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Abstract: Sorghum is a prominent cereal crop, particularly in the world's semi-arid tropics. It is grown in over 105 countries 

across Africa, Asia, Oceania, and the Americas on 40 million hectares. Sorghum is an important indigenous food crop, second 

only to teff in terms of production of injera (leavened native flat bread). The majority of sorghum varieties are recommended 

for various agro ecological zones (AEZs), and no single variety is appropriate for all of Ethiopia's circumstances (GxE). GxE 

affects grain yield, nutritional quality and content, as well as physicochemical and malting quality. The interaction of an 

organism's genetic composition with its environment results in phenotype, which is a physical trait. The presence of GEI 

complicates the selection of yield and yield-related traits. GEI can inhibit progress in the selection process and is a key driver 

of genotype-to-genotype yield stability differences. Plant breeders should investigate GEI in order to better understand crop 

development in relation to biophysical conditions. In different agro-ecologies, locales, and seasons, genotypes will respond 

differently. Agronomic/dynamic stability refers to a genotype's ability to adapt to changes in the environment. Breeders should 

encourage the development of varieties/hybrids that can adapt to a wide range of environments. Crossover and non-crossover 

gene x environment interactions (GEI) are the two forms of GEI. When there is a disparity in genotypic performance between 

individuals. Statistical analysis of yield studies can help agronomists, breeders, and other agricultural specialists make faster 

progress. G x E Interaction and Stability Analysis permits genotypes' relative performance and stability for yield and yield-

related variables to be assessed. Therefore the objective of this review study is to assess the role of G x E on yield stability of 

sorghum. 
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1. Introduction 

Sorghum (Sorghum bicolor (L.) Moench) is a major cereal 

crop, especially in the semi-arid tropics of the world. After 

wheat, rice, maize, and barley, it is the world's fifth most 

important cereal [27]. Sorghum is grown on 40 million 

hectares in over 105 countries across Africa, Asia, Oceania, 

and the Americas [38], with 60 percent of this land in Africa, 

where it continues to play an important role in food security 

[47]. Sorghum is a tropical crop classified as C4 and belongs 

to the Gramineae family [31]. Sorghum is a naturally self-

pollinated plant with up to 20% spontaneous cross pollination 

under some situations, based on panicle types (Endalamaw 

and Semahegn, 2020). Ethiopia is the birthplace and 

diversification hub for sorghum [15]. It is the most 

significant grain crop in Ethiopia's lowlands and is 

extensively distributed throughout the country because of its 

drought tolerance [34]. 

Sorghum [Sorghum bicolor (L.) Moench] is the sixth most 

widely grown crop in the world, with 63.9 million metric 

tons produced and 58 million hectares harvested [26]. 

Sorghum is grown in practically every region of Ethiopia, 

ranking third in terms of area coverage behind tef and maize, 

and has a national average production of 2.71 tons/ha [9]. It 

is the most important crop in Ethiopia's arid lowlands, 

accounting for 66 percent of the country's total farmed land, 

and its national average production is 2.5 tons per hectare. 

However, research has shown that improved varieties and 
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agricultural strategies can boost Sorghum yield from 3 to 6 

tons per hectare [71]. However, a number of obstacles have 

stood in the way of sorghum production. 

Lack of early maturing varieties that can withstand 

drought, poor soil fertility, poor stand establishment due to 

reduced emergence in characteristically crusty soils, insect 

pests such as spotted stalk borers (Chilopartellus), and birds 

are among the major problems of sorghum production in the 

country's dry land areas [29]. A variety of open pollinated 

sorghum cultivars have been introduced by national and 

regional sorghum improvement initiatives for Ethiopia's 

moisture shortage arid lowland areas. For decades, pure line 

selections and pedigree breeding have been the primary 

breeding activities aimed at the three major agro ecologies. 

Several open pollinated sorghum varieties have been released 

for production using these approaches [29]. However, one of 

the biggest constraints for sorghum production and 

productivity in Ethiopia's moisture-stressed areas is a lack of 

extensively adapted and stable high yielding varieties. 

