033400 genes on chromosome 9. Similarly, Boyles et al. (2017) identified the loci
on chromosomes 1, 2 and 9 related to sorghum protein content. Ayalew et al. (2022)
consistently detected two significant QTLs, one on chromosome 1 (115.2-119.2 ¢cM) and the
other on chromosome 2 (120.3-123.2 ¢cM), across four or five of the six environments and in
the combined analysis of sorghum protein content. Kamal et al. (2023) identified the loci and
candidate genes located on chromosome 9 in sorghum protein content. The various studies
have revealed additional candidate genes linked to protein content on chromosome 2. These
consist of the putative homolog of alpha-amylase 3 (AMY3), encoded by $h02g023790 gene
(Rhodes et al.,, 2017) and the candidate gene Sobic.002G217100, which encoded for
serine/threonine-protein kinases involved in the signal cascade for nitrogen metabolism in
plants (Champigny, 1995; Li et al., 2018), observed in diverse sorghum accessions.

The search for previously detected QTL in the sorghum QTL atlas (Mace et al., 2019) revealed
that the Sobic.001G014900 gene, found in Sorghum bicolor, is co-localised with another
protein content QTL identified using BTx623/Rio bi-parental lines (Murray et al., 2008). The
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Sobic.001G014900 gene catalyses the formation of long-chain fatty acids, a small protein that
carries the fatty acid during the biosynthesis process (Black and DiRusso, 2007; Beld et al.,

2015) and are essential components of cellular membranes and energy storage molecules.

The protein encoded by the Sobic.002G038200 gene on chromosome 2 belongs to the TatD
family of hydrolases. TatD hydrolases are enzymes that hydrolyse nucleic acids and are
involved in various cellular processes, including DNA repair and RNA processing (Chen et al.,
2014). These enzymes are involved in the breakdown of damaged or misfolded proteins, which
is important for maintaining cellular homeostasis and plays an important role in protein quality
control. Hydrolase has been identified to play an important role in several processes in
Arabidopsis thaliana including chemical defence against herbivory, lignification, hydrolysis
of cell wall-derived oligosaccharides during germination and control of active phytohormone
levels (Xu et al., 2004; Ahn et al., 2007). The TatD protein family is also known to be involved
in the regulation of programmed cell death, which is an important process for the development
and maintenance of plant tissues (Kim et al., 2008; Reape and McCabe, 2008). Thus, the TatD
protein family appears to play a vital role in plant growth and development, as well as in

response to environmental stresses.

The Sobic.009G033500 and Sobic.009G033400 genes located on chromosome 9 in sorghum
encode a protein that is similar to the Class III peroxidase 70 precursor and Class III peroxidase
69 precursor, respectively. Peroxidases are enzymes that catalyse the oxidation of various
substrates using hydrogen peroxide (Banci, 1997; Nicell and Wright, 1997). They play
important roles in a wide range of biological processes, including plant defence, lignin
biosynthesis and oxidative stress response. In sorghum, peroxidase may play a role in
lignification, which is the process by which lignin is deposited in cell walls to provide structural
support and rigidity to plant tissues. Lignin is a complex polymer that is synthesised from
monolignols and peroxidases are involved in the oxidation of these monolignols to form the
lignin polymer (Whetten and Sederoff, 1995; Liu et al., 2018). The Sobic.009G033500 and
Sobic.009G033400 genes and their encoded enzymes may be involved in plant defence
mechanisms. Peroxidases have been shown to play a role in plant defence against pathogens
by generating reactive oxygen species, which can damage or kill invading microorganisms
(Mehdy, 1994; Almagro et al., 2009). The Sobic.09G033500 and Sobic.009G033400 genes may
also be involved in stress response by regulating the expression of stress-responsive genes,

because peroxidase may be involved in the response to abiotic stress such as drought and high
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salinity, by regulating the levels of reactive oxygen species and protecting the plant from

oxidative damage.

5.6 Conclusions

Genome-wide association mapping is a powerful tool that enables the identification of genomic
regions associated with important traits. In this case, Ethiopian sorghum landrace accessions
were used to identify SNPs that are associated with grain quality traits and thus several tightly
linked genes, which are involved in stress tolerance, transport of sugar molecules, biosynthesis,

gene regulation and transcription factors.

The LEA proteins are known to play a role in stress tolerance in plants, particularly in response
to drought and cold stress. The ABC transporter and sugar carrier proteins are involved in the
transport of sugars across cell membranes, which is important for plant growth and
development. The alpha-glucan phosphorylase and long-chain fatty acid biosynthesis enzymes
are involved in the production of carbohydrates and lipids, respectively, which are important
for energy storage and metabolism. The zinc finger CCHC domain and Class III peroxidase
proteins are involved in regulating gene expression and plant growth, while the transcription
factors ARF12 and WOX6 are involved in the regulation of plant development and growth.
Overall, these genes were identified to be associated with starch, amylose and protein grain
quality traits in Ethiopian sorghum landraces and provided valuable information for
understanding the genetic basis of these important traits and for developing improved sorghum
varieties with enhanced grain quality. This is a useful reference for understanding the molecular

mechanism and helping sorghum grain quality improvement.

Recent advances in genomics, online bioinformatic data repositories, high-throughput
phenotypic screening techniques such as NIR and the decreasing cost of next-generation
sequencing have enabled breeders to incorporate grain quality parameters into their breeding

programmes.
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CHAPTER 6

GENOME-WIDE ASSOCIATION STUDY OF MINERAL
COMPOSITION IN ETHIOPIAN SORGHUM LANDRACES

6.1 Abstract

Sorghum is a cereal grain that is widely consumed in many parts of the world and is known for
its nutritional value due to being rich in minerals such as P, K and Mg. Deficiencies in
micronutrients in sorghum, including ash, Fe and Zn and this can lead to poor nutritional quality
for animals and human consumption, causing detrimental health effects. GWAS using 365
diverse Ethiopian sorghum landrace accessions identified SNPs significantly linked to ash, Fe
and Zn contents. Different SNPs linked to ash, Fe and Zn content were detected in different
environments. A higher number of SNPs linked to Fe and Zn content were detected in Jimma
and Melkassa compared to the other test environment, Miesso. Candidate genes with
significant associations with mineral traits were identified. Candidate genes
Sobic.002G266800, Sobic.007G193500 and Sobic.008G068300 are tightly linked with the
significant SNPs detected for ash, an important indicator of mineral composition in sorghum,
as it is primarily composed of minerals such as Ca, K and Mg. Sobic.002G266800 plays a role
in the biosynthesis of flavonoid glycosides in sorghum, which in turn contributes to the plant's
pigmentation and defence strategies. Sobic.007G193500 is annotated as teosinte glume
architecturel (tgal) and is involved in the development of teosinte glumes, which influences
the structure, composition and properties of glumes, as well as the processing and nutritional
quality of the grain. The Sobic.010G218500 gene, significantly linked to Fe content, encoded a
RISBZS transcription factor protein belonging to the basic leucine zipper (bZIP) family of
proteins. In plants, bZIP transcription factors are involved in various stress responses. GWAS
using multiple models, detected genes across environments linked to Zn content encoded
proteins from the zinc finger protein (ZNF) family, which are involved in Zn ion uptake and

transport.
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6.2 Introduction

Sorghum is a cereal crop grown in tropical, subtropical and temperate climates. Starch, protein,
micronutrients and crude fibre are abundant in sorghum grain. Sorghum is a staple crop for
most people in sub-Saharan Africa, due to being one of the least expensive energy and
micronutrient sources (Parthasarathy Rao et al., 2006). Fe and Zn are essential micronutrients
for human health and deficiencies in these minerals can lead to serious health problems. Zn is
required for effective immune function, wound healing and growth and development
(Bhowmik et al., 2010; Roohani et al., 2013), while Fe is necessary for the formation of
haemoglobin in red blood cells, which carries oxygen throughout the body (Gupta, 2014). In
sorghum, ash content is an important indicator of mineral composition, as it is composed

primarily of minerals such as Ca, K and Mg (Pereira et al., 2012).

GWAS can be used to investigate the genetic basis of various traits in sorghum, including ash
content and mineral compositions such as Fe and Zn. Several genomic regions have been
identified to be associated with ash content and Fe and Zn composition; in sorghum (Kotla et
al., 2019) and maize (Hindu et al., 2018). These regions contain genes that are involved in the
transport and metabolism of minerals in plants. Studies have furthermore shown that there is
genetic variation in ash content and mineral composition in sorghum (Paiva et al., 2017,

Motlhaodi et al., 2018).

Sorghum is a staple food in Ethiopia and improving its Fe and Zn content through breeding
could have important health benefits for the population. Understanding the genetic basis of ash
content and mineral composition could help breeders develop sorghum varieties with improved
nutritional quality. It could also provide insights into the molecular mechanisms underlying the
uptake and transport of minerals in plants. A GWAS study of Ethiopian sorghum landrace
accessions could potentially identify genetic variants associated with ash content and Fe and
Zn composition in the grain. The objective of this study was to identify genomic regions
associated with ash, Fe and Zn content, indicating a genetic basis for mineral composition of

Ethiopian sorghum landraces.

150



6.3 Materials and methods

6.3.1 Plant material and design

Sorghum landraces and improved varieties used in this study, as well as the trial design
followed, were as described in section 3.3.1. Planting was done across three sites (Jimma,

Melkassa and Miesso) as described in section 4.3.1.

6.3.2 Sorghum mineral composition analyses
The 200 grams of samples were collected from 365 sorghum accessions in six environments

for grain quality analysis as described in section 4.3.3.

6.3.3 Genotyping-by-sequencing

Genotyping-by-sequencing was done as described in section 5.3.3.

6.3.4 Data analysis
Data analysis (ANOVA, spatial analysis, BLUP, identification of gene regions and gene

annotation) was done as described in section 5.3.4.

6.4 Results

6.4.1 Phenotypic variation

Data obtained in Chapter 4 indicated that Ethiopian sorghum landrace showed high variability
in mineral content (ash, Fe and Zn) across environments and this data was used for GWAS in

the current chapter.

6.4.2 The quantile-quantile plot analysis

BLUP analysis of ash, Fe and Zn of each sorghum landrace accessions across six environments
was used for this study. The QQ plots were used to determine false associations (Figure 6.1).
Results indicated that the GLM, MLM and CMLM models generated false positives and
negatives. Complex and multi-locus models (BLINK and FarmCPU), expected to control false
positives due to population structure and family relatedness, identified highly significant SNPs
after Holm-Bonferroni (HB p-value < 0.05) adjustments across traits as described in section
5.4.2 and 5.5.1. These complex models reduced p-value inflations, resulting in controlled false
positive and negative error rates. Multiple significant SNP marker associations were identified

on the same chromosome by the BLINK and FarmCPU models.
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Figure 6.1 Genome-wide association analysis of grain mineral composition across environments using different statistical models, best
linear unbiased prediction analysis and quantile-quantile (QQ) plots for ash (a), Zn (b) and Fe (¢)

GLM = general linear model; MLM = mixed linear model; CMLM = compressed mixed linear model; FarmCPU = fixed and random model circulating probability unification;
BLINK = Bayesian information and linkage disequilibrium iteratively nested keyway; BLUP= best linear unbiased prediction.
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6.4.3 Genome-wide association studies across environments

Major QTL regions within 100 kb upstream and downstream of QTL peaks have been investigated
to identify candidate genes associated with the variations. The GWAS analysis was carried out
using the GLM, MLM, CMLM, FarmCPU and BLINK models, but the most significant SNPs
associated with ash, Fe and Zn in individual environments were detected using the FarmCPU and
BLINK models. The GWAS study identified 121 different SNPs significantly associated with ash
(49), Fe (36) and Zn (36) after adjustment (HB p-value < 0.05) using the two models (Appendix
5). Because of the highly significant interaction between genotypes and environments, GWAS was

conducted separately for each environment (Tables 6.1 and 6.2).

In BLUP analysis, significant SNPs were identified that were linked; 12 with ash, two with Fe and
18 with Zn content (Table 6.3). Among these significant SNPs, three linked to ash and four with
Zn that were commonly and consistently detected by both BLINK and FarmCPU models in BLUP
analysis; however, SNP S05 65910190 was detected by BLINK and FarmCPU models while other
SNP S10 56127541 was only detected by FarmCPU in Fe content (Figures 6.3 to 6.5 and Tables

6.4); these SNPs were performed in individual environments (Table 6.2).

For ash content, Melkassa had the highest number of significant SNPs (14) for ash in 2021, while
no significant SNPs were detected at Miesso in 2020. The phenotypic variation (R?) in ash ranged
from 5 to 50. For Fe, the highest number of significant SNPs (13) were identified at Melkassa in
2020, while only one significant SNP was detected at Miesso in 2020. The phenotypic variation
(R?) for Fe ranged from 6 to 50. For Zn content, the highest number of significant SNPs (19) were
detected at Melkassa for both seasons, while no significant SNP was detected at Miesso in 2020.

The phenotypic variation (R?) for Zn content ranged from 5 to 50 across environments (Table 6.1)

The highest number of highly significant and consistent SNPs associated with ash, Fe and Zn
content were detected at Melkassa and Jimma for both seasons. Three SNPs, S02 65113562,
S07 62611661 and S08 7974942, located on chromosomes 2, 7 and 10, respectively, were
significantly associated with ash content. In Miesso, no SNPs were detected linked with the ash
content. SNP S02 65113562 was detected at Jimma and Melkassa over the two years, while SNP
S08 7974942 was detected at both locations in 2021.
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Two SNPs, S05 65910190 and S10 56127541 were linked to Fe content; SO5 65910190 was
detected in all locations and over both years, except at Jimma in 2020, while SNP S10 56127541
was detected at Jimma in 2020 and Miesso in 2021.

Four SNPs, SO1 30708847 (chromosome 1), S03 2052347 (chromosome 3), SO8 51315455
(chromosome 8) and S08 9366659 (chromosome 8), were significantly associated with Zn content
and were detected consistently across environments by both BLINK and FarmCPU models. SNP
S08 51315455 was detected only at Jimma and SNP SO01 30708847 was detected only at
Melkassa in 2020. SNP S08 9366659 was detected at Jimma and Melkassa over the two years,
while SNP S03 2052347 was detected at Melkassa over the two years and at Miesso in 2021; SNP
S01 30708847 was detected only at Melkassa in 2020 for Zn content (Table 6.2).

Table 6.1 Summary of genome-wide association study data obtained for sorghum ash, Fe and Zn
content including number of significant single nucleotide polymorphisms, p-value range and range
of phenotypic variation explained

Trait Envt Number of SNPs p-value Range of R?
(HB p-value < 0.05) Min Max Min R? Max R?
Ash IM20 13 7.86E-10 4.51E-07 5 30
IM21 12 6.16E-09 1.59E-06 10 30
MK20 2 1.83E-09 3.08E-09 18 27
MK21 14 2.64E-15 2.53E-06 23.5 25.5
MS20 0
MS21 11 2.42E-09 2.32E-06 50 50
Fe IM20 12 5.03E-17 1.38E-06 13 20
IM21 2 9.40E-08 4.20E-07 50 50
MK20 13 6.87E-12 3.01E-06 22 34
MK21 10 1.86E-08 1.65E-06 16 26
MS20 1 1.60E-08 1.60E-08 50 50
MS21 11 1.76E-12 1.56E-06 6 20
Zn IM20 10 7.86E-10 4.51E-07 5 30
IM21 14 6.16E-09 1.59E-06 10 30
MK20 19 1.83E-09 3.08E-09 18 27
MK21 19 2.64E-15 2.53E-06 23.5 25.5
MS20 0
MS21 4 2.42E-09 2.32E-06 50 50

IM20 and JM21 = Jimma 2020 and 2021; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and
2021; Max = Maximum, Min = Minimum; Envt = Environment; R? = phenotypic variation; HB= Holm-Bonferroni with adjustment.
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Table 6.2 Summary of single nucleotide polymorphisms consistently and significantly associated with micronutrient composition
in sorghum landraces across years and locations

HB p-
Trait Year Location Model SNP Chr Pos P-value MAF value< Effect Associated gene
0.05

Ash 2020 Jimma GLM S02_65113562 2 65113562 1.20E-08 0.26  0.00 0.16 Sobic.002G266800
Ash 2021 Jimma BLINK S02 65113562 2 65113562 1.42E-07 0.26  0.01 0.09 Sobic.002G266800
Ash 2020 Melkassa BLINK S02_65113562 2 65113562 3.08E-09 0.26  0.00 0.1 Sobic.002G266800
Ash 2021 Melkassa BLINK S02 65113562 2 65113562 5.23E-09 0.26  0.00 0.1 Sobic.002G266800
Ash 2021 Melkassa FarmCPU S02 65113562 2 65113562 1.26E-06 0.26  0.02 0.06 Sobic.002G266800
Ash 2020 Jimma FarmCPU S07_62611661 7 62611661 1.93E-10 0.33  0.00 -0.1 Sobic.007G193500
Ash 2021 Jimma BLINK S08 7974942 8 7974942  6.16E-09 0.41  0.00 -0.13 Sobic.008G068300
Ash 2021 Jimma FarmCPU S08_7974942 8 7974942  5.65E-07 0.41  0.02 -0.08 Sobic.008G068300
Ash 2021 Melkassa BLINK S08 7974942 8 7974942  2.45E-07 041  0.01 -0.11 Sobic.008G068300
Ash 2021 Melkassa FarmCPU S08 7974942 8 7974942  1.52E-14 0.41  0.00 -0.11 Sobic.008G068300
Fe 2021  Jimma BLINK S05_65910190 5 65910190 9.40E-08 0.24  0.02 3.36 Sobic.005G177500
Fe 2020 Melkassa BLINK S05_65910190 5 65910190 7.34E-09 0.24  0.00 592 Sobic.005G177500
Fe 2020 Melkassa FarmCPU S05_65910190 5 65910190 1.57E-09 0.24  0.00 4.06 Sobic.005G177500
Fe 2021 Melkassa BLINK S05_65910190 5 65910190 9.33E-10 0.24  0.00 4.78 Sobic.005G177500
Fe 2021 Melkassa FarmCPU S05_65910190 5 65910190 1.86E-08 0.24  0.00 3.43 Sobic.005G177500
Fe 2020 Miesso BLINK S05_65910190 5 65910190 1.60E-08 0.24  0.00 4.9 Sobic.005G177500
Fe 2021 Miesso BLINK S05_65910190 5 65910190 5.10E-08 0.24  0.00 4.46 Sobic.005G177500
Fe 2020 Jimma BLINK S10 56127541 10 56127541 3.11E-09 0.15  0.00 3.97 Sobic.010G218500
Fe 2020 Jimma FarmCPU S10 56127541 10 56127541 1.47E-07 0.15 0.01 3.28 Sobic.010G218500
Fe 2021  Miesso BLINK S10_56127541 10 56127541 1.37E-08 0.15  0.00 4.55 Sobic.010G218500
Fe 2021  Miesso FarmCPU S10_56127541 10 56127541 1.76E-12 0.15  0.00 4.81 Sobic.010G218500
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Table 6.2 Summary of single nucleotide polymorphisms consistently and significantly associated with micronutrient composition
in sorghum landraces across years and locations (continued)

