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Abstract: Sorghum is the most important cereal crop in the world and has superior drought tolerance and broad
adaptation. Sorghum is an important food security crop mainly in semi-arid and tropical parts of the African
countries. Sorghum is indigenous to Ethiopian as far as its domestication has long time and genetic diversity
exhibited variation among cultivated and wild relatives of the crop concentrated in the country. The existence of
tremendous amount sorghum variability in cultivated and wild relatives revealed that Ethiopia is a country of
origin for sorghum and exhibiting native genetic variation to drought, disease and insect resistance. Currently,
sorghum is the third important cereal crop in both area coverage and production becoming the second in ‘injera’
making after ‘tef’ in Ethiopia. Ethiopia has a diverse sorghum germplasm which adapted to a range of altitudes
and rainfall conditions. Characterization and identification of sorghum germplasm which provide desirable traits
for genetic improvement is a basis in plant breeding. DNA based molecular marker and PCR based are the best to
characterize and identify sorghum genotypes which provide desirable traits as compared to field experimental
evaluation due to time and environmental effect. Genetic improvement is the cost-effective means of enhancing
sorghum productivity for different end-uses. A better understanding of the genetic diversity in sorghum would
greatly contribute to crop improvement with a view to food quality and other important agronomic traits.
Sorghum is a high-yielding, nutrient-use efficient, and drought tolerant crop that can be cultivated on over 80 per
cent of the world’s agricultural land. However, a number of biotic and abiotic factors are limiting grain yield
increase. Drought is a major limiting factor to agriculture and considered as the most important cause of yield
reduction in crop plants. Identification of genetic factors involved in plant responses to drought stress will provide
a solid foundation to breed plants with improved drought resistance. The excellent drought characteristics of
sorghum make it one of the most important foods and feed crops in the arid and semi-arid regions of the world.
Sorghum is an important resource to the national economy and it is essential to assess the genetic diversity in
existing sorghum germplasm for better conservation, utilization and crop improvement. Sorghum is a drought-
tolerant crop with a vital role in the livelihoods of millions of people in marginal areas. Ethiopia is one of the
origins and centers of genetic diversity of sorghum. As sorghum ranks fifth in global cereal production, the study
of its genetic diversity from its center of origin is important for its improvement.
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1. INTRODUCTION

Sorghum (Sorghum bicolor (L.) Moench; 2n=20) is the fifth most important cereal crop globally after maize, wheat, rice
and barley (FAO, 2019). Sorghum is self-pollinated crop species and belongs to Poaceae family with a genome size of
730 Mb (Paterson et al., 2009). Sorghum is a C, plant with higher photosynthetic efficiency and higher abiotic stress
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tolerance (Reddy B.V.S and Stenhouse J.W, 1994). The origin and the early domestication of sorghum took place in
northeaster Africa approximately 5000 years ago (Mann et al., 1983). Ethiopia is the country of origin for sorghum and
has large sorghum genetic diversity for future genetic improvement for desirable traits (Vavilov, 1951). It is widely grown
in the arid and semi-arid tropics, because of its unique adaptation to harsh and drought prone environments (Adugna,
2007). Sorghum is a major staple food crop in Ethiopia, exhibiting extensive genetic diversity with adaptations to diverse
agro-ecologies. Sorghum has a remarkable wide adaptation and tolerance to high temperatures, high evaporative demand,
inadequate and erratic rainfall and soils of poor structure, low fertility and low water holding capacity (Teshome et al.,
2007).

Sorghum is the main staple food crop for more than 500 million people in Africa, Asia and Latin America particularly in
semi-arid tropical regions where drought is the major limitations to food production (Ejeta, 2005). About two third of
sorghum grain produced worldwide is used for human consumption in developing countries (Ejeta, 2005). Sorghum is the
most important grain crop within the past decade in the world with yearly production of 60 million tones. Among the 44
million hectares of land devoted to global sorghum production, about 90% of it contributed by developing countries with
largest share from Africa and Asia (Leder, 2004). Ethiopia is one of the origins and centers of diversity of Sorghum
(Sorghum bicolor (L.) Moench). This crop is an important food crop and is widely grown in the highland, lowland and
semiarid regions of the country (Abdi et al., 2002). It is important for food, feed, fiber and fuel across a range of agro-
ecosystems. Sorghum also used as raw material by industries to produce different products including starch, fiber,
dextrose syrup, biofuels and alcohol ( Mahmood, T et al., 2010). Sorghum is a tight clustering and overlapping C, drought
tolerant plant with high water use efficiency. Ethiopian sorghum is well known for its high lysine content and grain
quality, shoot fly resistance, grain mould resistance and cold tolerance as the result of high genetic diversity.