Sorghum is a major indigenous food crop that ranks second 

only to teff in terms of injera (leavened native flat bread) 

production. Porridge, "injera," "Kitta," "Nifro," infant food, 

syrup, and native beverages like "Tella" and "Areke" are all 

made from sorghum grain [45]. With 70-80 percent 

carbohydrate, 11- 13 percent protein, 2-5 percent fat, 1-3 percent 

fiber, and 1-2 percent ash, sorghum grain has a significant 

nutritional value. Sorghum protein is gluten-free, making it a 

specialist diet for celiac disease (gluten intolerance) sufferers, 

including diabetics, and a viable substitute for cereal grains 

including wheat, barley, and rye [13]. 

It possesses extraordinary genetic variety because it is 

native to Ethiopia, as proven by various landrace collections 

conducted in the country. It is highly adaptable to a wide 

range of semi-arid African climatic conditions. It is mostly 

produced in Ethiopia's middle and lowlands. It can endure 

hot and dry conditions better than most Ethiopian crops. 

Sorghum is farmed for its grain, which is used in food and 

local beverages; however, the stalk is now used as animal 

feed and fuel [3]. 

Because of the effects of genotype-environment 

interaction, most sorghum varieties are indicated for specific 

agro ecological zones (AEZs), and no variety is suitable to all 

of Ethiopia's conditions (GxE). GxE has an impact on grain 

yield, nutritional quality and content, physicochemical 

qualities and malting quality, and total soluble solids in 

sorghum [3, 4, 48]. GGE biplots, which graphically portray 

genotype by environment interaction in a two-dimensional 

space, provide a visual representation of the interactions 

between genotypes and environments, can be used to assess 

genotype by environment interaction [43]. 

One of the issues researchers/breeders have in generating 

broadly adapted cultivars with larger yields is yield stability 

[4]. For a long time, the notions of GxE and yield stability 

have been a hindrance to breeders. A significant GxE for a 

quantitative trait is known to limit the genotype means' utility 

in screening out and moving superior genotypes to the next 

stage of selection across all environments [51]. If GxE didn't 

exist, selection would be much easier because the 'best' 

genotype in one environment would also be the 'best' 

genotype in all target settings [5]. As a result, the goal of this 

review study is to evaluate the yield and stability of sorghum 

genotypes across locations. 

2. Literature Review 

2.1. Sorghum Origin and Domestication 

Sorghum's geographic genesis and early domestication 

occurred in Africa. Sorghum [Sorghum bicolor (L.) Moench] 

is thought to have originated and been domesticated in 

Ethiopia [64]. The early domestication of farmed sorghum 

[Sorghum bicolor (L.) Moench] is thought to have occurred 

in north-eastern Africa. Due to the great variety of the crop, 

Vavilov proposed Ethiopia as a site of origin for sorghum in 

195 [64]). Some scholars think that the crop should have 

many origins. Stemler et al. [61] found no indication that 

sorghum was domesticated or originated in Ethiopia, based 

on biogeographic, morphological, historical, or evolutionary 

evidence. Some writers believe sorghum originated in India, 

whereas others believe sorghum originated and was 

domesticated in southern and northern China. All views 

about sorghum's genesis and domestication were founded on 

archaeological evidence. However, the time and location are 

not necessarily accurate [36]. 

2.2. Sorghum Research Strategy in Ethiopia 

Ethiopian farmers have traditionally chosen landrace 

genotypes with good quality attributes such as greater grain 

size and diverse colors for various end applications, as well 

as good plant biomass, tailored to certain environments and 

management strategies such as intercropping [30, 44]. Since 

the 1970s, the EIB (Ethiopian Institute of Biodiversity) and 

the national sorghum improvement program in Melkassa 

agricultural center have been collecting and conserving a 

large number of sorghum landraces. To date, more than ten 

thousand sorghum collections have been maintained in the 

EIB (Ethiopian Institute of Biodiversity) and the national 

sorghum improvement program in Melkassa agricultural 

center [35]. 