HB
Trait Year Location Model SNP Chr Pos P-value MAF p-value Effect Associated gene
<0.05

Zn 2020  Melkassa BLINK S01 30708847 1 30708847  7.56E-07 0.25 0.02 -1.37 Sobic.001G258400
Zn 2020 Melkassa BLINK S03 2052347 3 2052347 8.28E-08 0.15 0 -1.32 Sobic.003G023500
Zn 2020 Melkassa FarmCPU S03 2052347 3 2052347 6.17E-08  0.15 0 -1.07 Sobic.003G023500
Zn 2021  Melkassa BLINK S03 2052347 3 2052347 3.14E-07 0.15 0.01 -1.05 Sobic.003G023500
Zn 2021  Melkassa FarmCPU S03 2052347 3 2052347 2.69E-07 0.15 0.01 -0.85 Sobic.003G023500
Zn 2021  Miesso BLINK S03 2052347 3 2052347 2.08E-12  0.15 0 -2.15 Sobic.003G023500
Zn 2020  Jimma BLINK S08 51315455 8 51315455 4.07E-09 0.41 0 2.49 Sobic.008G110200
Zn 2020  Jimma FarmCPU S08 51315455 8 51315455  1.22E-09 0.41 0 2.27 Sobic.008G110200
Zn 2020  Jimma BLINK S08 9366659 8 9366659 7.31E-10 0.36 0 -3.26 Sobic.008G071050
Zn 2020  Jimma FarmCPU S08 9366659 8 9366659 4.60E-11  0.36 0 -3.01 Sobic.008G071050
Zn 2021  Jimma BLINK S08 9366659 8 9366659 1.36E-08 0.36 0 -1.41 Sobic.008G071050
Zn 2020 Melkassa BLINK S08 9366659 8 9366659 2.51E-09 0.36 0 -1.45 Sobic.008G071050
Zn 2021  Melkassa BLINK S08 9366659 8 9366659 1.42E-09 0.36 0 -1.24 Sobic.008G071050
Zn 2021  Melkassa FarmCPU S08 9366659 8 9366659 4.03E-07 0.36 0.01 -0.85 Sobic.008G071050

Fe = Iron; Zn = Zinc; SNP = single nucleotide polymorphism; Chr = Chromosome; Pos = position on chromosome; MAF = marker allele frequency; HB p-value <0.05 =
Holm-Bonferroni with adjustment; GLM = General linear model; BLINK = Bayesian information and linkage disequilibrium iteratively nested keyway; FarmCPU = fixed
and random model circulating probability unification.
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6.4.4 GWAS for mineral composition in sorghum

GWAS, using the BLINK and FarmCPU models, identified 439 different SNPs with significant
association with ash, Fe and Zn at —log10 p > 3.5 (p <0.0003), which were reduced to 32 (13 using
BLINK and 19 using FarmCPU) after Holm-Bonferroni error rate adjustment (HB p-value < 0.05)
in BLUP analysis. BLINK identified four SNPs link to ash, one to Fe and eight to Zn content.
FarmCPU identified eight SNPs associated with ash and one link to Fe and 10 to Zn content (Table
6.3).

Table 6.3 Number of single nucleotide polymorphism markers identified to be significantly linked
to ash, Fe and Zn content in sorghum, using five association models in best linear unbiased
prediction analysis before and after Holm-Bonferroni (HB p-value < 0.05) adjustment

BLINK FarmCPU CMLM MLM GLM
—logl0 HB —logl0 HB —logl0 HB —logl0 HB —logl0 HB
Trait p>35 p<005 p=>35 p=<005 p=>35 p<005 p=35 p<005 p=35 p=<0.05

Ash 114 4 77 8 73 0 74 0 731 217
Fe 66 1 31 1 40 0 60 0 157 1
Zn 69 8 82 10 74 0 116 0 225 12

p-value threshold (—log10 p > 3.5) without adjustment and a Holm-Bonferroni (HB) = p-value < 0.05 with adjustment. BLINK
= Bayesian information and linkage disequilibrium iteratively nested keyway; FarmCPU = fixed and random model circulating
probability unification; CMLM = compressed mixed linear model; MLM = mixed linear model; GLM = general linear model.

SNP density

A total of 209,572 SNPs were identified in the 361 sorghum landraces using GBS Chromosome 2
had the most SNP markers (26,036), while chromosome 7 had the least (15,471). The highest SNP
density was observed on chromosome 2 with 6.4 SNP markers per 10 kb, whereas the lowest
density was on chromosome 7 with 4.7 SNP markers per 10 kb. The average density was 5.8
markers per 10 kb (Table 6.4). Overall, the genotyping results were of high quality in this study.
The density of markers in the Manhattan plots of association mapping varied substantially along
chromosomes (Figure 6.2). Across mapping populations and germplasm diversity investigations,
at least two major chromosome regions with high marker density have been consistently detected

in sorghum chromosomes 2, whereas the lowest was in chromosome 7.
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Table 6.4 SNP density per chromosome calculated for individual 10 kb non-overlapping windows

Number of Chromosome SNP density
Chromosome SNPs length (kb) (SNP/10kb)
1 25785 41218.19 6.30
2 26036 40852.89 6.40
3 24924 39475.24 6.30
4 20963 36468.00 5.70
5 23312 37509.51 6.20
6 19727 35990.80 5.50
7 15471 32990.27 4.70
8 18329 33977.96 5.40
9 16903 31669.38 5.30
10 18122 30029.81 6.00
Whole genome 209572 36018.21 5.80

SNPs = Single nucleotide polymorphisms; kb = kilobase

Figure 6.2 Density of SNPs across the genome. Manhattan plots of association mapping for ash.
The highest SNPs coverage was observed on chromosome 2, while the lowest was on chromosome
7.

BLINK = Bayesian information and linkage disequilibrium iteratively nested keyway; FarmCPU = fixed and random model
circulating probability unification; CMLM = compressed mixed linear model; MLM = mixed linear model; GLM = general linear
model; BLUP= best linear unbiased prediction.
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Ash

A total of 12 SNPs, at a significance level of HB p-value <0.05, were detected to be significantly
associated with ash content using the FarmCPU and BLINK models in BLUP analysis. FarmCPU
detected eight and BLINK four SNPs linked to ash content (Table 6.3). Ten regions were identified
across the genome as having a significant association with ash content (Figure 6.2). Among these
significant SNPs, three (S02_ 65113562, S07 62611661 and S08 7974942; Figure 6.3, Table 6.5)
were commonly and consistently detected by both the FarmCPU and BLINK models and were
located on chromosomes 2, 7 and 8. The SNP S02 65113562 was identified in the region of
chromosome 2 with the highest SNP density, whereas S07 62611661 was found in the region with
the lowest SNP density on chromosome 7. The first SNP, S02 65113562, was closely linked to
the Sobic.002G266800 gene that encodes for a flavonoid 3-O-glucosyltransferase (UFGT), a
protein belonging to the UDP-glycosyltransferase (UGT) family of enzymes. The second SNP,
S07 62611661 was linked to the Sobic.007G193500 gene with a functional annotation to teosinte
glume architecturel (tgal) while the third SNP, S08 7974942 was linked to the
Sobic.008G068300 gene with a functional annotation to the Os05g0278500 protein (Table 6.5).

/
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Figure 6.3 Genome-wide association study sorghum landrace grain mineral composition using the
best linear unbiased prediction (BLUP). Manhattan plots for ash using (a) the Bayesian
information and linkage disequilibrium iteratively nested keyway (BLINK) and (b) the fixed and
random model circulating probability unification (FarmCPU) models.
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Figure 6.4 Genome-wide association study sorghum landrace grain mineral composition using the
best linear unbiased prediction. Manhattan plot for Fe using the Bayesian information and linkage
disequilibrium iteratively nested keyway (a) and fixed and random model circulating probability
unification (b) models.
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Figure 6.5 Genome-wide association study sorghum landrace grain mineral composition using the
best linear unbiased prediction. Manhattan plots Zn using the Bayesian information and linkage
disequilibrium iteratively nested keyway (a) and fixed and random model circulating probability
unification (b) models. Significant markers detected by both models are indicated by arrows.
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Table 6.5 Summary of SNPs consistently and significantly associated with micronutrient composition in sorghum landrace collections

Trait Model SNP Chr Pos p-value MAF HB Effect  Associated gene Putative gene description
p-value <
0.05
Ash GLM S02_65113562 2 65113562 9.35E-09 0.26 0.00 0.11 Sobic.002G266800  Flavonoid 3-O-glucosyltransferase
Ash BLINK S02_65113562 2 65113562 1.72E-10 0.26 0.00 0.10 Sobic.002G266800  Flavonoid 3-O-glucosyltransferase
Ash FarmCPU S02_65113562 2 65113562 0.00 0.26 0.04 0.04 Sobic.002G266800  Flavonoid 3-O-glucosyltransferase
Ash BLINK S07_62611661 7 62611661 2.28E-08  0.33 0.00 -0.07 Sobic.007G193500  Teosinte glume architecturel (tgal)
Ash FarmCPU S07 62611661 7 62611661 2.51E-10  0.33 0.00 -0.07 Sobic.007G193500  Teosinte glume architecturel (tgal)
Ash BLINK S08_7974942 8 7974942 2.11E-07  0.41 0.01 -0.10 Sobic.008G068300  Os05g0278500 protein
Ash FarmCPU S08 7974942 8 7974942 6.59E-13  0.41 0.00 -0.10 Sobic.008G068300  0s05g0278500 protein
Fe GLM S05 65910190 5 65910190 8.60E-08  0.24 0.02 4.94 Sobic.005G177500  0s05g0247500 protein
Fe BLINK S05_65910190 5 65910190 1.17E-09  0.24 0.00 4.94 Sobic.005G177500  0s05g0247500 protein
Fe FarmCPU S05_65910190 5 65910190 1.37E-06  0.24 0.05 2.72 Sobic.005G177500  0s05g0247500 protein
Fe FarmCPU S10_56127541 10 56127541 1.61E-09  0.15 0.00 3.48 Sobic.010G218500  RISBZS
Zn BLINK S01 30708847 1 30708847 6.27E-07  0.25 0.02 -1.33 Sobic.001G258400  Glutaredoxin-C6
Zn FarmCPU S01_ 30708847 1 30708847 2.10E-09  0.25 0.00 -1.47 Sobic.001G258400  Glutaredoxin-C6
Zn GLM S03_2052347 3 2052347 4.09E-07  0.15 0.01 -1.84 Sobic.003G023500  Os06g0116300
Zn BLINK S03 2052347 3 2052347 4.44E-08  0.15 0.00 -1.28 Sobic.003G023500 0Os06g0116300
Zn FarmCPU S03_ 2052347 3 2052347 4.41E-08  0.15 0.00 -1.15 Sobic.003G023500 0Os06g0116300
Zn BLINK S08 51315455 8 51315455 3.75E-08  0.41 0.00 1.05 Sobic.008G110200  Pollen-specific protein SF3
Zn FarmCPU S08 51315455 8 51315455 1.48E-06  0.41 0.03 0.75 Sobic.008G110200  Pollen-specific protein SF3
Zn GLM S08_9366659 8 9366659 1.08E-07  0.36 0.01 -1.88 Sobic.008G071050  The 3' exoribonuclease family of
Zn BLINK S08 9366659 8 9366659 1.54E-13  0.36 0.00 -1.76 Sobic.008G071050 l"le"ﬁ)ete;'nsxoribonuclease family of
Zn FarmCPU S08 9366659 8 9366659 3.84E-07 0.36 0.01 -1.06 Sobic.008G071050 I"i"ﬁ)ete;'n:xoribonuclease family of

proteins

HB = Holm-Bonferroni (adjusted); SNP = single nucleotide polymorphism; Chr = Chromosome, Pos = position on chromosome; MAF = minor allele frequency; GLM = general

linear model; BLINK = Bayesian information and linkage disequilibrium iteratively nested keyway; FarmCPU = fixed and random model circulating probability.
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Fe

At a significance level of HB p-value < 0.05, two SNPs S05 65910190 and S10 56127541 were
significantly associated with Fe using the GLM, FarmCPU and BLINK models. The
S05 65910190 SNP was detected using all three models, while the S10 56127541 SNP was
detected only using FarmCPU in BLUP analysis. The two significant SNPs, S05 65910190 and
S10 56127541, were detected on chromosomes 5 and 10, respectively (Figure 6.4 and Table 6.5).
The Sobic.005G177500 gene, which fell within the S05 65910190 SNP region, encodes an
0s05g0247500 protein that is a member of the plant chitinase (CHI) gene family and is widely
implicated in pathogen defence response. The Sobic.010G218500 gene, located within the
S10 56127541 SNP region, is known to encode a RISBZ5 protein. The RISBZS5 is a transcription
factor belonging to the basic leucine zipper (bZIP) family of proteins.

Zn

The significantly associated SNPs, SO01 30708847, S03 2052347, SO08 51315455 and
S08 9366659, were identified likely to be linked Zn content in sorghum (Figure 6.5 and Table
6.5). Various of the candidate genes identified to be linked to these SNPs did not have any direct
association with known Zn traits. Some of these may be false positive associations, while others

may be novel associations yet to be discovered as causal genes for Zn variation.

The SO1 30708847 SNP was associated with the Sobic.001G258400 gene, which is a member of
the Glutaredoxin-C6 family of proteins. SNPs S03 2052347 was located close to the
Sobic.003G023500 gene. This gene encodes for a protein that belongs to the family of zinc finger
proteins, Os06g0116300. The S08 51315455 SNP was linked to the Sobic.008G110200 gene,
encoding a putative protein in the sorghum genome with sequence similarity to the pollen-specific
protein SF3. The S08 9366659 SNP was linked to the Sobic.008G071050 gene predicted to

encode a protein similar to the 3' exoribonuclease family, domain 1 containing protein.
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6.5 Discussion

In this study, GWAS was conducted to identify genetic markers associated with grain ash, Fe and
Zn contents in sorghum. The BLINK and FarmCPU models, using more complex methods of
Holm-Bonferroni adjustments (HB p-value < 0.05), identified 32 SNPs linked to mineral

composition in sorghum landrace collections in BLUP analysis.

Identification of loci across environments

Genetic diversity within a population can influence SNP frequencies across environments. If a
population has high genetic diversity, it may exhibit greater variation in SNP frequencies across
different environments (Muir et al., 2008). In the current study, the highest number of SNPs linked
to Fe and Zn content were detected in Melkassa and Jimma for 2020 and 2021 compared to Miesso.
When comparing SNPs across environments within the same population of crops, it is important
to consider factors such as environmental conditions, management practices, and genetic diversity.
Environmental factors such as soil type, temperature, moisture and nutrient availability can affect
the expression of genes related to mineral nutrient uptake and metabolism, which in turn, can lead
to changes in SNP frequencies over time and across environments. As a result, SNPs associated

with nutrient content may vary across different environments even within the same population.

The presence or absence of specific SNPs linked to genes related to nutrient transport and
metabolism can influence the accumulation of ash, Fe and Zn in sorghum landrace collections.
Tang et al. (2017) reported for rice landraces grown in different regions, variations in the
OsNRAMPS gene, which encodes a transporter protein that facilitates the uptake of Fe and Zn in
rice, were associated with differences in nutrient content across environments. A similar study on
maize landraces grown in different regions found that variations in the ZmZIP4 gene, which
encodes a transporter protein that facilitates the uptake of Zn in maize, were associated with
differences in Zn content across environments (Li et al., 2013). The current study suggested that
the presence or absence of specific SNPs can contribute to variation in nutrient content across
different environments within the same sorghum landrace collections. Understanding these genetic
variations can help breeders develop crops that are better adapted to specific environments and

that produce higher nutrient yields.
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Genome-wide association and identification of candidate genes

SNP density

The two major chromosome regions with high marker density have been consistently detected in
sorghum chromosomes 2, with the lowest in chromosome 7. Similarly, Li et al. (2018) found the
region with the lowest SNP density on chromosome 7 in sorghum. The density of DNA
polymorphisms (SNPs) in sorghum genomes varied widely, with higher density in euchromatic
regions and lower density in pericentromeric regions. The research showed that genes encoded in
heterochromatic pericentromeric DNA had lower SNP density and higher levels of SNP density
situated in euchromatic DNA (Evans et al., 2013). The density of markers in the consensus map
varied substantially along chromosomes, even within intervals of 20 cM or less, most likely due
to changes in recombination frequency and/or genetic diversity (Erayman et al., 2004; Saintenac
et al., 2011). The estimates of DNA content of euchromatic and heterochromatic areas based on
metaphase chromosomal measurements are predicated on the assumption that sorghum
chromosomes are uniformly compressed at this point (Kim et al., 2005). While centromeric and
pericentromeric regions form a repressive chromatin environment in general, some of these
repetitive elements are expressed at low levels in specific tissues or developmental stages and

processed by the RNAi pathway (May et al., 2005; Slotkin et al., 2009; Slotkin, 2010).

Ash
Three SNPs were identified to be significantly linked to ash content in sorghum and were

significantly associated with three different sorghum genes: Sobic.002G266800,
Sobic.007G 193500 and Sobic.008G068300.