Sorghum is the important cereal crop around the world and hence understanding and utilizing the genetic variation in
sorghum accessions are essential for improving the crop. A good understanding of genetic variability among the
accessions will enable precision breeding. It is a major food crop in Sub-Saharan Africa and South Asia and is the staple
food for the most food insecure people in the world (Bibi A et al ., 2010). Besides being an important food, feed, and
forage crop, it provides raw material for the production of starch, fiber, dextrose syrup, biofuels, alcohol, and other
products. Sorghum was domesticated in African continent, particularly in Ethiopia, from where it was introduced to other
regions of the world with diverse agro-climatic conditions (Li R et al., 2010). Therefore a wide diversity is found within
and among the sorghum cultivars at both phenotypic and genotypic level (Hart G. E et al., 2001). Knowledge of genetic
diversity of a crop usually helps the breeder in choosing desirable parents for the breeding program and gene introgression
from distantly related germplasm. The more diverse genotypes or accessions can be crossed to produce superior hybrids
with resistance to abiotic and biotic stresses.

Understanding the wealth of genetic diversity in sorghum will facilitate further improvement of this crop for its genetic
architecture (Jayaramachandran M et al., 2011). Ethiopian sorghum landraces exhibit native genetic variation for drought
resistance (Borrel et al., 2000), having huge source of high lysine (Singh and Axtell, 1973), good grain quality and
resistance to disease and insect (Hebede, Y, 1991), post flowering drought tolerance (stay-green trait) (Borrel et al.,
2000). Nowadays, the world food demand is increasing with the increasing world population and climate change. Hence
sorghum is expected to play significant role in the area where other cereal crops are rarely produced due to water scarcity.
As food-grade, special attention is given to sorghum because it is gluten-free and contains high levels of health-promoting
phytochemicals (Asif et al., 2010). Sorghum has been improved to a great extent for grain yield (Adebo et al., 2018) and
is primarily used as a food crop in developing countries (Bawazir, 2009). Sorghum is one of the most important cereal
crops supporting the lives of millions of people across the globe and particularly in the developing world (Zhanguo et
al., 2017). Sorghum is used for biofuel production (Dutra et al., 2013), beer production (Smith and Frederiksen, 2000) and
silage (Pinho et al., 2015). Sufficient genetic diversity is required for plant breeding programs to assist production of new
improved cultivars against various stresses and increase of yield (Abrams et al., 2015).

Sorghum is one of the most important cereal crops grown in arid and semi-arid regions of the world. Sorghum is produced
for its grain which is used for food, feed and stalks for fodder and building materials in developing countries, while it is
used primarily as animal feed and in sugar, syrup and molasses industry in developed countries (Dahlberg, J et al., 2012).
It is major food and nutritional security crop to more than 100 million people in Eastern horn of Africa (Gudu et al., 2013)
including Ethiopia, providing a principal source of energy (70% starch), proteins, vitamins and minerals (Duodu et al.,
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2003). Despite its importance, sorghum production and productivity are constrained by the use of low yielding cultivars,
which are susceptible to biotic and abiotic stresses. These stresses include; drought, stem borer, grain mold and the
parasitic weed- striga (Belu et al., 2008). Among the abiotic factors, drought is the major cause for low productivity of the
crop (Asfaw, 2007). Worldwide, the annual yield loss due to drought is estimated to be around 10billion US dollar
(Mutava, 2009). In Ethiopia it is a major problem leading to food shortages and challenging small-holder farmers in
Ethiopia to produce enough sorghum grain when rainfall is low and erratic. The effect of drought on crop yield is
dependent on the stage of plant development. Assefa et al. (2010) has reported that water stress occurring during the
vegetative stage alone could reduce yield by > 36% and > 55% at the reproductive stage. In Ethiopia, complete yield loss
due to drought was recorded in some parts of the country, such as Mehoni area (EIAR, 2014).