Ethiopia is also a major contributor to ICRISAT and the 

US National Plant Germplasm System's global sorghum 

collections [12]. High yielding, photoperiod insensitive, 

abiotic and biotic stress resistant cultivars for adaptability to 

a variety of agroclimatic environments have been the focus 

of breeding efforts. The identification of dwarfing genes in 

sorghum has resulted in the production of a number of short-

statured sorghum hybrids that respond well to high-input 

farming [37]. 

Sorghum breeding in Ethiopia began in the early 1950s. 

Improved varieties lack farmers' favored features such as 

plant height, grain size, and so on, which is one of the main 

reasons for low acceptance [44]. Introduced lines were used 

to generate 85% of the improved varieties released for 

lowland and intermediate conditions, and their traits include 
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short plant stature, early maturity, and smaller grain size [4], 

[44]. All of the varieties released for the highland 

environment, on the other hand, were pure lines selected 

from highland landrace collections; however, these improved 

varieties only have a small yield advantage over farmers' 

selected varieties or landraces, which is one of the reasons 

for their lower adoption rate by farmers [44]. 

The Ethiopian Institute of Agricultural Research (EIAR), 

formerly the Institute of Agricultural Research (IAR), took 

over the sorghum research program in 1982, and Melkassa 

Agricultural Research Centre (MARC) has been managing 

the research statewide since then. The study concentrated on 

four sorghum-growing environments: dry and hot-humid 

lowlands, as well as mid- and high-altitude regions. More 

than 52 improved sorghum varieties, along with agronomic 

and crop protection recommendations, have been published 

for production in various agro-ecologies, despite a low rate of 

acceptance of these released varieties and agronomic and 

crop protection recommendations [18]. 

According to [18], the sorghum sub-sector anticipates a 

steady demand for varieties with better, more stable yields 

and acceptable quality in the next years. To meet this 

demand, much of the attention will be on breeding new 

varieties that are high yielding, adaptable to a variety of 

habitats, and tolerant to many stresses including climate 

change, the appearance of new pests and diseases, and other 

biotic and abiotic factors. The plan will aim to speed up crop 

improvement by combining traditional and modern methods 

and technology that allow for the handling of vast amounts of 

genetic material and more precise selection. This will 

necessitate a greater integration of traditional plant breeding 

methods with current biotechnology tools and methods. 

2.3. Sorghum Production and Importance 

After wheat, maize, rice, and barley, sorghum is the 

world's fifth most important cereal crop, with an area of 

42.70 million ha and a total yield of 62.3 million tons. 

Sorghum is grown on around 26.14 million hectares in 

Africa, with total production and average yields of 42.35 

million tons and 1.62 ton/ha, respectively [25]. Ethiopia is 

the second-largest sorghum producer in Eastern Africa, after 

Sudan, and ranks third in terms of area coverage behind teff 

and maize, as well as second in terms of productivity (2.7 

t/ha) [11]. 

Because of its wider adaptation to drought-prone locations, 

sorghum is grown globally for food and feed in dry land 

agriculture [55]. Sorghum is a favoured cereal in dry and 

semi-arid locations because of its short growth time and 

drought tolerance. Sorghum is used in the manufacture of 

biofuels, beer, and silage. Sorghum is given special attention 

as a food-grade grain because it is gluten-free and high in 

health-promoting phytonutrients. Sorghum is largely used as 

a food crop in underdeveloped nations, and grain yields have 

been greatly enhanced. Sorghum is the primary food supply 

for more than 500 million people in poor countries. 

Sorghum is grown for human consumption and animal 

feed in Asia and Africa [62]. It has been exploited as a source 

for bioethanol production in recent years, particularly with 

sweet sorghum varieties with high sugar content on their 

stalks [52]. After maize, barley, and oats, sorghum is the 

fourth most important crop for biofuel generation [65]. 