Sobic.002G266800 is annotated as a flavonoid 3-O-glucosyltransferase (UFGT), which catalyses
the transfer of glucose from uridine diphosphate (UDP) glucose to hydroxyl groups of flavonoids,
resulting in the formation of flavonoid glycosides. Hatcher and Kruger (1997) studied the simple
phenolic acid composition of Canadian wheat flours for extremely significant connections with
ash concentration, colour and polyphenol oxidase activity. The study identified that the polyphenol

(tannin) had a relationship with ash content in sorghum cultivars (Tasie and Gebreyse, 2020).
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Flavonoids are a class of secondary metabolites that are found in many plant species and have been
associated with a variety of biological functions, including pigmentation, ultraviolet protection and
defence against herbivores and pathogens (Lattanzio et al., 2009). Plant secondary metabolism is
a vast reservoir of natural chemical diversity that includes a wide range of compounds and enzymes
as well as a diverse set of mechanisms for gene regulation and metabolite and enzyme transport.
Nida et al. (2019) reported that flavonoid biosynthesis genes like dihydroflavonol 4-reductase 3
(DFR3) were found to be overexpressed in mold-resistant sorghum lines. Many findings have been
reported where plants synthesise a wide range of secondary compounds (flavonoids and phenolics)
and, have developed a chemical defence against environmental stresses (Bartwal et al., 2013) and
pathogens (Zaynab et al., 2018), including resistance to grain mold in sorghum (Esele et al., 1993;

Melake-Berhan et al., 1996; Menkir et al., 1996; Audilakshmi et al., 1999; Nida et al., 2019).

In sorghum, flavonoid glycosides are major pigments responsible for the red, purple and black
colouration of various tissues, including the pericarp, seed coat and vegetative organs. They have
also been implicated in plant-microbe interactions, as some flavonoid glycosides can act as
signalling molecules or antimicrobial compounds. Therefore, it is likely that Sobic.002G266800
plays a role in the biosynthesis of flavonoid glycosides in sorghum, which in turn contributes to
the plant's pigmentation and defence strategies.

Flavonoids are a type of secondary plant phenolic compound with powerful antioxidant and
chelating properties. Flavonoids are found primarily in foods as glycosides and polymers, which
are degraded to varying degrees in the digestive tract (Heim et al., 2002). As a result, flavonoids
with antioxidant properties may be useful as complementary therapies (Wang et al., 2021). Plants
have evolved complex defence mechanisms to protect themselves against pathogens and secondary
metabolites play a crucial role in these defence responses by the production of antimicrobial
compounds (alkaloids, terpenoids and phenolic) (Zaynab et al., 2018). These secondary
metabolites can directly inhibit the growth and development of pathogens (Kumar et al., 2020).

The glumes can be attributed to the presence of secondary compounds, such as anthocyanins.
Anthocyanins are pigments that can produce red, purple, or blue colours in plants (Goodman et
al., 2004; Khoddami et al., 2017). They are known for their antioxidant properties and can be

involved in defence mechanisms against herbivores and protection against environmental stress.
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Sobic.007G193500 is annotated as teosinte glume architecturel (tgal) and is involved in the
development of teosinte glumes, which are modified leaves that protect the reproductive structures
of the plant. This gene may play a role in the development of sorghum glumes, the outermost
protective structures that surround the grain. The mature grain is made up of organs, tissues, cell
types and glume cover, all of which differ greatly in their structure, composition and properties,
influencing the processing and nutritional quality of the grain (Gubatz et al., 2010). Naked grains
with low glume coverage significantly improved threshing efficiency and seed quality in sorghum
(Xie et al., 2022). On the other hand, Sobic.008G068300 is a functional annotation of the
0s05g0278500 protein found in rice and is involved in cell wall biosynthesis (Deng et al., 2022).

Most cell wall components vary significantly in their cell wall synthesis gene functions and
development and have an intimate influence on plant growth, development and physiology (Lin et
al., 2016). Grain glumes are the protective outer coverings of cereal grains. These structures of
grain glum are important for protecting the developing seeds from environmental factors and pests
(Shen et al., 2023). The relationships involving grain glumes are primarily related to the
reproductive success and survival of the plant. Ficco et al. (2020) investigated the relationship
between kernel shape and size and ash distribution in durum wheat. They found that thicker kernels
had a more uniform distribution of ash content and thickness could be a useful trait for predicting
milling quality. Therefore, Sobic.008G068300 may play a similar role in sorghum, potentially

affecting the strength or structure of the plant cell walls, including the glume cover of sorghum.

Fe

Significant SNPs linked to candidate genes associated with sorghum Fe content were identified.
Two significant SNPs and candidate genes were identitifed: S05 65910190 detected the
Sobic.005G177500 gene on chromosome 5 and S10 56127541 detected the Sobic.010G218500
gene on chromosome 10. However, Shakoor et al. (2016) discovered the SNP S1 19766414 and

candidate gene Sobic.001G213400 on chromosome 7 for Fe concentration in sorghum.

The SNP found on chromosome 5 was linked to the Sobic.005G 177500 gene known to encode the

0s05g0247500 protein. This protein is a member of the plant chitinase (CHI) family and is widely
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implicated in defence response. Chitinases (CHIs) (EC 3.2.1.14) are lytic enzymes that catalyse
chitin degradation (Henrissat, 1991). Chitin, the second most abundant biopolymer, is a vital
component of insects and fungi (Mack et al., 2015). Chitin is a component of the cell wall of most
fungi (Miya et al., 2007), or lipopolysaccharide is a component of the envelope of all gram-

negative bacteria (Ranf et al., 2015).

Wang et al. (2020) identified the CHI gene family in rice and Arabidopsis, as well as potential
candidates for improving plant resistance using a transgenic approach. Plant CHIs are members of
a large gene family and some play critical roles in plant defence against pathogens through the
creation of harmful reactive oxygen species (ROS), making it critical to understand their function
for application in genetic analysis and breeding. Because CHIs break down chitin, it can function

as a defence-related enzyme that inhibits fungal growth.

Several genes involved in Fe homeostasis in plants are regulated in response to biotic stresses,
indicating that infection disrupts Fe homeostasis (Liu et al., 2007; Segond et al., 2009; Calla et al.,
2014). Aznar et al. (2015) reported that Fe can catalyse the formation of deleterious ROS. Plants
may use Fe to increase local oxidative stress in defence responses against pathogens because it can

stimulate the creation of harmful ROS.

Furthermore, Fe deficiency and excess amounts can disrupt the homeostasis of a plant cell,
resulting in a decrease in photosynthetic activity, respiration, and increased accumulation of Na*
and Ca ions, culminating in an excess generation of ROS (Tripathi et al., 2018). Plants that are
stressed by Fe deficiency may express more genes related to Fe absorption and transport. Zhang
et al. (2019) reported that plants have developed several mechanisms for effective Fe uptake in
response to limited soil Fe availability. These mechanisms enable plants to more effectively adapt
to Fe-deficient environments. These processes include the uptake of Fe from the soil, the

movement of Fe from roots to shoots and the storage of Fe within cells.

The second SNP identified to be significantly linked to Fe content, was linked to the
Sobic.010G218500 gene encoding a protein from the RISBZS transcription factor belonging to the

167



basic leucine zipper (bZIP) family of proteins. In plants, bZIP transcription factors are involved in

various stress responses, including those to cold, salinity and drought stress (Liu et al., 2012).

Plants are severely affected when exposed to excessive salinity because it causes a wide range of
physiological, biochemical and molecular alterations (Tester and Davenport, 2003; Khan et al.,
2009). Drought harms cell division and expansion, root elongation, leaf size, root proliferation and

shoot development suppression in crop plants (Sharp et al., 2004; Yamaguchi et al., 2010).

Drought causes an increase in the production of ROS as a result of changes in electron
transportation pathways (Asada, 2006; Waraich et al., 2011). Whereas plants have an abundance
of mechanisms to combat increased ROS levels during abiotic stress conditions, plants appear to
purposefully generate ROS as signalling molecules to control various processes such as pathogen
defence, programmed cell death and stomatal behaviour (Apel and Hirt, 2004; Miller et al., 2010).
While ROS have the potential to cause oxidative damage to cells in response to environmental
stresses, recent research has shown that ROS play an important role in plants as signal transduction
molecules involved in mediating responses to pathogen infection, environmental stresses,
programmed cell death and various developmental stimuli (Mittler et al., 2004; Torres and Dangl

2005; Qamer et al., 2021).

Plants under abiotic stress can allocate resources differently, potentially affecting the distribution
of Fe within the plant (Bisht et al., 2023). Mineral nutrition enhances plant resistance to
environmental stresses. Environmental stress factors raise the risk of photooxidative damage in
chloroplasts by restricting the use of absorbed light energy in photosynthesis. The
deficient mineral nutritional status of plants under stress environmental conditions can exacerbate
photooxidative damage and limit plant performance because a sufficient supply of mineral
nutrients is essential for the maintenance of photosynthetic electron transport and carbon
metabolism (Cakmak, 2005). Stress-induced changes in plant root architecture and physiology can

impact the uptake of Fe (Mata-Pérez et al., 2023).

Fe regulates the adverse effects of salinity, drought and heavy metals by controlling the redox

status of the cell and the antioxidant defence system (Chakrabarty et al., 2016; Tripathi et al.,
168


https://jcottonres.biomedcentral.com/articles/10.1186/s42397-021-00086-4#ref-CR53

2018). Overall, these results provide new insights into the molecular mechanisms underlying stress
responses in sorghum and could have implications for the development of crops that are more

resilient to environmental stress.

Zn

The first SNP located on chromosome 1 and linked to Zn content, was located within the
Sobic.001G258400 gene, which is also known as the glutaredoxin-C6 protein. Glutaredoxins are
small proteins that play a role in redox signalling and antioxidant defence in cells. Sousa et al.
(2019) reported that glutaredoxins are enzymes that play an important role in the regulation of
cellular redox balance. Glutaredoxins are involved in the maintenance of protein thiol-disulfide
homeostasis and are critical for several cellular processes, including DNA synthesis and repair and
metabolism. Cellular redox detected using fluorescent redox biosensors will aid in the
understanding of redox-regulated physiological and pathophysiological processes in plants (Li,

2014; Matsui et al., 2020).

It is important to note that the functioning of the glutaredoxin-C6 protein may depend on the Zn
concentration. Zn is an essential nutrient, which plays an important role in many cellular processes,
including the proper folding and activity of proteins. Therefore, the expression of the gene may be
influenced by the availability of Zn in the plant's environment. The role of Zn in the function of
glutaredoxins is complex and both high and low concentration of Zn can affect their activity. Zn
ions are essential cofactors for some glutaredoxin isoforms and play a role in stabilising the protein
structure and facilitating catalytic activity. However, excessive levels of Zn can lead to oxidative
stress and can disrupt the redox balance in cells (Cuypers et al., 2001). Plants may regulate Zn
content and distribution as part of their antioxidant defence mechanisms to mitigate oxidative
stress. Lin and Arts (2012) reported that plant responses to heavy metals are molecularly regulated
through a mechanism known as metal homeostasis, which also regulates the metal-induced ROS
signalling pathway. ROS production and signalling are crucial in heavy metal detoxification and

tolerance.

The second SNP S03 2052347 is near the Sobic.003G023500 gene. This putative gene encodes

for proteins belonging to the family of zinc finger proteins, namely Os06g0116300. The function
169



of these proteins has not yet been fully characterised or confirmed in sorghum. However, based on
the available information, it is predicted to be related to the Os06g0116300 protein in rice, which
are involved in Zn transport (Nawaz et al., 2014). Overall, the Os06g0116300 protein is an
important component of Zn uptake and homeostasis in rice plants, which is also important for plant

growth and development, as well as the nutritional quality of sorghum grains.

ZNFs are involved in a variety of cellular processes, including DNA binding, transcriptional
regulation and protein-protein interactions (Cassandri et al., 2017). This protein is involved in the
transport of Zn from the soil into root cells, as well as the distribution of Zn within the plant. In
addition, it is also involved in the regulation of Zn homeostasis, ensuring that Zn levels are
maintained within optimal ranges in different plant tissues (Shanmugam et al., 2011) and has been
shown to play a role in regulating the expression of genes involved in Zn uptake and transport in
sorghum. These proteins are localised in the plasma membrane and play roles in regulating Zn
homeostasis in plants. Several new zinc finger protein family transporter genes have been
identified in Saccharomyces cerevisiae and Arabidopsis thaliana, where they appear to play a role
in Zn ion uptake (Eng et al., 1998). Zn is also involved in many important processes, such as DNA
synthesis, protein synthesis and hormone regulation. Deficiencies in Zn can result in stunted
growth, leaf chlorosis and reduced root development. It is important to maintain proper levels of
Zn in soil and fertiliser applications to ensure optimal plant growth and development. Therefore,
genes involved in Zn transport are crucial for plant growth and development (Tripathi et al., 2015;

Arif et al., 2022).

Two SNPs linked to Zn content were identified on chromosome 8 and were located in the
Sobic.008G110200 and Sobic.008G071050 genes, respectively. The Sobic.008G110200 gene is a
putative gene in the sorghum genome that encodes a protein with sequence similarity to the pollen-
specific protein SF3 found specifically in pollen cells and is involved in regulating gene expression
during pollen development (Sari-Gorla and Pe, 1999). Many studies have investigated the
significance of putative transcriptional regulators and their expression patterns in the developing
male gametophyte (or pollen grain) and related pollen functions, such as pollen tube growth and
fertilisation in sunflowers (Steinmetz et al., 1993), Chinese white pear (Zhou et al., 2016) and

cultivated tobacco (Sweetman, 1996). The Sobic.008G071050 gene was predicted to encode a
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protein similar to the 3' exoribonuclease family, domain 1 containing protein. The 3'
exoribonuclease family of proteins is involved in the degradation and processing of RNA
molecules in cells (Andrade et al., 2009; Labno et al., 2016). These proteins function as
exonucleases enzymes that catalyse the removal of nucleotides from the 3' end of RNA molecules,
playing a critical role in regulating gene expression and RNA metabolism (Andrade et al., 2009).
Zn ions serve as cofactors for certain enzymes, including exonucleases, and play a crucial role in
their catalytic function (Hou et al., 2021; Wang et al., 2023). Therefore, Zn directly influences

RNA metabolism through its interactions with RNA-binding proteins and enzymes.

Various studies identified SNPs and candidate genes on the same chromosomes 1, 3 and 8, which
corresponded to the current study. Kamal et al. (2023) found SNPs and candidate genes on
chromosomes 1, 3 and 8 for Zn concentration in sorghum accessions. A computer-based
investigation found 77 candidate genes for Fe and Zn homeostasis; chromosome 1 had the highest
number of genes (24) and chromosome 8 the least (Anuradha et al., 2013). However, Shakoor et
al. (2016) identified SNPS 7 6880986 and candidate gene Sobic.007G064900 situated on

chromosome 7 for Zn concentration in sorghum.

6.6 Conclusions

Sorghum is an important cereal crop in Ethiopia and understanding the genetic factors that
influence the accumulation of ash, Fe and Zn in sorghum grains can help breeders develop varieties
with improved nutritional quality. The findings of this GWAS study on the sorghum landrace
collection provide important insights into the genetic basis of mineral content in sorghum, which
could be used to develop new sorghum varieties with higher mineral contents. The GWAS
involved genotyping the sorghum landrace collections using a high-density array of genetic
markers and analysing the association between these markers and the levels of ash, Fe and Zn in

the grains.

The study may have identified specific candidate genes or regions of the genome associated with
higher or lower levels of these minerals. Candidate genes Sobic.002G266800, Sobic.007G193500
and Sobic.008G068300 were found to be significantly associated with ash. The Sobic.002G266800

gene plays a role in the biosynthesis of flavonoid glycosides in sorghum, which in turn contributes
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to the plant's pigmentation and defence strategies. The Sobic.007G 193500 and Sobic.008G068300
genes are annotated as teosinte glume architecturel (tgal) and s05g0278500, respectively; both
genes have a role in the development and influence of grain glume structure, composition and
features, as well as grain processing and nutritional quality. The Sobic.005G177500 and
Sobic.010G218500 genes, significantly linked to Fe content, encodes the Os05g0247500 and bZIP
transcription factors protein, respectively, both genes are in involved in various biotic and abiotic
stress responses. GWAS using multiple models, detected genes across environments linked to Zn

content encoded proteins from the ZNF family, which are involved in Zn ion uptake and transport.

A higher number of SNPs linked to Fe and Zn content were detected in Jimma (wet intermediate)
and Melkassa (irrigated) than in the other test environment Miesso (stress), providing insight into
the influence of environmental and growing conditions on sorghum micronutrient concentration.
Once such genomic variants have been identified, they should be used frequently to search for
nearby variants that contribute directly to the traits. Researchers use fine-mapping and deep
sequencing techniques to discover the exact functional variants responsible for the target traits and
the biological pathways involved. This could include investigating the expression patterns of these
genes under various environments, determining their regulatory targets and investigating their

interactions with other genes and proteins.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The use of BLUP allows for providing a reliable means of estimating genetic values while
accounting for environmental variations. The study revealed significant genetic diversity among
Ethiopian sorghum landraces in terms of GY and other agronomic traits. This diversity is
promising for variety development efforts, suggesting the potential to select high-yielding
landraces for further improvement and incorporation into breeding programs. Despite the
identification of promising landraces for drought tolerance, the study highlights the negative
impact of drought stress on the yield of these identified genotypes. The inverse relationships
observed between GY and traits such as HLP, DTF and DTM suggest that early maturing
genotypes may exhibit higher GY, especially in stress-prone areas. This information is important
for selecting genotypes that combine early maturity with high GY under stress conditions,
emphasizing the need for continued research and breeding efforts to enhance drought resilience in

sorghum varieties.

Furthermore, the study demonstrated the significant influence of environmental conditions on the
nutritional composition of sorghum grains. Stress environments led to lower starch content but
higher protein content compared to wet intermediate environments. Notably, wet intermediate
environments exhibited higher mineral concentrations in grains compared to irrigated and stress
environments. This dynamic response of sorghum to different environmental stresses emphasised

the importance of understanding and adapting to diverse conditions.

The GGE biplot analysis allows for the examination of the relative stability and performance of
genotypes across environments. This analysis identified specific genotypes with both high and
stable starch, protein, Fe and Zn content. Such genotypes are valuable for breeding programmes
aiming to develop varieties with consistent nutritional quality across diverse conditions. The

positive relationship between Fe and Zn content provides an opportunity for concurrent selection
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to improve the nutritional quality of sorghum grains, particularly addressing micronutrient

deficiencies in regions where sorghum is a dietary staple.