Because of its drought adaptation capability, sorghum is preferred crop in tropical, warmer and semi-arid regions of the
world with high temperature and water stress. With the thrust of climate change looming large on the crop productivity,
sorghum being a drought hardy crop will play an important role in food, feed and fodder security in dry land economy
(Mishra et al., 2015). Ethiopia being first rank among countries that have contributed germplasm collections to the initial
world collections of sorghum at ICRISAT (Rao et al., 1989). Landraces or farmers varieties have been found to have
higher variability and stability (adaptation over time) in marginal environments, encompassing a population of genes and
alleles that are adaptable to natural and human selection pressures (Ceccarelli, S et al . , 2004).

The existence of the different sorghum landrace accessions, which can respond to the recurrent moisture stress, is
expected to provide an opportunity in screening and identifying best drought tolerance accessions with relatively stable
yield. Genetic variability in crops has strong impact on crop improvement program and conservation of genetic resources
(Assar et al., 2005). The genetic variability of cultivated species or varieties and their wild relatives together form a
potential and continued source for the development of improved crop varieties (Ahalawat et al., 2018). A better
understanding of the genetic diversity in sorghum would greatly contribute to crop improvement with a view to food
quality and other important agronomic traits. Hence, understanding and utilizing the genetic variation in sorghum
accessions is essential for improving the crop. Therefore, the objective of this review was to understand the critical
importance of genetic variability sorghum in overcoming the drastic effects of drought at arid and semi-arid areas.

2. SORGHUM ORIGIN, DOMESTICATION AND DISTRIBUTION

Ethiopia is the country of origin for sorghum and has large sorghum genetic diversity for future genetic improvement for
desirable traits (Vavilov, 1951). The origin of Sorghum is Africa and it is has a character of adapting the continents
climate both in terms of resistant to drought and ability to withstand periods of water-logging (Kimber, 2000). The
domestication of sorghum has its origins in Ethiopia and surrounding countries, commencing around 4000-3000 BC
(Dillon et al., 2007). In early 200 AD sorghum made its way into Eastern Africa from Ethiopia via the local tribes (Ng'uni
etal., 2011). Some archaeological evidence also indicates that cereal domestication practice was introduced from Ethiopia
to Egypt about 3000 BC (Doggett, 1965). There are also suggestions that cultivated sorghum was domesticated by
selections from a wild progenitor, subspecies verticilliflorum, about 5000- 7000 years ago (Purseglove, 1972).

Early domestication of sorghum was associated with changing the small-seeded, shattering and open panicles toward
improved types with larger, non-shattering seeds and more compact panicles. Stable, high-yielding sorghum varieties
have been recently developed through breeding or improvement programmes utilizing sorghum landrace varieties from
Africa, India and China. This has involved selecting traits such as photoperiod insensitivity, reduced height (to reduce
lodging), drought tolerance, pest and disease resistance (Reddy et al., 2004). Domesticated sorghum is drought tolerant
with an extensive root system, a waxy bloom on the leaves that reduces water loss, and the ability to stop growth in
periods of drought and resume growth under suitable environmental conditions. Sorghum requires rainfall of 500 to 800
mm throughout the growing season and can withstand temporary water logging (Balole and Legwaila, 2006).
Domesticated sorghum tolerates a range of soil types including heavy Vertisols, light sandy soils, loams, and sandy loams
and soil p H levels from 5.0 to 8.5 (Balole and Legwaila, 2006).

Then, it was distributed along the trade and shipping routes around the African continent and through the Middle East to
India at least 3000 years ago. It then journeyed along the Silk Route into China (Dicko et al., 2006). It was first taken to
North America in the 1700-1800's through the slave trade from West Africa and was re-introduced in Africa in the late
19" century for commercial cultivation and spread to South America and Australia (Yitayeh, 2019). Currently sorghum is
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widely found in the dry lowland areas of Africa, Asia (India and China), the Americas and Australia (Dicko et al., 2006).
It is an economically, socially and culturally important crop grown over a wide range of ecological habitats in Ethiopia, in
the range of 400-3000 m.a.s.l (Teshome et al., 2007). Sorghum is a unique cereal crop in the lowland areas due to its
drought tolerance (Kebede Y, 1991).