Because sorghum cultivars have easily available fermentable 

sugars within the culm, using sorghum as a source of bio-fuel 

will reduce the cost of enzymatic conversion of starch to 

sugar [65, 62]. In comparison to other crops used for 

bioethanol production, such as sugarcane and maize, 

sorghum is drought and salt resistant, making it a good 

choice for biofuel generation in factories [62]. 

2.4. Genotype and Phenotype by Environment Interaction 

and Its Importance in Plant Breeding 

Becker [7] defines genotype as any of the following: pure-

line variety, Clone, inbred-line, hybrid variety, open-

pollinated variety, composite variety, synthetic variety, elite 

breeding lines, and others on which the breeder collects 

performance and trait data. Phenotype, on the other hand, is a 

physical trait that arises from the interaction of an organism's 

genetic composition with its environment. The term 

"environment" refers to a combination of physical 

characteristics of a location, as well as climatic and other 

seasonal characteristics (such as soil type, fertility, 

topography, temperature, rainfall, and pest/disease challenge) 

that influence plant growth and productivity during the 

growing season [20]. Environments with similar "biotic and 

abiotic stressors, cropping system requirements, customer 

preferences, and volume of production" were first classified 

as mega-environments. 

In agricultural research, genotype by environment 

interaction (GEI) is a typical occurrence. Differences in 

genotypic values may rise or fall from one environment to 

the next, causing genotypes to rank differently in different 

contexts [54]. The GEI investigations are challenging 

because they require integrated methodologies that include a 

variety of disciplines such as agriculture, biology, statistics, 

computer science, and genetics. The genotype, the 

environment, and the interaction of the genotype and the 

environment are all significant components of phenotypic 

diversity, as shown by the GEI study [7, 2]. 

There are two sorts of interactions, according to Beker [8]. 

There are two types: cross-over and non-cross-over. Cross-

over (qualitative) interaction refers to changes in genotype 

ranks from one environment to the next, indicating that the 

environments are not perfectly correlated. It is critical for 

precise recommendations for a limited number of contexts. 

On the other side, the non-cross over interaction 

(quantitative) refers to heterogeneity of genotype differences 

without a change in genotype rank across contexts, implying 

that a genotype will be the best or worst in all test conditions. 

As a result, for broader adaptability, a single genotype can be 

recommended. The crossover type, which affects top-

yielding genotypes, is the most important GEI effect for 

cultivar targeting [8, 46]. 

Plant breeders should research GEI because interactions 

can stifle progress in the selection process and because it is a 
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fundamental driver of yield stability discrepancies across 

genotypes. Crop breeders and farmers prefer varieties with 

low GEI and high consistent yields since this suggests that 

the environment has less of an impact on them and that their 

greater yields are mostly due to their genetic composition. 

When selecting well-adapted genotypes and the optimum 

planting date, it is critical to select and understand crop 

development in connection to biophysical circumstances and 

seasonal fluctuations [40, 69, 66]. 

The presence of GEI makes yield and yield-related trait 

selection more difficult. Plant breeding efforts to analyze and 

enhance crops rely heavily on yield trials done in many sites 

and years [57]. Microenvironment error variances and GEI 

variances are assumed to be homogeneous across 

environments and genotypes in most trials [17]. Because the 

presence of a cross-over interaction has such a big impact on 

breeding for certain adaptations, it's crucial to figure out how 

common they are. There are two basic ways to GEI in 

general. The first strategy is to create high-yielding 

genotypes with low GEI interaction, or genotypes that can 

adapt to a wide range of mega environments. The second 

strategy is to use GEI to breed genotypes for optimal yield 

and stability in mega environments [69]. 

In most situations, however, breeders seek a variety with 

good average performance across a wide range of settings 

(METs). Such an approach makes sense if there is no 

genotype by environment interaction, however seed yield is a 

quantitative trait that is heavily influenced by genotype, 

environment, and their interactions, and thus has a low 

heritability. As a result, unless environmental variation is 

well controlled, direct seed yield selection may be 

unexpected [49]. Statistical models can be used to describe 

and understand genotype by environment interaction, which 

is a significant limiting factor in the estimation of variance 

components and the efficacy of selection programs [10]. 