Moreover, GWAS mapping using Ethiopian sorghum landrace accessions successfully identified
SNPs associated with key grain quality traits, including starch, amylose, protein, ash, Fe and Zn
content. Several tightly linked genes involved in stress tolerance, sugar transport, biosynthesis,
gene regulation and transcription factors were implicated in the regulation of these traits. Five
novel loci associated with major effects on sorghum starch biosynthesis have been identified. The
genes linked starch content to these loci play diverse roles in plant growth, stress response, sugar
transport and storage compound synthesis. Specific candidate genes Sobic.009G033500 and
Sobic.009G033400 linked with protein content, encoding proteins similar to Class III peroxidase
precursors, may contribute to plant defence mechanisms. The three genes Sobic.002G266800,
Sobic.007G 193500 and Sobic.008G068300, were significantly associated with ash content. These
genes play roles in flavonoid glycoside biosynthesis, teosinte glume architecture (tgal) and
processes influencing grain glume structure, composition and nutritional quality. Genes like
Sobic.005G177500 and Sobic.010G218500, linked to Fe content, encode proteins involved in
biotic and abiotic stress responses. The SNPs associated with Zn content were found on

chromosomes 1, 3 and 8. Understanding the chromosomal locations of these genetic markers is

essential for further genetic studies and breeding programs.

The variation in the number of SNPs linked to Fe and Zn content across different environments
Jimma (wet intermediate), Melkassa (irrigated) and Miesso (stress) suggests a notable influence
of environmental and growing conditions on sorghum micronutrient concentration. The higher
number of SNPs in wet intermediate and irrigated environments compared to stress environments

highlights the importance of considering these factors in sorghum breeding programs.

Overall, the study provided valuable insights into the genetic basis of grain quality traits in
Ethiopian sorghum landraces, contributing to the development of improved sorghum varieties with
enhanced grain quality. These findings have practical implications for sorghum breeding

programmes, addressing the nutritional needs of populations in diverse environments.
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The recommendations resulting from this study emphasise a multifaceted approach to enhancing
the adaptability and resilience of sorghum crops in diverse environments. This includes further
evaluation through targeted breeding efforts and the consideration of agroecological factors. The
study's findings offer valuable insights for sorghum breeding programs, suggesting strategies for

the selection of genotypes with early maturity, high yield and desirable nutritional profiles.

In order to assess the adaptability of sorghum genotypes across diverse agroecological conditions,
high-performing genotypes, such as G189, G210, G125, G324, G269, G192, G353, G319, G219,
G187 and G229, should undergo thorough evaluation in multi-location trials. Similarly, genotypes
identified with both high and stable starch, protein, Fe and Zn content, including G246, G84, G4,
G175, G218, G43, G161, G137, G142 and G264, are deemed promising candidates for further
evaluation and integration into breeding programs, particularly for their potential to provide

nutritional stability across diverse agroecological zones.

Furthermore, breeding efforts should prioritise the development of sorghum varieties
demonstrating adaptability to various environmental conditions, with a specific focus on stress
environments. It is recommended to incorporate identified genetic markers, including SNPs and
candidate genes, into sorghum breeding programmes to expedite the development of varieties with
improved nutritional quality and processing characteristics. Sensitivity analyses should be
conducted to assess the stability of SNP-trait associations across diverse environmental conditions,

acknowledging the crucial role of different environments in trait variation.

Fine-mapping techniques and deep sequencing are advised to pinpoint exact functional variants
responsible for target traits, providing a comprehensive understanding of regulatory mechanisms
and gene interactions under various environmental conditions. Additionally, the continuation of
GWAS is essential to uncover additional genetic factors influencing starch, amylose, protein, ash,
Fe and Zn content. Leveraging recent advances in genomics, bioinformatics and high-throughput
phenotypic screening techniques is encouraged for ongoing and future sorghum breeding
programs, as these cutting-edge technologies can enhance the efficiency and precision of breeding

efforts.
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Finally, the validation and functional characterization of identified SNPs and candidate genes are
recommended to further advance the understanding and utilization of these genetic factors in

sorghum improvement.
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Appendices

Appendix 1. Data on monthly temperatures and rainfall for two consecutive seasons (2020 and 2021)

Melkassa Jimma Miesso
Year Month Rainfall _Temperature °C Rainfall _Temperature °C Rainfall _Temperature °C

(mm) Minimum Maximum Mean (mm) Minimum Maximum Mean (mm) Minimum Maximum Mean
2020  January 0.20 12.40 27.10 19.70  28.70 9.50 27.30 18.40  0.00 13.80 28.00 20.90
2020 February 0.00 15.00 30.20 22.60  38.40 9.50 28.90 19.20 1.20 14.80 30.40 22.60
2020 March 83.00 16.10 32.20 2420  35.00 8.90 29.30 19.10 5.70 17.40 32.50 24.95
2020  April 84.40 16.30 31.00 23.70  33.70 10.60 28.00 19.30  176.60 18.50 30.60 24.55
2020 May 45.90 16.40 30.80 23.60 105.60 9.70 26.90 18.30  83.10 18.40 32.00 25.20
2020  June 183.50 17.40 29.90 23.70  154.20 10.30 28.00 19.10 4430 18.90 33.70 26.30
2020  July 327.70 15.60 24.70 20.10 119.40 10.00 26.90 18.50  225.50 18.00 29.70 23.85
2020  August 304.50 15.00 23.70 19.40 150.90 10.40 26.50 18.50 198.60 18.80 29.30 24.05
2020 September  54.40 16.00 27.60 21.80 162.60 9.90 25.90 17.90  69.50 16.50 29.90 23.20
2020 October 1.50 10.70 29.70 20.20  210.20 10.10 27.30 18.70  6.00 12.70 31.80 22.25
2020 November 0.00 10.90 28.80 1990 217.30 10.30 28.70 19.50 14.50 12.20 30.10 21.15
2020 December  0.00 9.40 28.20 18.80 273.80 9.80 27.50 18.70  0.70 10.80 29.00 19.90
2021  January 0.00 9.90 28.40 1920 349.20 9.80 26.80 18.30  0.00 9.70 27.90 18.80
2021  February 33.70 12.30 28.50 2040 115.40 10.60 27.50 19.10 0.00 12.80 29.60 21.20
2021 March 0.00 15.50 32.60 24.00 38.70 10.40 28.00 19.20  9.80 14.30 32.70 23.50
2021  April 76.20 15.70 32.40 2410  3.30 10.70 28.30 19.50 101.80 17.20 32.60 24.90
2021 May 28.30 16.70 31.40 2410 173.50 11.00 27.80 19.40 135.90 17.40 31.20 24.30
2021  June 40.20 17.10 32.50 2480 179.00 12.10 28.30 20.20  0.00 18.70 34.00 26.35
2021  July 91.50 16.40 26.00 21.20  300.20 11.90 27.50 19.70  163.80 18.40 28.80 23.60
2021  August 238.60 15.90 27.80 21.90 182.20 11.80 26.70 19.30  95.60 17.80 29.90 23.85
2021  September  69.40 15.40 27.60 21.50  316.00 11.50 26.00 18.70  69.90 17.00 29.50 23.25
2021 October 51.70 12.00 28.60 20.30  169.10 11.10 26.10 18.60 51.90 13.80 30.60 22.20
2021 November 12.40 10.60 29.40 20.00 266.80 10.40 27.40 18.90 0.00 10.70 30.80 20.75
2021 December  0.00 10.00 28.60 1930  166.80 10.70 28.30 19.50 - - - -
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Appendix 2. The stress tolerance indices of 356 sorghum landraces are based on grain yield.

Code Genotype Yo Ys TOL MP GMP YSI SSI STI
Gl Adukar 5191 31.54 20.37 41.72 40.46 0.61 0.88 0.42
G2 Assosa-1 57.20 33.05 24.15 45.12 43.48 0.58 0.95 0.49
G3 B35 48.79 31.72 17.07 40.25 39.34 0.65 0.78 0.40
G4 Bonsa 62.92 34.86 28.07 48.89 46.83 0.55 1.00 0.57
G5 Dagim 57.69 32.56 25.13 45.13 43.34 0.56 0.98 0.49
G6 DS10 79.56 47.12 3245 63.34 61.23 0.59 0.91 0.97
G7 ETSL100005 62.29 28.68 33.61 45.48 42.26 0.46 1.21 0.46
G8 ETSL100007 66.01 31.16 34.85 48.59 4535 0.47 1.18 0.53
G9 ETSL100016 74.02 38.88 35.14 56.45 53.64 0.53 1.06 0.75
G10 ETSL100020 56.82 42.45 14.36 49.63 49.11 0.75 0.57 0.62
Gl1 ETSL100022 62.12 34.42 27.70 48.27 46.24 0.55 1.00 0.55
GI12 ETSL100023 55.81 37.26 18.55 46.54 45.60 0.67 0.75 0.54
Gl13 ETSL100025 58.43 32.48 25.94 45.46 43.57 0.56 1.00 0.49
Gl4 ETSL100030 61.54 35.36 26.17 48.45 46.65 0.57 0.95 0.56
Gl15 ETSL100034 53.55 33.95 19.61 43.75 42.64 0.63 0.82 0.47
Gl6 ETSL100039 60.93 30.13 30.79 45.53 42.85 0.49 1.13 0.48
G17 ETSL100040 58.97 34.15 24.82 46.56 44.88 0.58 0.94 0.52
Gl18 ETSL100044 36.00 25.59 10.41 30.80 30.35 0.71 0.65 0.24
G19 ETSL100046 69.23 3145 37.78 50.34 46.66 0.45 1.22 0.56
G20 ETSL100048 58.63 31.94 26.69 45.28 43.27 0.54 1.02 0.49
G21 ETSL100060 61.16 32.02 29.14 46.59 4426 0.52 1.07 0.51
G22 ETSL100062 5891 29.32 29.59 44.12 41.56 0.50 1.13 0.45
G23 ETSL100063 61.44 29.54 3191 45.49 42.60 0.48 1.16 0.47
G24 ETSL100064 55.67 31.43 24.24 43.55 41.83 0.56 0.98 0.45
G25 ETSL100066 55.47 27.99 27.48 41.73 39.40 0.50 1.11 0.40
G26 ETSL100068 54.17 32.00 22.17 43.09 41.64 0.59 0.92 0.45
G27 ETSL100072 57.20 30.87 26.33 44.03 42.02 0.54 1.03 0.46
G28 ETSL100078 55.78 28.90 26.89 42.34 40.15 0.52 1.08 0.42
G29 ETSL100079 68.39 34.90 33.49 51.64 48.85 0.51 1.10 0.62
G30 ETSL100090 48.75 25.63 23.13 37.19 35.35 0.53 1.06 0.32
G31 ETSL100091 63.51 34.45 29.07 48.98 46.77 0.54 1.03 0.57
G32 ETSL100093 57.66 24.90 32.76 41.28 37.89 0.43 1.27 0.37
G33 ETSL100096 61.57 28.25 33.32 4491 41.70 0.46 1.21 0.45
G34 ETSL100100 61.35 31.24 30.11 46.29 43.78 0.51 1.10 0.50
G35 ETSL100105 64.97 34.57 30.40 49.77 47.39 0.53 1.05 0.58
G36 ETSL100107 45.02 28.60 16.42 36.81 35.88 0.64 0.82 0.33
G37 ETSL100112 54.52 34.28 20.24 44 .40 43.23 0.63 0.83 0.48
G38 ETSL100120 62.42 35.84 26.59 49.13 47.30 0.57 0.96 0.58
G39 ETSL100121 57.94 3342 24.52 45.68 44.01 0.58 0.95 0.50
G40 ETSL100127 54.70 32.72 21.98 43.71 4231 0.60 0.90 0.46
G41 ETSL100141 62.10 2391 38.19 43.00 38.53 0.38 1.38 0.38
G42 ETSL100149 62.12 34.42 27.70 48.27 46.24 0.55 1.00 0.55
G43 ETSL100150 60.05 38.92 21.13 49.49 48.35 0.65 0.79 0.61
G44 ETSL100152 54.76 29.66 25.09 4221 40.30 0.54 1.03 0.42
G45 ETSL100167 58.34 30.29 28.05 4431 42.03 0.52 1.08 0.46
G46 ETSL100169 71.26 38.96 32.30 55.11 52.69 0.55 1.02 0.72
G47 ETSL100170 69.65 39.22 3043 54.44 52.27 0.56 0.98 0.71
G48 ETSL100178 48.49 26.37 22.12 37.43 35.76 0.54 1.02 0.33
G49 ETSL100181 60.22 36.81 23.41 48.51 47.08 0.61 0.87 0.57
G50 ETSL100184 57.89 36.93 20.96 47.41 46.24 0.64 0.81 0.55
G51 ETSL100192 51.64 27.64 24.00 39.64 37.78 0.54 1.04 0.37
G52 ETSL100198 53.60 30.41 23.19 42.01 40.38 0.57 0.97 0.42
G353 ETSL100200 67.43 35.07 32.36 51.25 48.63 0.52 1.08 0.61
G54 ETSL100204 47.74 24.06 23.68 35.90 33.89 0.50 1.11 0.30
G55 ETSL100214 64.59 28.21 36.38 46.40 42.68 0.44 1.26 0.47
G56 ETSL100233 69.23 35.55 33.68 52.39 49.61 0.51 1.09 0.64
G57 ETSL100234 56.05 29.77 26.28 4291 40.85 0.53 1.05 0.43
G58 ETSL100238 53.07 23.78 29.29 38.43 35.53 0.45 1.24 0.33
G59 ETSL100246 43.64 27.94 15.71 35.79 34.92 0.64 0.81 0.32
G60 ETSL100249 43.88 22.84 21.04 33.36 31.66 0.52 1.08 0.26
G61 ETSL100250 62.14 27.09 35.05 44.62 41.03 0.44 1.26 0.44
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G62
G63
Go64
G65
G66
G67
G68
G69
G70
G71
G72
G73
G74
G75
G76
G77
G78
G79
G80
G81
G82
G83
G84
G85
G86
G87
G88
G89
G90
GI1
G92
G93
GY%4
G95
G96
G97
G98
G99
G100
G101
G102
G103
G104
G105
G106
G107
G108
G109
G110
G111
G112
G113
G114
G115
G116
G117
G118
G119
G120
G121
G122
G123
G124
G125

ETSL100267
ETSL100275
ETSL100284
ETSL100286
ETSL100292
ETSL100297
ETSL100303
ETSL100307
ETSL100310
ETSL100315
ETSL100328
ETSL100332
ETSL100340
ETSL100349
ETSL100350
ETSL100353
ETSL100365
ETSL100366
ETSL100367
ETSL100388
ETSL100392
ETSL100400
ETSL100406
ETSL100408
ETSL100409
ETSL100417
ETSL100419
ETSL100427
ETSL100428
ETSL100430
ETSL100431
ETSL100432
ETSL100436
ETSL100438
ETSL100443
ETSL100444
ETSL100445
ETSL100450
ETSL100465
ETSL100474
ETSL100476
ETSL100485
ETSL100488
ETSL100491
ETSL100492
ETSL100494
ETSL100502
ETSL100529
ETSL100539
ETSL100544
ETSL100550
ETSL100560
ETSL100561
ETSL100565
ETSL100568
ETSL100575
ETSL100584
ETSL100587
ETSL100593
ETSL100619
ETSL100620
ETSL100634
ETSL100638
ETSL100639

40.58
47.02
55.12
75.11
68.73
50.99
66.31
80.11
68.04
83.83
71.12
54.63
70.52
50.62
67.18
55.43
56.08
62.12
58.27
43.34
59.17
75.31
76.82
63.28
61.65
56.02
51.09
63.73
58.59
57.50
64.28
56.92
53.89
54.80
53.25
75.63
50.48
63.47
64.34
62.57
50.03
53.37
71.08
54.90
54.42
75.22
60.46
74.68
67.02
47.36
52.25
57.88
74.46
70.69
57.17
61.56
59.84
57.32
69.03
77.62
73.09
61.36
58.29
88.52

2291
33.03
34.19
37.55
47.08
34.66
40.22
42.38
30.83
40.02
43.88
33.75
39.22
3547
45.90
32.95
37.97
34.42
33.51
26.95
31.46
42.56
47.50
35.55
34.46
35.95
31.26
41.39
29.89
34.14
31.99
34.93
26.97
30.07
24.88
32.05
31.48
33.84
24.85
3597
19.85
24.08
32.15
19.22
23.75
32.75
28.81
45.85
43.32
33.03
25.79
34.02
41.09
36.00
32.50
35.79
31.60
30.67
36.56
49.70
41.01
31.33
38.74
53.86

17.68
13.98
20.93
37.56
21.65
16.32
26.09
37.73
37.21
43.81
27.24
20.88
31.30
15.15
21.28
22.49
18.11
27.70
24.75
16.39
27.71
32.75
29.32
27.73
27.19
20.07
19.83
2234
28.70
23.36
32.29
21.99
26.93
24.73
28.37
43.58
19.01
29.63
39.50
26.60
30.18
29.28
38.94
35.68
30.67
42.47
31.65
28.83
23.70
14.33
26.46
23.85
33.37
34.69
24.66
25.77
28.24
26.65
3247
27.92
32.08
30.02
19.55
34.66
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31.74
40.03
44.66
56.33
57.90
42.83
53.26
61.25
49.43
61.93
57.50
44.19
54.87
43.05
56.54
44.19
47.02
48.27
45.89
35.14
45.32
58.94
62.16
49.41
48.06
45.98
41.17
52.56
44.24
45.82
48.13
4593
40.43
42.44
39.07
53.84
40.98
48.66
44.59
49.27
34.94
38.73
51.61
37.06
39.09
53.98
44.63
60.27
55.17
40.19
39.02
45.95
57.71
53.34
4484
48.67
45.72
44.00
52.80
63.66
57.05
46.35
48.52
71.19

30.49
39.41
4341
53.11
56.88
42.04
51.64
58.27
45.80
57.92
55.86
42.94
52.59
42.37
55.53
42.74
46.14
46.24
44.19
34.17
43.15
56.62
60.41
4743
46.09
44.88
39.96
51.36
41.84
4431
45.35
44.59
38.13
40.59
36.40
49.24
39.86
46.35
39.98
47.44
31.51
35.85
47.80
32.49
35.95
49.63
41.73
58.52
53.88
39.55
36.71
44.38
55.31
50.45
43.11
46.94
43.49
41.93
50.24
62.11
54.75
43.85
47.52
69.05

0.56
0.70
0.62
0.50
0.69
0.68
0.61
0.53
0.45
0.48
0.62
0.62
0.56
0.70
0.68
0.59
0.68
0.55
0.58
0.62
0.53
0.57
0.62
0.56
0.56
0.64
0.61
0.65
0.51
0.59
0.50
0.61
0.50
0.55
0.47
0.42
0.62
0.53
0.39
0.57
0.40
0.45
0.45
0.35
0.44
0.44
0.48
0.61
0.65
0.70
0.49
0.59
0.55
0.51
0.57
0.58
0.53
0.54
0.53
0.64
0.56
0.51
0.66
0.61