The presence of a diverse population of wild and cultivated sorghum in Ethiopia reveals that Ethiopia is the primary
center of origin and center of diversity (Mekibeb, 2009). Most probably sorghum is grown in arid and semi-arid parts of
the world where it extensively adapted to semi-arid environmental conditions that can be able to successfully grow in
areas that are too marginal and difficult to the other cereal crops (Geremew et al., 2004). Besides sorghum known as one
of the most drought tolerant crop species and which have the habit of adaptability to different agro-ecologies and taken as
an important model system for studying physiological and molecular mechanisms underlying drought tolerance
(Amelework et al., 2015). The climatic condition of the different agro-ecological zones plays vital role in geographical
distribution in sorghum growing and production percentage like, high temperature, dry spell and erratic rainfall favors the
production of the sorghum due to its genetically drought resistant properties and its ability to grow in hot dry agro-
ecologies with relative advantage where other food crops such as rice and maize find it difficult to grow successfully
(Alade et al., 2017).

2.1 Sorghum Genetic Diversity

Genetic variability is defined as the variability observed in a given crop plant that can be attributed to genes that encode
specific traits and can be transmitted from one generation to the next (Acquaah, 2007). Genetic variability can be created
in nature through hybridization and recombination, mutation, and modification of chromosome number and structure. The
genus sorghum presents broad genetic diversity, including wild and cultivated species, divided into five basic
morphological races (bicolor, caudatum, durra, guinea and kafir) and into ten other intermediate races, which are various
combinations involving the five basic races ( Harlan and De Wet, 1972 ). Knowledge of genetic diversity of the genetic
material is very critical in crop improvement (Warburton et al., 2008). Genetic variation, generally considered a key
component in broadening gene pools in any given crop population, is critical to the success of yield improvement
programmes (Nyadanu, D and Dikera, E, 2014). Genetic variability is the occurrence of differences among individuals
due to differences in their genetic composition and the environment in which they are raised. Sorghum is a crop species
with a wealth of genetic variability, which may have originated from the sympatric co-evolution and intercrossing of the
cultivated and wild species in Africa (Tesso et al., 2008).

The diversity of new sorghum types, varieties and races created through the movement of people, disruptive selection,
geographic isolation and recombination of these types in different environments would have been large (Dillon et al.,
2007). The high level of genetic variability in sorghum could also be related to the rate of out crossing in the species,
which can reach up to 30% depending on the head type. However, the predominantly selffertilizing nature of the crop
could help to fix and maintain novel genetic variations in the population (Rooney, 2004). Being an indigenous crop with
tremendous amount of variability (Asfaw, 2007), Ethiopia serves as the global reservoir for sources of favorable genes of
various crops to which it is the Vavilonian center of origin and diversity including sorghum (Vavilov, 1951), ranking first
among countries that have contributed sorghum collections at ICRISAT (Rao et al., 1989). All the races, except Kafir, and
the corresponding intermediate races are naturally found in Ethiopia (Teshome et al., 1997, Stemler et al., 1977).

Information on the nature and magnitude of genetic variability present in a crop species is thus important for developing
effective crop improvement program. The amount of the total genotypic and phenotypic variability that exists in a crop
germplasm dictates the initiation of crop improvement programs, of the total variability present in a population the genetic
component is the most important to the breeder as it could be transmitted to the progeny. In addition, proper management
of this type of variability can produce permanent gain in the performance of the crop concerned (Welsh, 1981).
Phenotypic variability is the observable traits of variation present in a population and it is a combined effect of genotypic
value and environmental deviation. Genotypic variations, on the other hand, is the component of variation which is due to
the genetic differences among individuals within a population and is the main concern of plant breeding (Allard, 1960).

Sorghum is a cereal crop having a large genetic diversity and most of its accession is derived from farmers’ selection over
years from different location, under a wide range of environments (Billot et al., 2013). This adaptation characteristic of
sorghum to diverse agro-climatic conditions is as results of sorghum having a source of favorable alleles that could be
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used in breeding programs (Morris et al., 2013). As far as farmers’ interest to their accessions, the local landraces based
hybrids are better in adaptation and acceptability (Camara et al., 2006). More over as sorghum has a large genetic
diversity, it is a great opportunity for breeder and it requires again an effort on researches to develop new drought
tolerance sorghum crops which will withstand the harsh environmental conditions (Msongaleli et al., 2017). There is wide
genetic variation for physiological and yield traits associated with tolerance to limited moisture stress within sorghum
genotypes and these traits can be used for identifying drought tolerant genotypes of sorghum (Mutava et al.,2011).