2.5. Genotype x Environment Interaction 

Plant breeders are still working on developing sorghum 

genotypes with high yield potential, resistance to major pests 

and sub-heading diseases, greater grain size, and improved 

nutritional value. Furthermore, the new variety should have a 

consistent performance and be adaptable to a variety of 

settings. For a long time, however, the characteristic of yield 

stability has posed a significant obstacle to sorghum breeding 

initiatives. Stability study is a crucial technique for cultivar 

development in a variety of settings or for a single area [56]. 

Stability can be categorized into three types, according to Lin 

et al. [39]: Type-1, Type-2, and Type-3. Type 1 (biological or 

static stability) genotypes are non-responsive to changes in 

input levels and so are stable across sites with minimal 

environmental differences. A genotype's ability to adjust to 

changes in the environment is referred to as 

agronomic/dynamic stability [41]. 

Genotypes will behave differently in different agro-

ecologies, locations, and seasons. Genotypes that are stable 

perform consistently in a variety of situations [4]. Significant 

G X E effects, according to Sharma et al. [58], lower the 

correlation between an individual's genotype and phenotype, 

making it difficult to assess a genotype's genetic potential, 

which complicates the selection process. As a result, testing 

genotypes for stability and adaption is critical for choosing 

superior genotypes. Breeders should embrace the 

development of varieties/hybrids with broad and specialized 

adaptation in order to attain substantial genetic gains [59]. 

There are two types of genotype x environment interaction 

(GEI): cross over and non-cross over. When there is a 

difference in genotypic performance in different contexts, the 

cross over GEI is displayed [14]. Non-cross over GEI 

indicates that a genotype performs consistently in different 

settings. As a result, multi-environment trials have been 

established to aid in the selection of genotypes for target 

production agro-ecologies [68]. During the release of new 

varieties and hybrids, information obtained from stability 

studies is equally significant in distinctiveness, uniformity, 

and stability (DUS) testing and national performance trials 

(NPT). For stability and genotype by environment analysis, a 

lot of statistical approaches have been developed [59]. These 

include: Combined ANOVA [33], coefficient of 

determination (r
2
) by bi-plot models using Additive Main 

Effects and Multiplicative Interactions (AMMI), and 

coefficient of determination (r
2
) by the bi-plot models using 

Additive Main Effects and Multiplicative Interactions 

(AMMI) [28] & GGE (Genotype-Genotype-Environment 

Interaction) [68]. 

2.6. Stability 

Stability refers to a genotype's ability to adapt to a variety 

of situations and is used to choose stable genotypes. The term 

"stability" is used to describe a genotype that produces a 

relatively consistent yield regardless of environmental 

changes. As a result of this concept, genotypes with a low 

variance in yield across diverse conditions are thought to be 

stable [1]. The interaction of genotype and environment has 

an impact on yield stability. The broad incidence of G x E is 

the reason of variances in yield stability between genotypes. 

When grown in a range of conditions, a variety or genotype 

is regarded more adaptable or stable if it has a high mean 

yield but a low degree of volatility in yielding ability. 

The biological or static notion and the agronomic or 

dynamic idea are two types of phenotypic stability concepts. 

The biological idea of stability relates to a genotype's 

consistent functioning in a variety of situations. According to 

Becker and Leon [6], biological stability means that a 

genotype's performance remains constant independent of 

environmental changes, meaning that its variance among 

environments is zero. Dynamic stability, also known as the 

agronomical notion of stability, states that a stable genotype 

should always deliver a high yield expected at the level of 

productivity of the various settings, implying that a variety 

with the lowest GXE feasible is preferred [7]. 

All stability approaches based on quantifying GXE 

effects, according to Becker and Leon [6], pertain to the 

dynamic stability concept. This includes Wricke’s 

ecovalence and Shukla's (1972) stability of variance 
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partitioning procedures, as well as regression-based 

procedures proposed by Finlay and Wilkinson [24, 16] and 

non-parametric stability statistics. 