0.98
0.67
0.85
1.12
0.71
0.72
0.88
1.06
1.23
1.17
0.86
0.86
1.00
0.67
0.71
0.91
0.72
1.00
0.95
0.85
1.05
0.98
0.86
0.98
0.99
0.80
0.87
0.79
1.10
0.91
1.13
0.87
1.12
1.01
1.19
1.29
0.84
1.05
1.38
0.95
1.35
1.23
1.23
1.46
1.26
1.27
1.17
0.87
0.79
0.68
1.14
0.92
1.01
1.10
0.97
0.94
1.06
1.04
1.05
0.81
0.98
1.10
0.75
0.88

0.24
0.40
0.49
0.73
0.84
0.46
0.69
0.88
0.54
0.87
0.81
0.48
0.72
0.47
0.80
0.47
0.55
0.55
0.51
0.30
0.48
0.83
0.95
0.58
0.55
0.52
0.41
0.68
0.45
0.51
0.53
0.52
0.38
0.43
0.34
0.63
0.41
0.56
0.41
0.58
0.26
0.33
0.59
0.27
0.33
0.64
0.45
0.89
0.75
0.41
0.35
0.51
0.79
0.66
0.48
0.57
0.49
0.46
0.65
1.00
0.78
0.50
0.59
1.24



G126
G127
G128
G129
G130
G131
G132
G133
G134
G135
G136
G137
G138
G139
G140
G141
G142
G143
G144
G145
G146
G147
G148
G149
G150
G151
G152
G153
G154
G155
G156
G157
G158
G159
G160
Glel
Gl62
G163
G164
G165
G166
G167
G168
G169
G170
G171
G172
G173
G174
G175
G176
G177
G178
G179
G180
G181
G182
G183
G184
G185
G186
G187
G188
G189

ETSL100642
ETSL100644
ETSL100648
ETSL100651
ETSL100661
ETSL100666
ETSL100667
ETSL100669
ETSL100683
ETSL100689
ETSL100699
ETSL100702
ETSL100707
ETSL100716
ETSL100720
ETSL100722
ETSL100735
ETSL100739
ETSL100745
ETSL100751
ETSL100761
ETSL100763
ETSL100768
ETSL100771
ETSL100782
ETSL100785
ETSL100786
ETSL100792
ETSL100797
ETSL100798
ETSL100801
ETSL100805
ETSL100808
ETSL100813
ETSL100825
ETSL100834
ETSL100837
ETSL100841
ETSL100842
ETSL100851
ETSL100861
ETSL100862
ETSL100863
ETSL100867
ETSL100872
ETSL100874
ETSL100876
ETSL100877
ETSL100888
ETSL100889
ETSL100890
ETSL100893
ETSL100895
ETSL100898
ETSL100900
ETSL100902
ETSL100916
ETSL100919
ETSL100921
ETSL100928
ETSL100945
ETSL100951
ETSL100953
ETSL100956

60.99
70.41
65.11
62.12
59.33
68.71
55.80
52.80
53.88
64.12
56.62
42.22
63.29
55.92
66.20
41.46
58.26
83.04
61.43
60.87
68.00
62.82
63.33
58.54
50.18
73.94
63.55
62.79
68.99
64.42
46.77
46.58
59.54
73.92
55.60
59.46
56.60
53.81
43.19
62.29
63.83
72.16
74.79
57.96
47.12
48.07
75.14
50.79
46.60
60.29
45.92
62.75
58.07
67.67
61.70
73.21
72.48
73.43
64.39
71.32
76.88
88.05
79.77
94.27

39.88
41.60
38.96
34.42
37.61
44.65
43.87
29.89
39.68
37.40
18.27
27.52
31.34
32.48
36.14
29.89
32.44
45.78
33.70
32.75
38.65
30.54
33.35
33.92
31.88
35.82
35.30
37.16
36.00
38.25
22.14
29.32
30.97
35.01
25.89
28.58
34.63
33.43
2791
29.05
36.52
37.13
35.82
31.27
30.55
28.02
43.75
30.55
33.55
3249
29.21
35.25
33.48
34.30
35.90
44.94
3421
38.27
41.49
37.17
40.96
48.83
47.34
54.11

21.11
28.81
26.14
27.70
21.72
24.07
11.93
2291
14.20
26.73
38.34
14.70
31.94
23.44
30.06
11.57
25.82
37.25
27.73
28.11
29.35
32.28
29.97
24.62
18.30
38.12
28.25
25.63
32.99
26.16
24.64
17.26
28.57
38.91
29.72
30.88
21.96
20.39
15.28
33.24
27.31
35.03
38.97
26.69
16.58
20.04
31.39
20.24
13.05
27.80
16.71
27.51
24.59
33.38
25.81
28.27
38.26
35.16
22.90
34.15
35.92
39.22
3243
40.17
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50.43
56.00
52.03
48.27
48.47
56.68
49.84
41.35
46.78
50.76
37.44
34.87
47.31
44.20
51.17
35.67
45.35
64.41
47.57
46.81
53.32
46.68
48.34
46.23
41.03
54.88
49.42
49.98
52.49
51.33
34.45
37.95
45.26
54.46
40.74
44.02
45.62
43.62
35.55
45.67
50.17
54.65
55.31
44.62
38.83
38.04
59.44
40.67
40.08
46.39
37.56
49.00
45.77
50.98
48.80
59.08
53.35
55.85
52.94
54.25
58.92
68.44
63.56
74.19

49.31
54.12
50.37
46.24
47.23
55.39
49.48
39.73
46.24
48.97
32.16
34.09
44.54
42.61
48.91
35.20
43.48
61.66
45.50
44.65
51.27
43.80
45.96
44.56
39.99
51.46
47.36
48.31
49.83
49.64
32.18
36.96
42.94
50.87
37.94
41.22
44.27
42.41
34.72
42.54
48.28
51.76
51.76
42.57
37.94
36.70
57.33
39.39
39.54
44.26
36.62
47.03
44.09
48.17
47.06
57.36
49.80
53.01
51.69
51.49
56.11
65.57
61.45
71.42

0.65
0.59
0.60
0.55
0.63
0.65
0.79
0.57
0.74
0.58
0.32
0.65
0.50
0.58
0.55
0.72
0.56
0.55
0.55
0.54
0.57
0.49
0.53
0.58
0.64
0.48
0.56
0.59
0.52
0.59
0.47
0.63
0.52
0.47
0.47
0.48
0.61
0.62
0.65
0.47
0.57
0.51
0.48
0.54
0.65
0.58
0.58
0.60
0.72
0.54
0.64
0.56
0.58
0.51
0.58
0.61
0.47
0.52
0.64
0.52
0.53
0.55
0.59
0.57

0.78
0.92
0.90
1.00
0.82
0.79
0.48
0.97
0.59
0.93
1.52
0.78
1.13
0.94
1.02
0.63
0.99
1.01
1.01
1.04
0.97
1.15
1.06
0.94
0.82
1.16
1.00
0.92
1.07
0.91
1.18
0.83
1.08
1.18
1.20
1.16
0.87
0.85
0.79
1.20
0.96
1.09
1.17
1.03
0.79
0.94
0.94
0.89
0.63
1.03
0.82
0.98
0.95
1.11
0.94
0.87
1.18
1.07
0.80
1.07
1.05
1.00
0.91
0.96

0.63
0.76
0.66
0.55
0.58
0.79
0.63
0.41
0.55
0.62
0.27
0.30
0.51
0.47
0.62
0.32
0.49
0.99
0.54
0.52
0.68
0.50
0.55
0.51
0.41
0.69
0.58
0.60
0.64
0.64
0.27
0.35
0.48
0.67
0.37
0.44
0.51
0.47
0.31
0.47
0.60
0.69
0.69
0.47
0.37
0.35
0.85
0.40
0.41
0.51
0.35
0.57
0.50
0.60
0.57
0.85
0.64
0.73
0.69
0.69
0.82
1.11
0.98
1.32



G190
G191
G192
G193
G194
G195
G196
G197
G198
G199
G200
G201
G202
G203
G204
G205
G206
G207
G208
G209
G210
G211
G212
G213
G214
G215
G216
G217
G218
G219
G220
G221
G222
G223
G224
G225
G226
G227
G228
G229
G230
G231
G232
G233
G234
G235
G236
G237
G238
G239
G240
G241
G242
G243
G244
G245
G246
G247
G248
G249
G250
G251
G252
G253

ETSL100964
ETSL100970
ETSL100977
ETSL100978
ETSL100983
ETSL100985
ETSL101000
ETSL101001
ETSL101006
ETSL101014
ETSL101015
ETSL101019
ETSL101021
ETSL101023
ETSL101029
ETSL101038
ETSL101051
ETSL101056
ETSL101058
ETSL101059
ETSL101061
ETSL101074
ETSL101081
ETSL101084
ETSL101097
ETSL101101
ETSL101110
ETSL101114
ETSL101118
ETSL101127
ETSL101128
ETSL101138
ETSL101142
ETSL101160
ETSL101161
ETSL101163
ETSL101173
ETSL101180
ETSL101181
ETSL101190
ETSL101199
ETSL101206
ETSL101210
ETSL101215
ETSL101217
ETSL101218
ETSL101224
ETSL101225
ETSL101231
ETSL101232
ETSL101246
ETSL101247
ETSL101248
ETSL101249
ETSL101254
ETSL101255
ETSL101256
ETSL101258
ETSL101262
ETSL101270
ETSL101274
ETSL101277
ETSL101289
ETSL101292

80.46
62.12
87.01
55.47
55.55
53.80
48.13
64.73
80.38
70.80
70.40
83.62
55.11
78.04
74.89
59.99
62.22
62.55
62.16
59.74
88.20
74.53
50.30
60.56
70.21
58.54
68.20
53.83
63.24
86.54
72.40
62.52
55.55
61.62
70.27
47.94
69.08
73.92
62.51
87.59
71.22
61.21
60.65
52.08
58.49
53.61
53.68
47.40
58.25
45.78
58.88
54.96
68.68
56.97
47.51
71.09
78.24
59.61
61.80
67.14
51.17
48.21
73.34
48.55

50.71
34.42
45.78
32.68
35.32
31.36
31.20
35.17
37.70
36.65
37.00
47.56
36.16
43.95
35.06
3342
35.71
36.22
31.01
3242
55.52
34.10
31.24
39.60
40.31
30.24
43.04
29.70
42.06
50.52
37.28
37.01
28.13
33.24
36.89
27.93
38.84
36.98
45.04
48.85
37.00
3437
33.88
34.58
27.21
25.24
26.71
24.81
32.74
26.58
28.89
30.19
38.43
26.33
26.75
36.90
35.83
25.71
29.12
36.94
32.93
26.20
40.13
33.01

29.75
27.70
41.22
22.79
20.23
22.43
16.93
29.56
42.68
34.15
33.40
36.06
18.95
34.09
39.84
26.57
26.51
26.33
31.15
2732
32.69
40.43
19.07
20.97
29.90
28.31
25.16
24.13
21.17
36.02
35.13
25.51
2742
28.37
33.38
20.01
30.24
36.94
17.47
38.75
34.22
26.84
26.77
17.49
31.28
28.37
26.98
22.59
25.50
19.20
29.99
24.77
30.25
30.64
20.76
34.19
42.42
33.90
32.69
30.20
18.24
22.01
33.21
15.54
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65.59
48.27
66.40
44.07
45.44
42.58
39.67
49.95
59.04
53.73
53.70
65.59
45.63
61.00
54.98
46.71
48.97
49.38
46.58
46.08
71.86
54.31
40.77
50.08
55.26
44.39
55.62
41.77
52.65
68.53
54.84
49.77
41.84
47.43
53.58
37.93
53.96
55.45
53.78
68.22
54.11
47.79
47.26
43.33
42.85
39.43
40.20
36.11
45.49
36.18
43.88
42.57
53.55
41.65
37.13
54.00
57.04
42.66
45.46
52.04
42.05
37.21
56.74
40.78

63.88
46.24
63.12
42.57
44.30
41.08
38.75
47.72
55.05
50.94
51.04
63.06
44.64
58.57
51.24
44.78
47.14
47.60
43.90
44.01
69.98
50.41
39.64
48.97
53.20
42.07
54.18
39.99
51.57
66.12
51.95
48.10
39.53
45.26
50.92
36.59
51.80
52.28
53.06
65.41
51.34
45.87
45.33
42.44
39.89
36.79
37.87
34.29
43.67
34.88
41.24
40.73
51.37
38.73
35.65
51.22
52.95
39.15
42.42
49.80
41.05
35.54
54.25
40.04

0.63
0.55
0.53
0.59
0.64
0.58
0.65
0.54
0.47
0.52
0.53
0.57
0.66
0.56
0.47
0.56
0.57
0.58
0.50
0.54
0.63
0.46
0.62
0.65
0.57
0.52
0.63
0.55
0.67
0.58
0.51
0.59
0.51
0.54
0.53
0.58
0.56
0.50
0.72
0.56
0.52
0.56
0.56
0.66
0.47
0.47
0.50
0.52
0.56
0.58
0.49
0.55
0.56
0.46
0.56
0.52
0.46
0.43
0.47
0.55
0.64
0.54
0.55
0.68

0.83
1.00
1.06
0.92
0.82
0.94
0.79
1.02
1.19
1.08
1.06
0.97
0.77
0.98
1.19
0.99
0.96
0.94
1.12
1.03
0.83
1.22
0.85
0.78
0.96
1.08
0.83
1.01
0.75
0.93
1.09
0.92
1.11
1.03
1.07
0.94
0.98
1.12
0.63
0.99
1.08
0.98
0.99
0.75
1.20
1.19
1.13
1.07
0.98
0.94
1.14
1.01
0.99
1.21
0.98
1.08
1.22
1.28
1.19
1.01
0.80
1.02
1.02
0.72

1.06
0.55
1.03
0.47
0.51
0.44
0.39
0.59
0.79
0.67
0.67
1.03
0.52
0.89
0.68
0.52
0.58
0.59
0.50
0.50
1.27
0.66
0.41
0.62
0.73
0.46
0.76
0.41
0.69
1.13
0.70
0.60
0.40
0.53
0.67
0.35
0.70
0.71
0.73
1.11
0.68
0.55
0.53
0.47
0.41
0.35
0.37
0.30
0.49
0.32
0.44
0.43
0.68
0.39
0.33
0.68
0.73
0.40
0.47
0.64
0.44
0.33
0.76
0.42



G254
G255
G256
G257
G258
G259
G260
G261
G262
G263
G264
G265
G266
G267
G268
G269
G270
G271
G272
G273
G274
G275
G276
G277
G278
G279
G280
G281
G282
G283
G284
G285
G286
G287
G288
G289
G290
G291
G292
G293
G294
G295
G296
G297
G298
G299
G300
G301
G302
G303
G304
G305
G306
G307
G308
G309
G310
G311
G312
G313
G314
G315
G316
G317

ETSL101293
ETSL101297
ETSL101299
ETSL101305
ETSL101310
ETSL101312
ETSL101313
ETSL101316
ETSL101321
ETSL101323
ETSL101325
ETSL101335
ETSL101337
ETSL101346
ETSL101347
ETSL101353
ETSL101358
ETSL101362
ETSL101369
ETSL101388
ETSL101389
ETSL101396
ETSL101404
ETSL101408
ETSL101410
ETSL101416
ETSL101418
ETSL101431
ETSL101436
ETSL101443
ETSL101444
ETSL101445
ETSL101446
ETSL101451
ETSL101453
ETSL101459
ETSL101461
ETSL101464
ETSL101470
ETSL101477
ETSL101486
ETSL101491
ETSL101492
ETSL101506
ETSL101508
ETSL101512
ETSL101515
ETSL101523
ETSL101524
ETSL101527
ETSL101535
ETSL101536
ETSL101540
ETSL101550
ETSL101555
ETSL101556
ETSL101559
ETSL101561
ETSL101563
ETSL101564
ETSL101568
ETSL101571
ETSL101578
ETSL101586

54.73
46.74
50.08
75.66
62.06
67.17
60.92
57.41
56.96
54.97
46.32
47.89
75.51
67.93
56.19
87.88
50.31
66.84
57.11
74.46
52.36
72.31
71.79
51.79
61.12
59.20
77.72
58.51
73.44
68.98
71.15
57.78
65.09
50.59
50.73
58.48
55.72
81.43
76.13
86.20
45.67
47.35
38.82
61.05
66.88
51.28
73.28
54.99
60.91
65.60
56.28
50.34
64.43
72.15
57.27
60.50
44.01
47.02
50.18
61.59
69.31
59.86
65.82
61.14

32.10
28.72
29.85
4424
31.89
39.63
29.37
24.68
33.68
24.75
28.54
21.85
42.52
40.27
29.71
46.42
34.12
30.45
38.82
41.61
33.62
42.34
32.11
27.06
29.87
25.57
41.62
3241
35.23
37.44
39.65
33.18
35.62
26.75
2591
28.62
31.01
42.18
42.84
43.89
30.94
27.51
27.39
32.24
32.43
34.63
40.08
28.78
29.94
32.41
33.80
29.03
33.45
41.06
30.32
30.65
23.27
26.78
30.87
31.09
35.39
36.20
37.15
3245

22.62
18.02
20.23
31.42
30.17
27.54
31.55
32.73
23.28
30.22
17.79
26.04
32.99
27.66
26.48
41.46
16.19
36.38
18.29
32.84
18.74
29.97
39.68
24.73
31.25
33.63
36.10
26.10
38.21
31.55
31.50
24.60
29.47
23.84
24.82
29.85
24.72
39.25
33.29
42.32
14.73
19.84
11.44
28.82
34.45
16.65
33.20
26.21
30.97
33.19
22.48
21.31
30.98
31.09
26.95
29.84
20.73
20.24
19.31
30.50
3391
23.66
28.67
28.69
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43.42
37.73
39.97
59.95
46.97
53.40
45.14
41.04
45.32
39.86
37.43
34.87
59.02
54.10
42.95
67.15
4221
48.65
47.97
58.03
42.99
57.33
51.95
39.42
45.50
42.39
59.67
45.46
54.33
53.21
55.40
45.48
50.36
38.67
38.32
43.55
43.37
61.80
59.48
65.05
38.30
37.43
33.11
46.64
49.66
42.96
56.68
41.89
45.42
49.00
45.04
39.68
48.94
56.60
43.79
45.58
33.64
36.90
40.53
46.34
52.35
48.03
51.49
46.79