Table 1: Ethiopian sorghum races presented according to their ecological distribution (Modified from Stemler et

al., 1977)

Ethiopian Sorghum landraces Ecological Distribution Major Growing Regions/Zone

DURRA Eastern highland regions and midelevation North Wello, South Wello, East
terrace of the north Harerghe

CAUDATUM Hot dry valleys and lowland savannas in N Metekel, Central and South Tigray,
and W Ethiopia Gambella (Z1)

DURRA-BICOLOR S-W Highland regions where Temp. and Jimma, Illubabor, West Wollega
raining higher than N and E regions

BICOLOR and GUINEA Rift valley regions of Ethiopia North Shewa, Benchi Maji, East

Shewa*

2.2 Importance and Constraints to Sorghum Production

Sorghum is the fifth most important cereal crop in the world, after wheat, maize, rice and barley grown in arid and semi-
arid parts of the world (FAO, 2019). In developing countries more than 500 million people relied on sorghum for their
principal food sources (Burke et al., 2013). In Africa, sorghum is still largely a subsistence food crop (Troyer, A.F and
Wellin, E.J, 2009). In Ethiopia, sorghum is the third primary staple food crop after tef and maize (CSA, 2014).The highest
proportion (74%) of the grain produced is consumed at the household level, with the remainder being used for sale and
seed purposes (CSA, 2014). Sorghum grain is preferred next to tef, a small cereal grain crop, for the preparation of the
staple leavened bread (injera). The grain is also used for the preparation of local beverages (Tella and Areke). In addition,
the stover is used as animal feed (green chop, hay, silage, and pasture), fuel wood and construction (fencing and roofing
material) purposes. Sorghum grows in a wide range of agro-ecologies most importantly in the moisture stressed parts
where other crops can least survive and food insecurity is rampant (Asfaw, 2007).

The productivity of sorghum in Ethiopia is very low as compared to another developed countries and farmers fields in
major sorghum growing regions of the country (Geremew et al., 2004). Sorghum production and productivity in the
country are constrained by several biotic and abiotic factors. Among the biotic factors are Striga, diseases (grain mold,
anthracnose, rust and smut), insect (stalk borer, midge, and shoot fly) and Quellea birds (Wortmann et al., 2006) whereas
the important abiotic constraints include low soil fertility (nutrient deficiency) and drought (EIAR, 2014). Sorghum
production constraints vary from region to region within Ethiopia. Drought and Striga in north and north eastern parts,
quelea birds in the Rift Valley and Southwest lowlands (Wortmann et al., 2006), soil infertility and drought were seen as a
major constraints in the eastern parts of the country (Shiferaw et al., 2015). However, drought and striga are the most
important problems across regions. Among abiotic factors drought is a major constraint in sorghum production worldwide
and is considered as the most important cause of yield reduction in crop plants. In Ethiopia, over 80% of sorghum is
produced under severe drought to moderate drought stress conditions. Complete yield loss was observed in some parts of
the country (EIAR, 2014).

2.3 Drought and Effect of Drought Stress on Sorghum

Drought stress is a serious agronomic problem contributing to severe yield losses worldwide. This agricultural constraint
may nevertheless be addressed by developing crops that are well adapted to drought prone environments. The
mechanisms that enable this crop to survive under these harsh conditions are complex and not well understood.
Agricultural drought, namely water deficiency, adversely affect plant and crop production by reducing leaf size, stem
extension and root proliferation, disturbing plant water and nutrient relations, and inhibiting water-use efficiency. During
periods of severe drought, these losses can be much higher and can potentially result in complete crop failure. Drought is
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a major constraint in sorghum production worldwide and is considered as the most important cause of yield reduction in
crop plants (Sabadin et al., 2012; Besufekad and Bantte, 2013), especially in water-limited areas of the world including
parts of eastern and southern Africa.