Lin et al. [39] established three types of stability: type one 

is a stable genotype that maintains its performance despite 

changes in environmental variables. The genotypic variations 

across settings and the coefficient of variability utilized as a 

stability metric for each genotype are the parameters used for 

this form of stability. This stability was dubbed a biological 

concept of stability by Becker and Leon [6]. Type two 

stability notions identify a genotype as stable if it has no 

deviations from the general response to environments and so 

allows for a predictable response to those settings. This form 

of stability can be measured using a regression coefficient 

developed by Finlay and Wilkinson [24] and a stability 

variance developed by Shukla [60]. The agronomic notion of 

stability was coined by Becker and Leon [6]. The idea of type 

three stability relates to a genotype with a low mean 

deviation. As a result, if the residual mean square from the 

regression model on the environmental index is modest, a 

genotype is considered stable. When breeding for broad 

adaptability, the stability analysis technique must be 

interpreted and approached differently than when breeding 

for specific adaptability. This is part of the agronomic 

stability idea, according to Becker and Leon [6]. 

2.7. Statistical Methods to Measure G x E Interaction and 

Stability 

The investigation of genotype-by-environment (GE) 

interactions is a necessary step before recommending novel 

selections for large-scale production. Because the 

performance of tested genotypes is impacted by genotype, 

environment, and G E interaction, it permits assessment of 

the relative performance and stability of genotypes for yield 

and yield-related variables [32]. 

Agronomists, breeders, and other agricultural experts can 

benefit from statistical analysis of yield experiments to 

achieve faster progress. One of the most prevalent activities 

in agricultural research is yield trials, which involve testing a 

variety of varieties in a variety of settings. Because the most 

stable genotype(s) may not be the highest yielding, 

approaches for selecting superior genotypes that combine 

yield performance and stability become significant. To 

establish whether cultivars tested in MET are stable, a variety 

of stability statistics have been used [63]. 

If relative performances of cultivars grown in different 

range of environments are different, the G X E interaction 

becomes a major challenging factor to crop breeding 

programs. Several statistical methods have been widely 

adapted to analyze and interpret G × E data to reveal patterns 

of GEI, such as joint regression [24]; Eberhart and Russell 

[16], sum of squared deviations from regression [16], 

stability variance [60], stability ecovalence (Wi2) proposed 

by [67]; combined analysis of variance (ANOVA) to quantify 

G X E interactions that describe the main effects Genotype 

(G) and environment (E) but this did not provide enough 

information to explain the interaction effect. 

2.7.1. Wricke’s Stability 

Ecovalence was defined by Wricke as the contribution of each 

genotype to the GEI sum of squares. The interaction of the ith 

genotype with the environments, squared and summed across 

environments, is its ecovalence (Wi) or stability. Low-Wi 

genotypes exhibit less variations from the overall mean across 

environments and are hence more stable. The steady genotype 

has a low ecovalence, according to the definition of ecovalence. 

2.7.2. Shukla’s Stability Variance 

Another similar measure of phenotypic stability 

developed by Shukla is the variance component of each 

genotype across contexts. After controlling for 

environmental main effects, Shukla defined stability 

variance as an unbiased estimate of genotype i's variance 

across environments. Because the genotype main effect is 

constant, the stability variance in a two-way classification is 

based on the residual (GEij+ eij) matrix. If the stability 

variance (2i) of a genotype equals the environmental 

variance (2o), the genotype is stable. As a result, a 

relatively high value of (2i) indicates more genotype I 

instability. Because the stability variance is the difference 

between the two sums of squares, it can be negative, 

although in variance component problems, negative 

estimate of variance is not unusual. Purchase [53] considers 

a negative estimate of (2i) to be equal to zero. 