41.92
36.64
38.66
57.85
44.48
51.59
42.30
37.64
43.80
36.88
36.36
3235
56.67
52.30
40.86
63.87
41.43
45.12
47.09
55.66
41.95
55.33
48.01
37.44
42.73
3891
56.87
43.55
50.86
50.82
53.11
43.79
48.15
36.79
36.26
40.91
41.57
58.61
57.11
61.51
37.59
36.09
32.61
44.36
46.57
42.14
54.19
39.78
42.70
46.11
43.61
38.23
46.43
5443
41.67
43.06
32.00
3548
39.36
43.76
49.53
46.55
49.45
44.54

0.59
0.61
0.60
0.58
0.51
0.59
0.48
0.43
0.59
0.45
0.62
0.46
0.56
0.59
0.53
0.53
0.68
0.46
0.68
0.56
0.64
0.59
0.45
0.52
0.49
0.43
0.54
0.55
0.48
0.54
0.56
0.57
0.55
0.53
0.51
0.49
0.56
0.52
0.56
0.51
0.68
0.58
0.71
0.53
0.48
0.68
0.55
0.52
0.49
0.49
0.60
0.58
0.52
0.57
0.53
0.51
0.53
0.57
0.62
0.50
0.51
0.60
0.56
0.53

0.93
0.86
0.91
0.93
1.09
0.92
1.16
1.28
0.92
1.23
0.86
1.22
0.98
0.91
1.06
1.06
0.72
1.22
0.72
0.99
0.80
0.93
1.24
1.07
1.15
1.27
1.04
1.00
1.17
1.03
0.99
0.95
1.02
1.06
1.10
1.14
0.99
1.08
0.98
1.10
0.72
0.94
0.66
1.06
1.15
0.73
1.02
1.07
1.14
1.13
0.90
0.95
1.08
0.97
1.06
1.11
1.06
0.97
0.86
1.11
1.10
0.89
0.98
1.05

0.46
0.35
0.39
0.87
0.51
0.69
0.46
0.37
0.50
0.35
0.34
0.27
0.83
0.71
0.43
1.06
0.44
0.53
0.57
0.80
0.46
0.79
0.60
0.36
0.47
0.39
0.84
0.49
0.67
0.67
0.73
0.50
0.60
0.35
0.34
0.43
0.45
0.89
0.85
0.98
0.37
0.34
0.28
0.51
0.56
0.46
0.76
0.41
0.47
0.55
0.49
0.38
0.56
0.77
0.45
0.48
0.27
0.33
0.40
0.50
0.64
0.56
0.63
0.51



G318 ETSL101629 81.39 40.64 40.74 61.01 57.51 0.50 1.12 0.86

G319 ETSL101640 89.66 48.51 41.15 69.08 65.95 0.54 1.03 1.13
G320 ETSL101643 69.95 38.99 30.97 54.47 52.22 0.56 0.99 0.71
G321 ETSL101654 70.23 39.50 30.72 54.87 52.67 0.56 0.98 0.72
G322 ETSL101671 70.13 40.86 29.27 55.49 53.53 0.58 0.94 0.74
G323 ETSL101673 70.70 35.43 35.27 53.07 50.05 0.50 1.12 0.65
G324 ETSL101676 92.49 47.88 44.61 70.19 66.55 0.52 1.08 1.15
G325 ETSL101681 71.05 38.91 32.14 54.98 52.58 0.55 1.01 0.72
G326 ETSL101686 68.15 36.92 31.23 52.54 50.16 0.54 1.03 0.65
G327 ETSL101687 49.80 27.28 22.52 38.54 36.86 0.55 1.01 0.35
G328 ETSL101698 65.84 30.20 35.63 48.02 44.59 0.46 1.21 0.52
G329 ETSL101704 53.38 25.93 27.45 39.65 37.20 0.49 1.15 0.36
G330 ETSL101712 58.19 30.28 2791 44.23 41.97 0.52 1.08 0.46
G331 ETSL101715 61.77 36.46 25.31 49.11 47.45 0.59 0.92 0.58
G332 ETSL101719 83.75 43.81 39.95 63.78 60.57 0.52 1.07 0.95
G333 ETSL101722 69.81 40.43 29.39 55.12 53.13 0.58 0.94 0.73
G334 ETSL101723 68.06 45.14 22.92 56.60 5543 0.66 0.76 0.80
G335 ETSL101725 67.19 38.18 29.01 52.69 50.65 0.57 0.97 0.66
G336 ETSL101730 60.25 29.92 30.33 45.09 42.46 0.50 1.13 0.47
G337 ETSL101732 59.71 35.81 23.90 47.76 46.24 0.60 0.90 0.55
G338 ETSL101749 44.92 32.93 11.99 38.92 38.46 0.73 0.60 0.38
G339 ETSL101760 85.88 42.33 43.55 64.10 60.29 0.49 1.14 0.94
G340 ETSL101766 58.36 34.58 23.78 46.47 44.92 0.59 0.91 0.52
G341 ETSL101848 51.38 22.14 29.24 36.76 33.73 0.43 1.28 0.29
G342 ETSL101851 83.12 43.44 39.69 63.28 60.09 0.52 1.07 0.94
G343 ETSL101856 66.44 39.21 27.22 52.82 51.04 0.59 0.92 0.68
G344 ETSL101858 80.06 44.42 35.64 62.24 59.63 0.55 1.00 0.92
G345 ETSL101868 54.49 30.41 24.09 42.45 40.71 0.56 0.99 0.43
G346 1S25531 58.91 29.65 29.27 44.28 41.79 0.50 1.11 0.45
G347 1S38254 60.34 42.25 18.09 51.30 50.49 0.70 0.67 0.66
G348 1S38255 72.43 38.19 34.24 55.31 52.60 0.53 1.06 0.72
G349 1S38259 60.52 39.70 20.82 50.11 49.01 0.66 0.77 0.62
G350 1S38275 62.12 34.42 27.70 48.27 46.24 0.55 1.00 0.55
G351 1S38279 76.52 28.57 47.95 52.55 46.76 0.37 1.41 0.57
G352 1S38290 62.12 34.42 27.70 48.27 46.24 0.55 1.00 0.55
G353 1S38303 87.32 51.38 35.93 69.35 66.98 0.59 0.92 1.16
G354 1S38306 53.73 31.47 22.26 42.60 41.12 0.59 0.93 0.44
G355 IS38319 66.76 38.37 28.38 52.56 50.61 0.57 0.95 0.66
G356 1S38326 4481 26.74 18.06 35.78 34.62 0.60 0.90 0.31
G357 1S38331 49.03 29.30 19.73 39.16 37.90 0.60 0.90 0.37
G358 1S38353 54.15 34.85 19.30 44.50 43.44 0.64 0.80 0.49
G359 1S38412 72.01 36.02 35.99 54.01 50.92 0.50 1.12 0.67
G360 P9830 52.50 31.85 20.65 42.17 40.89 0.61 0.88 0.43
G361 PML981446 54.44 30.71 23.74 42.57 40.89 0.56 0.98 0.43
G362 PML981474 60.12 37.90 2222 49.01 47.73 0.63 0.83 0.59
G363 PML981476 75.58 41.83 33.75 58.71 56.23 0.55 1.00 0.82
G364 PML981488 77.22 4488 32.34 61.05 58.87 0.58 0.94 0.90
G365 TAMA428 61.66 37.53 24.13 49.59 48.10 0.61 0.88 0.60

Yield in non-stress conditions (Yp); Yield in stress conditions (Ys); Tolerance index (TOL); Mean
productivity (MP); Geometric Mean Productivity (GMP); Yield stability index (YSI); Stress susceptibility
index (SSI); Stress tolerance index (STI).
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Appendix 3. Mean (BLUP) quality traits performance of the 365 sorghum landraces across four

environments.

Code Genotypes Protein Starch AM AMP Fe Zn Ash MST
Gl Adukar 8.57 68.36  19.1 80.9 35.76 37.09 291 15.57
G2 Assosa-1 8.69 68.25 19.16 80.84 33.65 332 2.27 15.58
G3 B35 8.18 69.41 19.68 80.32 242 26.45 1.58 15.26
G4 Bonsa 8.4 69.65 19.84 80.16 25.69 2333 1.29 15.36
G5 Dagim 9.07 69.09  19.76 80.24 20.74 24.14 1.31 15.45
G6 DS10 9.67 69.11 19.71 80.29 12.08 24.87 1.48 15.5

G7 ETSL100005 9.64 68.86  19.55 80.46 49.17 29.14 1.88 15.48
G8 ETSL100007 8.26 68.77  19.54 80.46 38.57 33.75 2.3 15.61
G9 ETSL100016 9.05 68.83 19.74 80.26 53.29 32.09 2.05 15.48
G10 ETSL100020 9.17 68.59  19.56 80.45 38.25 28.8 1.89 15.74
Gl1 ETSL100022 9.56 68.74  19.6 80.4 32.93 28.06 1.81 15.5

GI2 ETSL100023 10.27 68.36  19.14 80.86 30.58 28.67 2.08 15.77
G13 ETSL100025 8.17 68.91 19.43 80.57 39.92 32.65 2.16 15.63
Gl4 ETSL100030 9.44 69 19.76 80.24 31.31 24.87 1.45 15.4

Gl15 ETSL100034 8.75 69.11 19.47 80.53 28.94 27.27 1.67 15.63
Gl6 ETSL100039 9.18 67.96  19.71 80.29 51.48 3423 2.11 15.63
Gl17 ETSL100040 9.17 68.86  19.49 80.52 46.91 29.92 1.93 15.48
G18 ETSL100044 9.66 68.79  19.75 80.25 13.05 23.78 1.55 15.33
G19 ETSL100046 9.09 68.38 19.34 80.67 30.82 31.31 2 15.71
G20 ETSL100048 9.41 68.49  19.46 80.54 25.31 26.91 1.69 15.72
G21 ETSL100060 9.78 68.8 19.67 80.33 40.23 25.72 1.58 15.53
G22 ETSL100062 9.52 68.67  19.28 80.73 39.97 27.46 1.96 15.95
G23 ETSL100063 8.3 68.81 19.42 80.58 57.84 31.96 2.45 15.49
G24 ETSL100064 8.83 68.78  19.45 80.55 33.8 29.96 1.86 15.43
G25 ETSL100066 8.15 6832  19.22 80.78 35.15 32.05 2.2 15.85
G26 ETSL100068 8.76 68.28 1945 80.55 40.26 34.44 2.29 15.72
G27 ETSL100072 9.35 68.59  19.39 80.61 27.64 27.49 2.01 15.94
G28 ETSL100078 9.5 68.91 19.58 80.42 57.02 29.71 2.01 15.37
G29 ETSL100079 8.72 68.68  19.46 80.55 37.44 29.85 1.94 15.77
G30 ETSL100090 8.67 68.26  19.43 80.57 39.55 29.61 1.91 16.03
G31 ETSL100091 8.89 68.6 19.45 80.55 21.38 28.79 2.3 15.82
G32 ETSL100093 10.29 6849  19.73 80.28 34.34 25.02 1.52 15.47
G33 ETSL100096 9.28 68.96  19.78 80.22 19.43 254 1.73 15.52
G34 ETSL100100 8.62 68.86  19.49 80.51 19.3 28.72 2.08 15.99
G35 ETSL100105 9.78 68.7 19.28 80.72 38.92 30.09 2.13 15.58
G36 ETSL100107 8.95 68.82 19.44 80.56 40.01 28.62 1.96 15.5

G37 ETSL100112 9.16 68.97  19.45 80.55 41.05 28.99 1.92 15.45
G38 ETSL100120 10.28 68.63 19.39 80.61 293 27.23 1.82 15.71
G39 ETSL100121 10.07 68.29 1937 80.63 35.75 28.97 1.72 15.51
G40 ETSL100127 9.25 69.22  19.49 80.51 30.86 27.67 1.74 15.65
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G41
G42
G43
G44
G45
G46
G47
G48
G49
G50
G51
G52
G53
G54
G55
G56
G57
G58
G59
G60
G61
G62
G63
Go64
G635
G66
G67
G68
G69
G70
G71
G72
G73
G74
G75
G76
G77
G78
G79
G80
G81
G82
G83
G84

ETSL100141
ETSL100149
ETSL100150
ETSL100152
ETSL100167
ETSL100169
ETSL100170
ETSL100178
ETSL100181
ETSL100184
ETSL100192
ETSL100198
ETSL100200
ETSL100204
ETSL100214
ETSL100233
ETSL100234
ETSL100238
ETSL100246
ETSL100249
ETSL100250
ETSL100267
ETSL100275
ETSL100284
ETSL100286
ETSL100292
ETSL100297
ETSL100303
ETSL100307
ETSL100310
ETSL100315
ETSL100328
ETSL100332
ETSL100340
ETSL100349
ETSL100350
ETSL100353
ETSL100365
ETSL100366
ETSL100367
ETSL100388
ETSL100392
ETSL100400
ETSL100406

8.9
9.56
10.35
10.41
9.65
9.5
8.54
9.68
9.91
9.91
9.44
9.85
9.23
10.36
9.25
9.4
9.43
10.05
9.16
10.21
9.18
9.94
8.09
9.27
9.25
9.52
10.07
9.89
9.18
9.69
9.33
8.85
9.29
10.02
10.08
10.17
8.33
10.2
9.56
9.44
9.19
10.06
9.33
9.44

69.33
68.74
68.53
68.76
68.6

68.37
69.2

67.93
68.47
68.52
68.39
68.36
68.84
68.46
69.24
68.96
68.47
68.23
68.93
68.29
68.96
68.13
69.47
68.79
69.01
68.8

68.68
69.04
69.16
68.92
69.06
69.15
68.43
68.76
68.18
68.11
69.09
68.77
68.74
68.95
68.49
68.54
68.97
69.56

19.64
19.6

19.62
19.5

19.62
19.09
19.6

19.04
19.29
19.59
19.45
19.35
19.67
19.79
19.66
19.82
19.59
19.25
19.59
19.38
19.52
19.27
19.61
19.53
19.5

19.57
19.67
19.7

19.55
19.57
19.53
19.74
19.27
19.55
19.61
19.76
19.6

19.55
19.6

19.5

19.4

19.51
19.6

19.83

80.36
80.4

80.39
80.51
80.38
80.91
80.41
80.97
80.71
80.41
80.55
80.66
80.33
80.21
80.34
80.18
80.41
80.75
80.41
80.62
80.48
80.73
80.39
80.48
80.5

80.43
80.34
80.3

80.45
80.43
80.47
80.26
80.73
80.45
80.39
80.25
80.4

80.45
80.4

80.5

80.61
80.49
80.4

80.18
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46.91
32.93
16.97
26.72
48.09
33.77
332

34.54
34.72
19.13
24.75
34.79
33.81
26.84
59.69
35.44
47.74
25.7

42.83
30.98
49.84
25.07
40.77
15.55
43.11
24.08
28.47
36.32
20.55
37.08
27.69
43.22
36.39
39.72
28.67
23.61
28.09
23.52
32.93
21.46
36.6

19.69
41.13
30.63

30.87
28.06
25.79
23.96
29.61
33.22
27.52
31.46
29.5

25.88
28.49
27.32
27.87
25.6

28.8

2747
30.85
28.07
24.77
27.35
30.65
29.62
29.64
24.93
26.84
26.79
25.54
26.28
31.86
25.32
27.62
28.86
30.93
26.67
26.26
26.55
30.47
23.77
28.06
26.29
29.12
27.56
28.79
25.64

1.91
1.81
1.79
1.55
2.01
2.38
1.82
241
1.97
1.71
1.82
1.78
1.59
1.38
2.13
1.66
2.04
1.89
1.75
1.6

2.11
1.71
1.7

1.49
1.91
1.87
1.5

1.59
1.91
1.63
1.93
1.72
2.18
1.93
1.33
1.46
1.85
1.28
1.81
1.81
1.97
1.8

1.86
1.53

15.52
15.5

15.52
15.64
15.46
15.64
15.55
15.91
15.95
15.64
15.63
15.79
15.78
15.59
1531
14.89
15.83
15.81
15.57
15.52
15.17
15.74
15.5

15.47
15.52
15.59
15.56
15.54
15.74
15.52
15.43
15.32
15.66
15.53
15.71
15.46
15.25
15.64
15.5

15.6

15.5

15.5

15.22
15.21



G85
G86
G87
G88
G89
G90
GI1
G92
G93
GY%4
G95
G96
G97
G98
G99
G100
G101
G102
G103
G104
G105
G106
G107
G108
G109
G110
G111
G112
G113
G114
G115
Gl16
G117
G118
G119
G120
G121
G122
G123
G124
G125
G126
G127
G128

ETSL100408
ETSL100409
ETSL100417
ETSL100419
ETSL100427
ETSL100428
ETSL100430
ETSL100431
ETSL100432
ETSL100436
ETSL100438
ETSL100443
ETSL100444
ETSL100445
ETSL100450
ETSL100465
ETSL100474
ETSL100476
ETSL100485
ETSL100488
ETSL100491
ETSL100492
ETSL100494
ETSL100502
ETSL100529
ETSL100539
ETSL100544
ETSL100550
ETSL100560
ETSL100561
ETSL100565
ETSL100568
ETSL100575
ETSL100584
ETSL100587
ETSL100593
ETSL100619
ETSL100620
ETSL100634
ETSL100638
ETSL100639
ETSL100642
ETSL100644
ETSL100648

10.17

9.45
10.75
10.09
9.27
10.55
9.82
9.36
7.99
9.57
9.33
9.73
8.88
8.96
8.84
9.11
9.63
9.57
9.77
9.12
8.59
10.07
9.75
9.87
9.35
10.28
10.06
10.25
9.61
8.7
8.4
9.01
9.54
8.53
9.64
9.97
9.24
9.01
9.19
9.65
9.45
10.05
10.55

68.45
68.57
69.26
68.44
68.96
67.88
68.87
68.6

69.1

68.74
68.62
69.11
68.87
68.69
68.88
68.68
69.09
68.79
68.89
68.88
68.42
68.8

68.55
68.95
68.36
68.4

68.57
68.95
68.62
68.88
68.97
68.86
69.06
68.61
68.91
69.13
68.92
69.31
69.41
69.11
68.81
68.49
68.75
68.85

19.68
19.52
19.6

19.38
19.66
19.61
19.47
19.73
19.72
19.5

19.67
19.84
19.82
19.41
19.67
19.51
19.5

19.73
19.75
19.74
19.54
19.88
19.68
19.81
19.53
19.6

19.59
19.63
19.73
19.69
19.74
19.85
19.85
19.27
19.71
19.68
19.69
19.98
19.79
19.63
19.47
19.32
19.8