The crop growth and development are constantly influenced by environmental conditions such as stresses which are the
most important yield reducing factors in the world. Drought is the most important abiotic factor limiting growth,
adversely affect growth and crop production and one of the most important environmental stresses, especially in warm
and dry areas of crop yield are limited. Drought is actually a meteorological event which implies the absence of rainfall
for a period of time, long enough to cause moisture-depletion in soil and water deficit with a decrease of water potential in
plant tissues. But from agricultural point of view, drought is the inadequacy of water availability, including precipitation
and soil-moisture storage capacity, in quantity and distribution during the life cycle of a crop plant, which restricts the
expression of full genetic potential of the plant. It acts as a serious limiting factor in agricultural production by preventing
a crop from reaching the genetically determined theoretical maximum yield. Increased crop yield is required to meet the
needs of future population growth, but drought causes significant yield reductions for rainfed and irrigated crops.

Drought is the availability of inadequate water including precipitation and soil water storage capacity, in quantity and
distribution during the life cycle of a crop plant, which inhibits the expression of full genetic potential of the plant (Mitra,
2001). It is the major cause of poor crop performance and low yield, and sometimes it causes total crop failure. Drought is
also unpredictable in its timing of occurrence, duration and intensity. In the tropics, the probability of drought is highest at
the start and end of the growing season. Short duration drought stress mostly reduces grain yield while prolonged drought
stress leads to complete death of plant. Drought stress occurs at different stages of growth and adversely affects and yield
parameters which lead to reduction in yield. The extents of yield loss caused by drought stress vary with sorghum
genotypes and their stage of growth (Reddy et al., 2004). Water stress at the vegetative stage and reproductive stage alone
can reduce yield by more than 36%, and 55% respectively (Assefa, et al., 2010). In addition to its direct effect on yield,
drought also predisposes the crop to other yield limiting factors such as pests and diseases (McBee, 1984).

Drought response in sorghum has been classified into two distinct stages, pre-flowering (panicle differentiation to
flowering) and post-flowering (flowering to grain development) (Sanchez et al., 2002). Pre-flowering drought tolerance
responses of sorghum includes reductions in panicle size, seed number, grain yield, seed set, plant height, leaf rolling,
irregular leaf erectness, delayed flowering and flower abortion. Post-flowering drought tolerance encompasses stalk
logding, reduced seed size, susceptibility to charcoal rot, reduced biomass, loss of chlorophyll, degradation of
photosynthesis, reduced seed weight, reduced grain number, reduced hundred seed weight and premature leaf and stalk
senescence (Burke et al., 2010). Post-anthesis drought stress is considered more detrimental to grain yield regardless of
the stress severity because photosynthesis per unit leaf area is decreased leading up to 70 % vyield loss (Abraha et al.,
2015).

For instance, by 2050, water shortages are expected to affect 67% of the world’s population (Ceccarelli et al., 2004).
Climate extremes are expected to increase with climate change, which may negatively affect crop production (Troy,
2003). In most areas where crop production is dependent on rainfall there is always risk of crop failure or yield loss due to
moisture stress. In the semi-arid tropic areas, moisture is always inadequate for crop growth because of low precipitation
and erratic distribution and poor soil moisture storage capacity of soils. In severe cases the stress could lead to total crop
loss (Sinha et al., 2018). Drought is the major limiting factors for yield stability in the semi-arid tropics, where rainfall is
inadequate, non-uniform and erratic in distribution (Hamblin et al., 2005). Worldwide, the yield loss each year due to
drought was estimated to be around USD 10 billion (Mutava, 2009).

2.4 Sorghum Drought Resistance Mechanisms

Drought resistance is a complex trait, expression of which depends on action and interaction of different morphological
(earliness, reduced leaf area, leaf rolling, wax content, efficient rooting system, awn, stability in yield and reduced
tillering), physiological (reduced transpiration, high water-use efficiency, stomatal closure and osmotic adjustment) and
biochemical (accumulation of proline, polyamine, trehalose, etc., increased nitrate reductase activity and increased storage
of carbohydrate) characters. Due to its inherent nature, sorghum has drought resistant mechanisms that make it better fit in
moisture stressed areas and less competition from other crops. Sorghum is the single most important cereal in drought
prone areas and the climate-resilient crops that can better adapt to climate changes (Reddy et al., 2007). Sorghum is one
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of the most drought tolerant crop species and is an important model system for studying physiological and molecular
mechanisms underlying drought tolerance (Sanchez et al., 2002). Plants including sorghum resist drought stress by either
of drought escape, drought avoidance or drought tolerance mechanisms. Drought tolerance in sorghum is a complex
quantitative trait controlled by many genes coding for various traits contributing towards tolerance (Blum, 1979).
Development of molecular markers and their use in Quantitative Trait Loci (QTL) analysis has become a powerful tool
for studying the inheritance of complex traits and helps for improving drought tolerance in crops (Suji et al., 2012).