2.7.3. Eberhart and Russell’s Joint Regression Model 

According to the joint linear regression model which was 

developed by Finlay and Wilkinson [24] and modified by 

Eberhart and Russell [16], a stable genotype is one with a 

high mean yield, regression coefficient equals to one (bi=1) 

and deviation from regression equals to zero (S
2
di=0). A 

genotype with a bi value of less than 1.0 has more stability 

and is more adaptable to low-performing settings. A genotype 

with a bi value greater than 1 has less stability and is more 

adaptive to high temperatures. A genotype with a bi value of 

1 has average stability in performing contexts. Thus, 

depending on whether the mean is high or low, is well or 

poorly adaptive to all conditions [24]. According to Eberhart 

and Russell [16], the most relevant stability parameters 

appeared to be the deviation from linear regression mean 

square because this statistic included all types of gene action. 

When the data set contains only a few high or low yielding 

locations, regression analysis should be performed with 

caution [10]. 

2.7.4. Cultivar Superiority Measure (Pi) 

The closer the genotype is to the maximum yield, the 

smaller the Pi values are; this indicates that the genotype is 

superior. Pi values were calculated based on the whole 

location mean; they indicate superiority in terms of general 

adaptability or wide adaption [10]. As a result, the ideal 

genotype is the one with the lowest Pi value and the smallest 

genotype by environment interaction contribution. 

2.7.5. AMMI Stability Value 

Another method is the AMMI stability value (ASV), which 
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is calculated using the AMMI model's first and second 

interaction principal component axis (IPCA) scores for each 

genotype. In a two-dimensional scatter map of IPCA2 against 

IPCA1 scores, ASV quantifies the distance from the 

genotype coordinate point to the origin. The shortest 

projection from the biplot origin identifies the genotypes with 

the lowest ASV values, which are regarded the most stable. A 

genotype with the lowest ASV score is the most stable across 

diverse environments in the additive main effect and 

multiplicative interaction stability analysis (ASV) method, and 

the higher the ASV value (either negative or positive), the 

more specifically adapted a genotype is to specific 

environments [53]. The AMMI stability value (ASV) as 

described by Purchase (1997) was calculated as follow 

��� = �[��	
��
�����
���
��	
��
�����
���

�����1����� ]� + �����2����� �  

2.7.6. Yield Stability Index 

As a measure of stability, Farshadfar et al. [21] created 

yield stability index (YSI), which is comparable to genotype 

selection index developed by Farshadfar et al. [22]. The YSI 

is determined by adding the rank of mean seed yield across 

environments and the rank of genotype AMMI stability 

value. The lowest AMMI stability value receives rank one, 

while the highest yield mean receives rank one, and the 

rankings are then added together to form a single 

simultaneous yield and yield stability selection index. This 

parameter's lowest value indicates preferred genotypes with 

high mean yield and stability. 

2.7.7. Additive Main Effects and Multiplicative Interaction 

(AMMI) 

The data will be subjected to multivariate analysis utilizing 

the additive main effects and multiplicative interaction 

(AMMI) model to determine the interaction effects [69]. It's 

useful for analyzing METs [10]. AMMI is a bi-linear 

(multiplicative effects) and linear (additive effects) model 

that combines two statistical procedures, analysis of variance 

and principal component analysis. AMMI analysis can help 

identify the most stable and productive genotype, promote 

region-specific cultivars, provide more precise estimates of 

genotypic responses, and make biplot graph comprehension 

easier. 

The AMMI approach has three main applications. The first 

is model diagnostics; AMMI is better for initial statistical 

analysis of yield trials because it gives an analytical tool for 

identifying other models as sub cases when they are better for 

certain data sets. Second, AMMI explains the GEI and 

highlights genotype and environment patterns and 

interactions. The third application is to increase yield 

estimation accuracy. Gains in yield estimate accuracy 

comparable to increasing the number of repetitions by a 

factor of two to five have been reported [10]. 

The AMMI model's combination of analysis of variance 

and principal components analysis, as well as prediction 

assessment, is a useful tool for better understanding GEI and 

estimating yields. The interaction is depicted in the form of a 

bi-plot display, in which PCA scores are plotted against each 

other and the GEI components are visually inspected and 

interpreted. Integrating bi-plot and genotypic displays. 