19.61

80.33
80.48
80.4

80.62
80.34
80.39
80.53
80.27
80.29
80.5

80.33
80.16
80.18
80.6

80.32
80.49
80.5

80.27
80.25
80.27
80.46
80.12
80.32
80.2

80.47
80.4

80.41
80.37
80.27
80.31
80.26
80.15
80.15
80.73
80.3

80.32
80.31
80.02
80.21
80.37
80.53
80.68
80.21
80.4
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2741
22.86
57.79
32.04
20.69
29.97
26.42
19.98
21.86
43.66
40.82
23.76
30.9

39.18
52.52
29.95
23.81
18.97
34.34
35.76
25.22
3543
34.68
32.33
22.43
28.55
20.95
19.19
3237
359

4542
45.53
47.98
29.93
49.33
38.1

14.9

22.93
452

37.82
20.39
26.3

22.12
16.77

34.98
27.15
32.84
24.56
25.86
26.73
2441
26.03
24.54
32.97
28.51
23.7

24.87
32.77
29.15
28.64
24.94
23.97
24.74
25.39
28.95
27.94
25.52
24.45
28.77
29.86
22.99
26.51
25.82
25.11
26.49
34.74
30.6

27.56
32.25
26.16
25.51
24.11
26.43
25.96
25.84
29.62
25.84
24.62

2.07
1.89
231
1.85
1.71
1.66
1.59
1.66
1.53
2.18
1.58
1.22
1.39
2.39
2.03
2.11
1.71
1.39
1.5

1.55
1.88
1.58
1.57
1.54
1.81
1.8

1.34
1.91
1.44
1.65
1.75
2.07
2.04
1.83
2.03
1.81
1.53
1.28
1.79
1.76
1.55
1.76
1.39
1.57

15.72
15.52
153

15.69
15.47
15.97
15.83
15.58
15.43
15.5

15.49
15.58
15.32
15.6

15.44
15.72
15.77
15.63
15.64
15.2

15.81
15.93
15.5

15.21
15.27
1531
15.59
15.42
15.7

15.51
15.44
15.35
1531
15.53
14.9

15.28
15.58
1531
15.14
15.46
15.94
15.78
15.48
15.8



G129
G130
G131
G132
G133
G134
G135
G136
G137
G138
G139
G140
G141
G142
G143
G144
G145
G146
G147
G148
G149
G150
G151
G152
G153
G154
G155
G156
G157
G158
G159
G160
Gl61
Gl62
G163
Gl64
G165
G166
G167
G168
G169
G170
G171
G172

ETSL100651
ETSL100661
ETSL100666
ETSL100667
ETSL100669
ETSL100683
ETSL100689
ETSL100699
ETSL100702
ETSL100707
ETSL100716
ETSL100720
ETSL100722
ETSL100735
ETSL100739
ETSL100745
ETSL100751
ETSL100761
ETSL100763
ETSL100768
ETSL100771
ETSL100782
ETSL100785
ETSL100786
ETSL100792
ETSL100797
ETSL100798
ETSL100801
ETSL100805
ETSL100808
ETSL100813
ETSL100825
ETSL100834
ETSL100837
ETSL100841
ETSL100842
ETSL100851
ETSL100861
ETSL100862
ETSL100863
ETSL100867
ETSL100872
ETSL100874
ETSL100876

9.56
10.24
9.64
10.38
9.29
9.12
9.38
9.49
9.82
9.9
9.27
9.41
10.52
7.97
10.77
9.67
10.12
10.26
9.59
9.2
10.13
10.13
10.3
9.26
10.3
10.12
9.1
9.55
10.1
9.5
10.51

10.99
9.91
8.8

9.07
9.84
9.25
8.78
9.03
9.23
10.95
9.49

68.74
68.6
69.05
68.65
68.4
68.93
68.98
68.98
69.3
68.86
68.95
68.84
68.52
69.13
68.25
69
68.96
68.42
68.54
68.41
68.88
68.27
69
69.14
68.39
68.59
68.82
69.05
68.69
68.98
68.61
69.31
68.15
69.38
68.38
68.15
68.89
69.01
69.25
68.93
68.32
68.77
68.85
69.12

19.6

19.75
19.65
19.64
19.29
19.82
19.84
19.73
19.88
19.78
19.78
19.66
19.65
20.47
19.52
19.6

19.63
19.54
19.57
20.02
19.73
19.66
19.5

19.76
19.5

19.65
19.61
19.73
19.56
19.72
19.56
19.74
19.63
19.65
19.96
19.59
19.73
19.73
19.8

19.68
19.67
19.64
19.65
19.87

80.4

80.25
80.35
80.36
80.71
80.18
80.16
80.27
80.12
80.22
80.22
80.34
80.36
79.53
80.48
80.4

80.37
80.45
80.43
79.98
80.27
80.34
80.5

80.24
80.5

80.35
80.39
80.27
80.44
80.28
80.44
80.27
80.37
80.35
80.04
80.41
80.27
80.27
80.2

80.32
80.33
80.36
80.35
80.13
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32.93
23.69
35.39
15.24
36.29
23.59
49.07
294

79.56
38.82
23.14
52.69
40.95
80.77
39.9

48.49
38.08
49.66
38.71
53.51
57.45
32.26
315

36.06
24.57
41.2

335

18.53
35.51
39.17
29.97
33.97
34.58
33.28
29.39
47.24
38.38
63.09
27.36
40.98
29.61
38.12
24.73
59.99

28.06
24.77
26.53
25.7

32.09
25.55
31.36
23.98
38.1

24.88
23.65
34.46
24.52
50.03
27.13
31.35
25.38
33.99
29.81
4431
34.07
24.49
25.2

24.34
25.97
26.48
26.08
25.35
25.24
24.47
24.76
24.56
26.37
25.33
34.12
33.9

26.93
34.66
24.56
28.96
29.17
29.74
25.16
27.76

1.81
1.45
1.81
1.64
2.13
1.44
1.99
1.39
2.61
1.66
1.23
22

1.47
2.95
1.68
2.09
1.79
2.19
1.77
2.96
221
1.56
1.79
1.65
1.9

1.65
1.57
1.76
1.88
1.73
1.65
1.42
1.53
1.65
1.78
1.96
1.61
2.45
1.43
1.88
1.51
1.78
1.57
1.97

15.5

15.57
15.49
15.32
15.48
15.48
14.6

15.59
15.41
15.6

15.22
15.22
15.52
15.73
15.55
15.37
15.24
15.43
15.27
153

15.08
15.45
15.67
153

15.03
15.5

15.43
15.47
15.27
15.22
154

15.38
15.49
15.08
14.46
15.66
15.55
15.13
15.33
15.13
15.61
15.26
15.36
15.38



G173
G174
G175
G176
G177
G178
G179
G180
G181
G182
G183
G184
G185
G186
G187
G188
G189
G190
G191
G192
G193
G194
G195
G196
G197
G198
G199
G200
G201
G202
G203
G204
G205
G206
G207
G208
G209
G210
G211
G212
G213
G214
G215
G216

ETSL100877
ETSL100888
ETSL100889
ETSL100890
ETSL100893
ETSL100895
ETSL100898
ETSL100900
ETSL100902
ETSL100916
ETSL100919
ETSL100921
ETSL100928
ETSL100945
ETSL100951
ETSL100953
ETSL100956
ETSL100964
ETSL100970
ETSL100977
ETSL100978
ETSL100983
ETSL100985
ETSL101000
ETSL101001
ETSL101006
ETSL101014
ETSL101015
ETSL101019
ETSL101021
ETSL101023
ETSL101029
ETSL101038
ETSL101051
ETSL101056
ETSL101058
ETSL101059
ETSL101061
ETSL101074
ETSL101081
ETSL101084
ETSL101097
ETSL101101
ETSL101110

9.84
9.74
8.61
10.3
9.42
8.68
9.1
10.16
9.97
8.88
9.14
10.84
10.11
9.7
9.06
10.24
9.6
9.74
9.56
10.04
8.61
8.72
10.2
10.26
9.84
9.12
9.66
9.64
9.37
7.69
9.94
9.21
9.7
8.53
8.27
9.5
9.79
9.18
9.7
10.39
10.02
10.64
9.25
9.73

67.98
68.19
69.55
68.51
68.91
69.2

69.08
68.63
68.73
68.71
68.66
68.58
68.65
69.19
68.78
68.45
68.85
68.5

68.74
68.63
68.83
69.44
68.29
68.36
68.65
68.93
68.57
68.62
68.79
69.19
68.97
68.74
68.88
68.52
67.92
68.48
68.39
68.67
69.02
67.63
68.85
68.46
68.72
68.92

19.42
19.76
203

19.6

19.67
19.48
19.78
19.53
19.63
19.52
19.29
19.21
19.54
19.55
19.5

19.51
19.58
19.44
19.6

19.41
19.74
19.68
19.59
19.48
19.74
19.69
19.42
19.59
19.69
19.8

19.46
19.58
19.61
19.37
19.66
19.31
19.54
19.67
19.65
19.47
19.61
19.58
19.71
19.64

80.58
80.24
79.7

80.4

80.33
80.52
80.22
80.47
80.37
80.48
80.71
80.79
80.46
80.45
80.5

80.5

80.42
80.56
80.4

80.59
80.26
80.32
80.41
80.53
80.26
80.31
80.58
80.41
80.31
80.2

80.54
80.42
80.39
80.63
80.34
80.69
80.46
80.33
80.35
80.53
80.39
80.43
80.29
80.36
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30.19
45.16
52.71
34.11
20.19
38.66
44.66
51.72
30.78
50.6

30.97
20.92
27.16
25.57
30.19
22.62
24.65
293

32.93
28.18
52.28
47.88
34.23
27.28
18.85
16.25
203

19.58
23.35
23.96
20.29
20.42
19.11
45.24
30.75
21.22
23.25
33.63
33.79
50.16
19.87
31.99
42.98
2424

31.16
3043
46.47
27.58
25.39
29.04
26.46
32.75
31.16
30.73
26.86
27.03
23.7

23.49
27.39
26.16
24.65
30.92
28.06
29.94
32.59
29.88
27.53
26.37
26.89
26.1

30.04
27.48
25.65
30.88
25.51
27.54
24.25
37.23
28.64
28.26
26.5

27.52
25.84
34.68
25.09
25.08
28.93
255

2.14
1.94
2.51
1.65
1.71
1.95
1.63
2.19
2.17
2.04
1.79
1.84
1.5

1.52
1.87
1.92
1.72
2.02
1.81
2.01
1.82
2.02
1.64
1.64
1.76
1.74
1.81
1.89
1.6

2.06
1.76
1.79
1.66
2.39
1.66
1.88
1.72
1.93
1.55
2.26
1.8

1.78
1.72
1.46

15.95
15.57
15.04
15.62
15.39
15.47
15.41
15.43
15.35
15.6

15.9

16.08
15.5

15.68
15.62
15.62
15.75
15.37
15.5

15.82
15.44
15.22
15.18
15.51
15.61
15.75
15.38
15.55
153

15.41
15.77
15.74
15.74
15.66
14.44
16.01
15.55
15.5

15.56
15.56
15.71
15.55
15.17
15.48



G217
G218
G219
G220
G221
G222
G223
G224
G225
G226
G227
G228
G229
G230
G231
G232
G233
G234
G235
G236
G237
G238
G239
G240
G241
G242
G243
G244
G245
G246
G247
G248
G249
G250
G251
G252
G253
G254
G255
G256
G257
G258
G259
G260

ETSL101114
ETSL101118
ETSL101127
ETSL101128
ETSL101138
ETSL101142
ETSL101160
ETSL101161
ETSL101163
ETSL101173
ETSL101180
ETSL101181
ETSL101190
ETSL101199
ETSL101206
ETSL101210
ETSL101215
ETSL101217
ETSL101218
ETSL101224
ETSL101225
ETSL101231
ETSL101232
ETSL101246
ETSL101247
ETSL101248
ETSL101249
ETSL101254
ETSL101255
ETSL101256
ETSL101258
ETSL101262
ETSL101270
ETSL101274
ETSL101277
ETSL101289
ETSL101292
ETSL101293
ETSL101297
ETSL101299
ETSL101305
ETSL101310
ETSL101312
ETSL101313

10.23
10.84
9.27
10.01
10.86
10.22
9.72
9.09
10.49
9.59
9.96
9.89
10.06
8.61
10.52
10.1
10.17
9.13
8.7
9.82
9.66
10.04
9.04
9.43
9.86
9.41
10.07
9.98
8.81
8.98
9.56
8.83
9.28
9.39
9.11
9.96
9.46
9.86
9.6
93
8.88
10.11
9.09
9.71

68.84
68.47
69.05
68.4

68.35
68.58
68.87
68.92
68.08
68.9

68.33
68.28
68.78
68.8

68.61
68.47
68.43
69.1

69.25
68.78
68.85
68.7

68.56
69.13
68.74
68.9

68.49
68.94
68.15
69.6

69.12
69.28
69.33
69.09
68.35
68.65
69.26
68.86
68.61
69.13
69.24
68.84
68.66
68.78

19.68
19.48
19.61
19.53
19.39
19.68
19.68
19.65
19.25
19.41
19.54
19.47
19.48
19.96
19.57
19.63
19.71
19.82
19.71
19.73
19.62
19.86
19.46
19.66
19.63
19.6

19.41
19.88
19.74
19.83
19.7

19.79
19.74
19.79
19.57
19.39
19.6

19.63
19.62
19.61
19.69
19.55
19.66
19.52

80.32
80.52
80.39
80.47
80.62
80.32
80.32
80.35
80.75
80.59
80.46
80.53
80.52
80.04
80.43
80.37
80.29
80.18
80.29
80.27
80.39
80.15
80.54
80.34
80.37
80.4

80.59
80.12
80.26
80.18
80.31
80.21
80.26
80.21
80.43
80.61
80.4

80.37
80.37
80.39
80.31
80.45
80.34
80.48
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35.04
20.17
21.47
15.77
2227
37.16
35.55
25.52
20.41
29.58
19.09
25.18
28.12
40.26
2431
29.83
35.32
34.06
23.79
46.49
33.69
21.33
47.24
30.2

28.23
36.63
49.05
29.8

45.65
40.14
38.03
62.91
35.35
32.78
40.88
28.48
31.38
36.8

18.54
23.61
38.47
48.25
54.08
614

23.84
27.11
2547
26.66
27.53
26.05
25.74
26.49
28.91
26.93
25.71
28.93
26.43
38.98
26.52
28.22
25.2

24.92
27.83
27.14
27.99
25.53
34.7

26.31
31.82
26.38
28.85
24.11
30.96
25.39
24.7

30.14
2441
24.46
3143
28.73
29.67
25.26
26.62
26.07
26.8

28.01
37.5

30.7

1.6

1.76
1.72
1.88
2.05
1.54
1.61
1.89
2.06
1.68
1.74
1.7

1.8

2.36
1.67
1.81
1.77
1.45
1.66
1.84
1.8

1.45
2.06
1.47
1.88
1.58
1.94
1.23
1.89
1.68
1.56
2.16
1.64
1.59
2.09
1.8

1.65
1.68
1.55
1.49
1.63
2.01
2.38
2.03

15.28
15.43
15.73
15.86
15.67
15.47
15.55
15.32
16.02
15.66
15.38
15.74
15.58
14.66
15.47
15.54
15.43
15.34
15.34
15.02
15.78
15.35
15.76
15.6

15.37
15.43
15.43
15.58
14.35
15.32
15.65
15.21
15.32
15.34
15.13
15.66
15.42
15.47
15.52
15.36
15.51
15.73
15.29
15.26



G261
G262
G263
G264
G265
G266
G267
G268
G269
G270
G271
G272
G273
G274
G275
G276
G277
G278
G279
G280
G281
G282
G283
G284
G285
G286
G287
G288
G289
G290
G291
G292
G293
G294
G295
G296
G297
G298
G299
G300
G301
G302
G303
G304

ETSL101316
ETSL101321
ETSL101323
ETSL101325
ETSL101335
ETSL101337
ETSL101346
ETSL101347
ETSL101353
ETSL101358
ETSL101362
ETSL101369
ETSL101388
ETSL101389
ETSL101396
ETSL101404
ETSL101408
ETSL101410
ETSL101416
ETSL101418
ETSL101431
ETSL101436
ETSL101443
ETSL101444
ETSL101445
ETSL101446
ETSL101451
ETSL101453
ETSL101459
ETSL101461
ETSL101464
ETSL101470
ETSL101477
ETSL101486
ETSL101491
ETSL101492
ETSL101506
ETSL101508
ETSL101512
ETSL101515
ETSL101523
ETSL101524
ETSL101527
ETSL101535

8.81
10.21
9.9
9.72
8.02
9.33
9.43
9.95
9.71
9.81
8.43
9.31
10.14
10.28
9.87
8.92
8.13
9.72
9.59
9.68
9.61
10.34
10.37
10.01
93
8.98
10.18
10.58

9.93
9.23
10.1
10.78
10.45
10.28
9.94
10.31
9.68
10.07
9.63
9.59
9.22
9.44
9.26

69.25
68.42
68.68
67.84
69.26
68.46
68.84
68.66
68.65
68.45
68.6

68.86
68.13
68.64
68.67
69.04
68.71
68.56
68.95
69.04
68.81
68.17
68.45
68.48
68.77
68.98
68.58
68.44
68.87
68.21
68.86
68.41
68.29
68.14
68.69
68.97
68.6

68.9

69.09
68.65
68.78
68.89
68.98
68.44

19.71
19.56
19.71
20.66
19.56
19.62
19.5

19.56
19.58
19.6

19.3

19.68
19.51
19.63
19.64
19.65
19.37
20.49
19.66
19.59
19.57
19.59
19.51
19.48
19.56
19.82
19.57
19.54
19.67
19.42
19.61
19.63
19.48
19.13
19.59
19.69
19.73
19.69
19.66
19.58
19.83
19.74
19.73
19.51

80.3

80.44
80.29
79.34
80.44
80.38
80.5

80.45
80.42
80.4

80.7

80.32
80.49
80.37
80.36
80.35
80.64
79.51
80.34
80.41
80.43
80.41
80.49
80.52
80.44
80.18
80.43
80.46
80.33
80.58
80.39
80.37
80.52
80.87
80.41
80.31
80.27
80.31
80.34
80.42
80.17
80.26
80.27
80.5
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452

26.68
30.21
40.01
363

35.09
2597
20.47
30.5

29.14
40.14
12.96
21.64
21.03
16.32
46.16
33.11
46.44
59.47
22.21
22.04
23.97
26.74
25.99
50.33
25.92
33.55
34.94
32.29
21.72
17.39
17.84
23.99
2427
22.22
34.04
29.7