Genotypes can be grouped using stability statistics depending 

on how well they behave in different situations. The figure 

makes it easy to see the average productivity of genotypes, 

environments, and their interactions for all genotype-

environment combinations. In the AMMI study, genotype 

IPCA scores indicate environmental stability or adaptation 

[10, 28]. 

2.7.8. Genotype Main Effect and Genotype by Environment 

Interaction (GGE) Bi-plot 

The genotypic main effect (G) and genotype by 

environment interaction (GEI) bi-plot graphically presents 

the genotypic main effect (G) and genotype by environment 

interaction (GEI) of the multi environment trial (MET) data, 

making visual evaluation of both genotypes and 

environments easier [69]. To completely explore MET data, it 

is an effective method based on principal component analysis 

(PCA). A bi-plot is a scatter plot that shows a point for each 

genotype and environment graphically. The best genotype 

with the maximum yield in a quadrant including identical 

locations (Mega-Environments), genotype average 

performance and stability, optimal genotype and ideal site to 

maximize yield, and specific location may all be seen on a 

GGE bi-plot. 

GGE bi-plot is an effective tool for: 1) mega-environment 

identification (e.g. "which-won-where" pattern), where 

specific genotypes can be recommended to specific mega 

environments [70]; 2) genotype evaluation, where the 

estimation of yield and stability of genotypes was done using 

the average environment (tester) coordinate (AEC) methods 

in GGE bi-plot methodology. The average environment 

(tester) coordinate (AEC) is a line that passes through the 

biplot origin and is defined by the average PC1 and PC2 

scores for all environments [70]. (3) Examination of the test 

environment, with a closer proximity to the concentric circle 

indicating a greater mean yield. 

In agriculture, GGE bi-plot analysis is increasingly being 

employed in GEI data processing. However, there has been a 

small amount of information about GGE application. The 

environmental vectors are the lines that connect the 

environment to the bi-origin plot's (EV). The length of 

environmental vectors is proportional to their standard 

deviation, which is a measure of a given environment's 

capacity to discriminate [68]. 

When compared to AMMI graphs of mega environments, 

the GGE biplot is more accurate and practical since it 

describes an intermediate proportion of the sum of squares of 

genotypes and genotypes by environments (G + GE) [42]. 

Ezzat et al. [19] found significant interactions between 

genotypes, localities, and dates for all the traits evaluated in a 

study on the agronomic performance and stability of 25 

sorghum F1 hybrids and their 10 parents. However, grain 

yield stability studies revealed that F1 hybrids had higher 

grain yields than their parents, but that the parents were more 
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stable. Figueiredo et al. [23] observed substantial GxE 

interactions for all traits in another investigation on the GxE 

influence of 25 sorghum genotypes examined in nine 

locations. In a study on sweet sorghums, significant genotype 

by environment interaction was discovered for the majority 

of the attributes [50]. Rono et al. [56] found that the 

environment (E) and genotype by environment interaction 

(GEI) have significant effects on sweet sorghum yield. 

3. Conclusion 

The majority of sorghum varieties are recommended for 

various agro ecological zones (AEZs), and no single variety 

is appropriate for all of Ethiopia's circumstances (GxE). 

GxE affects grain yield, nutritional quality and content, as 

well as physicochemical and malting quality. Ethiopia has 

made significant contributions to the global sorghum 

collections of ICRISAT and the US National Plant 

Germplasm System. For various end applications, Ethiopian 

farmers have traditionally chosen landrace genotypes with 

superior quality traits such as larger grain size and diverse 

colors. One of the main causes for low acceptability is that 

improved varieties lack farmers' preferred traits such as 

plant height, grain size, and etc. 

The interaction of an organism's genetic composition with 

its environment results in phenotype, which is a physical 

trait. The presence of GEI complicates the selection of yield 

and yield-related traits. GEI can inhibit progress in the 

selection process and is a key driver of genotype-to-genotype 

yield stability differences. Plant breeders should investigate 

GEI in order to better understand crop development in 

relation to biophysical conditions. 
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