43.14
19.22
27.35
28.56
37.95
40.21
17.68

26.23
25.12
24.08
58.04
26.31
27.1

254

25.36
29.56
27.93
33.78
25.16
2943
26.71
24.27
30.81
30.04
48.24
29.71
25.52
26.61
26.13
25.71
24.97
28.26
28.29
26.19
28.16
22.92
28.28
26.5

24.62
26.81
29.72
25.94
21.92
26.65
28.03
26.81
26.6

23.61
29.52
27.04
25.82

1.76
1.72
1.36
2.98
1.78
1.58
1.73
1.61
1.96
1.64
2.13
1.72
1.99
1.74
1.51

2.68
2.06
1.88
1.74
1.86
1.79
1.71
1.93
1.96
1.69
1.63
1.5

1.81
1.87
1.89
1.87
1.88
1.67
1.73
1.55
1.87
1.79
1.49
1.28
1.81
1.69
1.6

15.48
15.41
15.41
15.38
15.63
15.71
15.58
15.34
15.6

15.53
15.53
15.33
15.74
15.7

15.51
15.21
15.62
14.38
15.04
15.48
15.65
15.65
15.59
15.81
15.63
15.66
15.45
15.43
15.52
16.05
15.52
15.62
15.48
15.64
15.37
15.44
15.51
15.34
15.82
15.63
15.53
14.98
1531
15.24



G305
G306
G307
G308
G309
G310
G311
G312
G313
G314
G315
G316
G317
G318
G319
G320
G321
G322
G323
G324
G325
G326
G327
G328
G329
G330
G331
G332
G333
G334
G335
G336
G337
G338
G339
G340
G341
G342
G343
G344
G345
G346
G347
G348

ETSL101536
ETSL101540
ETSL101550
ETSL101555
ETSL101556
ETSL101559
ETSL101561
ETSL101563
ETSL101564
ETSL101568
ETSL101571
ETSL101578
ETSL101586
ETSL101629
ETSL101640
ETSL101643
ETSL101654
ETSL101671
ETSL101673
ETSL101676
ETSL101681
ETSL101686
ETSL101687
ETSL101698
ETSL101704
ETSL101712
ETSL101715
ETSL101719
ETSL101722
ETSL101723
ETSL101725
ETSL101730
ETSL101732
ETSL101749
ETSL101760
ETSL101766
ETSL101848
ETSL101851
ETSL101856
ETSL101858
ETSL101868
1825531

1S38254

1S38255

10.32
9.42
9.28
10.22
9.68
10.37
9.85
10.39
9.69
10.22
10.2
10.09
9.29
10.29
9.16
9.45
9.49
9.16
9.42
10.13
9.04
9.39
8.85
10.03
8.97
8.71
9.84
9.47
9.94
9.39
10.07
9.34
8.5
10.05
9.12
10.62
9.8
10.32
9.82
9.73
9.77
8.28
9.65
10.45

68.67
68.95
68.85
68.67
68.87
68.4
68.94
68.02
68.93
68.85
69.04
68.6
68.51
68.42
69.15
68.88
68.72
68.71
69
68.55
69.21
69.01
69.18
68.9
69.03
69.01
68.71
68.98
68.47
68.62
68.73
68.73
68.96
68.6
68.82
68.82
68.14
68.77
68.98
68.87
68.41
68.58
68.91
68.54

19.53
19.71
19.68
19.87
19.7

19.69
19.83
19.81
19.66
19.5

19.62
19.54
19.41
19.41
19.99
19.72
19.43
19.47
19.66
19.52
19.87
19.67
19.62
19.69
19.56
19.74
19.75
19.6

19.59
19.42
19.69
19.63
19.72
19.64
19.78
19.55
19.07
19.49
19.57
19.51
19.5

19.82
19.45
19.41

80.47
80.29
80.32
80.14
80.3

80.31
80.17
80.19
80.34
80.5

80.38
80.46
80.59
80.59
80.01
80.28
80.57
80.53
80.35
80.48
80.13
80.33
80.38
80.31
80.44
80.26
80.25
80.4

80.41
80.58
80.31
80.37
80.28
80.36
80.22
80.45
80.93
80.51
80.43
80.49
80.5

80.19
80.55
80.59
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20.96
33.22
39.39
27.36
45.83
39.22
31.75
37.14
233

19.05
23.99
31.76
33.36
18.25
18.15
50.6

37.34
49.7

19.72
20.69
22.13
24.67
344

32.38
43.11
445

20.63
23.65
21.15
24.67
36.38
41.76
53.29
44.79
19.2

41.88
31.66
19.78
22.19
29.08
24.08
49.72
27.16
23.86

26.5

25.07
27.24
2541
27.31
27.72
24.97
28.62
24.88
2543
25.63
26.09
2743
26.59
25.54
27.23
30.55
33.19
26.17
26.7

26.01
25.51
27.14
25.58
29.86
33.06
26.44
26.54
27.98
27.96
24.28
26.59
34.99
26.73
24.1

25.66
31.78
27.88
27.29
25.89
26.78
31.04
28.99
24.97

1.92
1.5

1.6

1.61
1.81
1.6

1.69
1.62
1.29
1.7

1.78
1.67
1.77
1.93
1.52
1.96
1.91
223
2.03
1.89
1.49
1.8

1.71
1.7

1.93
1.83
1.5

1.79
2.09
1.54
1.59
1.65
1.91
1.76
1.59
1.92
2.36
1.81
1.92
1.69
1.73
1.92
2.07
1.61

15.55
15.36
15.49
15.33
15.48
15.7
15.25
15
15.62
15.97
15.6
15.6
15.51
15.98
15.29
15.32
15.53
15.5
15.44
15.47
15.22
15.55
15.62
15.4
15.51
15.11
15.23
15.65
15.44
15.78
15.52
15.49
15.52
15.52
15.48
15.54
15.52
15.89
15.27
15.45
15.42
15.83
15.71
15.87



G349
G350
G351
G352
G353
G354
G355
G356
G357
G358
G359
G360
G361
G362
G363
G364
G365

1538259
1S38275
1S38279
1S38290
1S38303
1S38306
1S38319
1538326
1S38331
1S38353
1S38412
P9830
PML981446
PML981474
PML981476
PML981488
TAMA428

Mean

8.95
9.56
9.1
9.56
8.61
9.31
9.15
10.09
8.63
11.11
9.12
10.51
9.43
10.52
9.07
9.33
9.98

9.56

69.21
68.74
69.03
68.74
68.81
68.75
67.44
68.22
68.84
67.99
68.74
68.49
69.05
67.9

69.3

68.83
68.62

68.74

19.34
19.6

19.61
19.6

19.45
19.71
19.33
19.23
19.37
19.47
19.45
19.52
19.86
19.36
19.7

19.79
19.66

19.6

80.66
80.4

80.39
80.4

80.55
80.29
80.67
80.77
80.63
80.53
80.55
80.48
80.14
80.64
80.29
80.21
80.34

80.4

25.12
32.93
41.59
32.93
38.68
33.83
44 .46
29.38
21.87
24.17
34.14
18.46
54.57
343
34.74
29.79
19.26

32.93

27.5

28.06
26.94
28.06
33.9

27.32
37.53
27.02
28.01
28.02
28.07
27.09
29.21
31.98
24.12
25.67
25.56

28.05

1.92
1.81
1.89
1.81
2.12
1.65
23

1.77
2.1

1.96
1.68
1.55
2.04
2.07
1.66
1.47
1.58

1.81

15.32
15.5

15.56
15.5

15.56
15.36
16.24
15.57
15.88
15.97
15.57
15.51
15.48
15.53
15.46
15.49
15.5

15.5

AM=Amylose, AMP=Amylopectin, MST=Moisture
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Appendix 4. The significant SNPs associated with starch, amylose and protein in sorghum
landrace collections across locations and years.

Trait Year Loc Model SNP Chr  Pos P.value MAF  nobs I;.]\;/alue Effect
<0.05

Amylose 2020 Miesso FarmCPU  S01_26782338 1 26782338  3.02E-08 0.23 341 0 0.05
Amylose 2020 Miesso BLINK S01_56418710 1 56418710  5.39E-08 0.23 341 0 -0.06
Amylose 2020 Melkassa FarmCPU  SO01_56418710 1 56418710  2.35E-09 0.23 341 0 -0.05
Amylose 2021 Melkassa FarmCPU  SO01_56418710 1 56418710  2.27E-09 0.23 341 0 -0.06
Amylose 2020  Miesso FarmCPU  S01_56418710 1 56418710  2.64E-10 0.23 341 0 -0.05
Amylose 2021  Miesso FarmCPU  S01_56418710 1 56418710  2.95E-08 0.23 341 0 -0.05
Amylose 2021  Miesso BLINK S01_60803184 1 60803184  3.88E-07 0.44 341 0.01 -0.04
Amylose 2021  Miesso FarmCPU  S01_60803184 1 60803184  6.06E-09 0.44 341 0 -0.04
Amylose 2021  Jimma BLINK S01_66821782 1 66821782  6.47E-13 0.09 341 0 -0.13
Amylose 2020 Melkassa  BLINK S01_66821782 1 66821782  4.04E-07 0.09 341 0.02 -0.08
Amylose 2021 Melkassa  BLINK S01_66821782 1 66821782  3.05E-07 0.09 341 0.02 -0.09
Amylose 2020  Miesso BLINK S01_66821782 1 66821782  9.19E-09 0.09 341 0 -0.09
Amylose 2021  Miesso BLINK S01_66821782 1 66821782  1.18E-11 0.09 341 0 -0.1
Amylose 2020 Melkassa FarmCPU  S01_66821782 1 66821782  1.45E-06 0.09 341 0.03 -0.07
Amylose 2021 Melkassa FarmCPU  SO01_66821782 1 66821782  1.01E-06 0.09 341 0.02 -0.08
Amylose 2020  Miesso FarmCPU  SO01_66821782 1 66821782  1.07E-07 0.09 341 0 -0.07
Amylose 2021  Miesso FarmCPU  SO01_66821782 1 66821782  4.12E-11 0.09 341 0 -0.11
Amylose 2021  Jimma BLINK S01_67415726 1 67415726  2.88E-11 0.26 341 0 0.12
Amylose 2020 Melkassa  BLINK S01_67415726 1 67415726  2.38E-09 0.26 341 0 0.09
Amylose 2021 Melkassa  BLINK S01_67415726 1 67415726  3.07E-09 0.26 341 0 0.1
Amylose 2020  Miesso BLINK S01_67415726 1 67415726  1.22E-09 0.26 341 0 0.09
Amylose 2021  Miesso BLINK S01_67415726 1 67415726  9.51E-11 0.26 341 0 0.09
Amylose 2021  Jimma FarmCPU  S01_67415726 1 67415726  4.89E-08 0.26 341 0 0.08
Amylose 2020 Melkassa FarmCPU  SO01_67415726 1 67415726  3.44E-08 0.26 341 0 0.06
Amylose 2021 Melkassa FarmCPU  SO01_67415726 1 67415726  4.24E-08 0.26 341 0 0.06
Amylose 2020  Miesso FarmCPU  S01_67415726 1 67415726  3.89E-10 0.26 341 0 0.07
Amylose 2021  Miesso FarmCPU  S01_67415726 1 67415726  2.03E-08 0.26 341 0 0.07
Amylose 2020  Jimma FarmCPU  S02_11505508 2 11505508  8.71E-07 0.11 341 0.03 -0.05
Amylose 2020 Melkassa  BLINK S02_12372094 2 12372094  8.82E-07 0.26 341 0.04 0.06
Amylose 2021 Melkassa  BLINK S02_12372094 2 12372094  8.16E-07 0.26 341 0.03 0.06
Amylose 2020  Jimma FarmCPU  S02_ 63195523 2 63195523 3.07E-09 0.06 341 0 -0.08
Amylose 2020 Melkassa FarmCPU  S03_54181079 3 54181079  5.56E-07 0.43 341 0.01 -0.03
Amylose 2021 Melkassa FarmCPU  S03_54181079 3 54181079  4.81E-07 0.43 341 0.01 -0.03
Amylose 2020 Miesso FarmCPU  S03_54344093 3 54344093  2.82E-08 0.34 341 0 -0.04
Amylose 2020  Jimma FarmCPU  S03_58400495 3 58400495  8.91E-07 0.37 341 0.03 0.04
Amylose 2020  Jimma FarmCPU  S03_61856025 3 61856025  3.71E-07 0.23 341 0.02 0.04
Amylose 2020  Jimma BLINK S03_63580967 3 63580967  3.90E-08 0.21 341 0 -0.08
Amylose 2020  Jimma FarmCPU  S03_63580967 3 63580967  2.42E-08 0.21 341 0 -0.07
Amylose 2020  Jimma BLINK S03_65414137 3 65414137  2.33E-07 0.06 341 0.02 -0.11
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Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose
Amylose

2020
2020
2021
2021
2020
2020
2021
2020
2021
2020
2021
2020
2021
2020
2021
2021
2021
2021
2020
2021
2020
2021
2020
2021
2020
2021
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Appendix 5. The significant SNPs associated with ash and mineral compositions in sorghum

landrace collections across locations and years.

Trait Year Loc Model SNP Chr Pos P.value MAF nobs HB Effect
p-value
<0.05

Ash 2021  Miesso FarmCPU S01 11836109 1 11836109 5.57E-07 0.17 341 0.01 0.10
Ash 2021  Jimma FarmCPU S01 19153514 1 19153514  1.45E-07 030 341 0.01 -0.10
Ash 2020  Jimma FarmCPU S01 27831887 1 27831887 4.51E-07 0.28 341 0.01 0.12
Ash 2020  Jimma BLINK S01 2883853 1 2883853 2.44E-09 0.23 341 0.00 -0.16
Ash 2020  Jimma FarmCPU S01_ 3668255 1 3668255 6.79E-09 0.09 341 0.00 -0.15
Ash 2021  Jimma FarmCPU S01_67757574 1 67757574  9.23E-07 0.33 341 0.03 -0.10
Ash 2020  Jimma FarmCPU S02 26996992 2 26996992  1.95E-07 0.40 341 0.01 -0.09
Ash 2021  Jimma BLINK S02 65113562 2 65113562  1.42E-07 0.26 341 0.01 0.09
Ash 2020 Melkassa BLINK S02 65113562 2 65113562  3.08E-09 0.26 341 0.00 0.10
Ash 2021  Melkassa BLINK S02 65113562 2 65113562  5.23E-09 0.26 341 0.00 0.10
Ash 2021  Melkassa FarmCPU S02 65113562 2 65113562  1.26E-06 0.26 341 0.02 0.06
Ash 2020  Jimma BLINK S02 65235509 2 65235509  1.14E-08 0.07 341 0.00 -0.22
Ash 2021  Jimma FarmCPU S03 1918680 3 1918680 1.59E-06 0.11 341 0.04 0.09
Ash 2021  Melkassa BLINK S03_2052347 3 2052347 2.38E-07 0.15 341 0.01 -0.11
Ash 2021  Melkassa FarmCPU S03 2052347 3 2052347 2.53E-06 0.15 341 0.04 -0.07
Ash 2021  Jimma BLINK S03 2053976 3 2053976 3.61E-08 0.15 341 0.00 0.13
Ash 2021  Miesso FarmCPU S03_ 62488498 3 62488498  1.06E-08 0.23 341 0.00 -0.11
Ash 2020  Jimma FarmCPU S03_ 68903619 3 68903619  1.60E-07 0.49 341 0.01 -0.10
Ash 2021  Melkassa FarmCPU S03 72123500 3 72123500 1.53E-07 0.25 341 0.00 -0.06
Ash 2021  Melkassa FarmCPU S03 9065334 3 9065334 2.15E-08 0.11 341 0.00 0.13
Ash 2021  Melkassa FarmCPU S04 34744457 4 34744457  1.74E-08 037 341 0.00 0.11
Ash 2020 Jimma FarmCPU S04 66154866 4 66154866  2.11E-06 0.41 341 0.05 0.10
Ash 2021  Melkassa FarmCPU S04 7901389 4 7901389 4.22E-07 0.28 341 0.01 -0.07
Ash 2021  Jimma BLINK S04 9072570 4 9072570 1.06E-07 0.35 341 0.01 0.13
Ash 2020 Melkassa BLINK S05 2789336 5 2789336 1.83E-09 0.10 341 0.00 -0.15
Ash 2021  Jimma FarmCPU S05_35875751 5 35875751  6.47E-08 039 341 0.00 -0.09
Ash 2020  Jimma FarmCPU S05_65910308 5 65910308  7.86E-10 0.18 341 0.00 0.12
Ash 2021  Melkassa FarmCPU S05_66877074 5 66877074  1.42E-07 0.13 341 0.00 0.09
Ash 2021  Miesso FarmCPU S05_69163685 5 69163685  4.40E-07 0.10 341 0.01 -0.13
Ash 2021  Melkassa FarmCPU S05_989345 5 989345 2.64E-15 0.13 341 0.00 -0.14
Ash 2021  Miesso FarmCPU S06_1681630 6 1681630 2.42E-09 036 341 0.00 -0.13
Ash 2021  Jimma FarmCPU S06_1839072 6 1839072 2.21E-08 0.18 341 0.00 0.13
Ash 2021  Melkassa FarmCPU S06 2725114 6 2725114 1.04E-08 0.43 341 0.00 -0.09
Ash 2020  Jimma BLINK S06 55165743 6 55165743  2.00E-08 0.23 341 0.00 -0.15
Ash 2020  Jimma FarmCPU S06_ 55165746 6 55165746  5.95E-08 0.23 341 0.00 0.10
Ash 2020  Jimma FarmCPU S07 2020128 7 2020128 6.27E-09 0.20 341 0.00 0.11
Ash 2021  Miesso FarmCPU S07 53728407 7 53728407 1.15E-08 0.29 341 0.00 -0.11
Ash 2021 Melkassa BLINK S07_62611661 7 62611661 1.87E-05 0.33 341 0.36 -0.07
Ash 2020  Jimma FarmCPU S07_62611661 7 62611661  1.93E-10 0.33 341 0.00 -0.10
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Appendix 6. Correlations of testing environments for days to flowering (DTF), days to maturity
(DTM) and plant height (PHT)

ENVT = Environment; MK20 and MK21 = Melkassa 2020 and 2021; MS20 and MS21 = Miesso 2020 and 2021; 1.0 indicates a
good positive correlation, - 1.0 negative correlation and 0.0 no correlation.
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