Drought tolerance can be defined as a plant’s ability to maintain physiological functions when little or no water is
available to the plant (Mitra, 2001). Plants respond and adapt to and survive under drought stress by the induction of
various morphological, physiological and biochemical responses. However, a plant may exhibit more than one of these
strategies to cope with drought stress. There are evidences that sorghum is drought tolerant than other cereal crops.
Sorghum had a greater ability to extract water from deeper soil layers compared to maize (Farre et al., 2006). Sorghum
avoids effects of moisture stress at critical stages by delaying or hastening development. Early in the vegetative stage,
delays its growth; when recovered it has the ability to compensate yield by producing tillers. If water stress occurs late in
the growth stage, hastens its growth and quickly passes to the next developmental stage (Yared et al., 2014). The
development of high yielding and stable varieties for the drought prone area requires a continuous supply of new
germplasm as a source of desirable genes.

2.4.1 Drought Escape

Drought escape is the ability of a plant to complete its life cycle before serious soil and plant water deficits develop. This
mechanism involves rapid phenological development (early flowering and early maturity), developmental plasticity
(variation in duration of growth period depending on the extent of water-deficit) and remobilization of parenthesis
assimilates to grain. Drought escape is the ability of plants to avoid drought by completing their life cycles before the
onset of a dry period to sustain some reproduction (Manavalan et al., 2012). Early matured sorghum genotypes have less
evapo-transpiration when compared to late maturity genotype because of smaller leaf area which can help limit further
water loss. Some sorghum cultivars also escape drought through remobilization of stem reserves. Sorghum has a
developmental plasticity, which delay or postpone their development during stress and resume their development with the
start of rain. Due to deep and extensive root formation, sorghum can escape drought (Tari et al., 2013).

2.4.2 Drought Avoidance

Drought avoidance is the ability of plants to maintain relatively high tissue water potential despite a shortage of soil-
moisture. Mechanisms for improving water uptake, storing in plant cell and reducing water loss confer drought avoidance.
Drought avoidance is performed by maintenance of turgor through increased rooting depth, efficient root system and by
reduction of water loss through reduced epidermal (stomatal and lenticular) conductance, reduced absorption of radiation
by leaf rolling or folding and reduced evaporation surface (leaf area). The mechanisms that confer drought resistance by
reducing water loss (such as stomatal closure and reduced leaf area) usually result in reduced assimilation of carbon
dioxide. Consequently, crop adaptation must reflect a balance among escape, avoidance and tolerance while maintaining
adequate productivity.

The drought avoidance mechanism avoids a low water status in tissues during water stress by maintaining cell turgor and
cell volume. This is achieved either through aggressive water uptake by an extensive root system, leaf rolling, through
reduction of water loss from stomatal transpiration and other non-stomatal pathways such as cuticular transpiration
(Ludlow and Muchow, 1990). Most sorghum genotypes have a thick waxy cuticle that limits water loss during periods of
water deficit, which reduce water loss from leave. The resistant sorghum lines showed more leaf-rolling than the
susceptible lines in water stress condition, reducing the effective area of the uppermost leaves by about 75% (Matthews et
al., 1990).

2.4.3 Drought Tolerance

Drought tolerance is the ability to withstand water-deficit with low tissue water potential. To improve drought tolerance
trait, breeding requires fundamental changes in the set of relevant attributes, finally emerging as something named
drought tolerance. Drought tolerance depends on the plant developmental stage at the onset of the stress syndrome, which
in sorghum may happen during the early vegetative seedling stage, during panicle development and in post-flowering, in
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the period between grain filling and physiological maturity (Rosenow et al., 1996). In particular, post-flowering drought
stress can result in significant reductions in crop yield (Rosenow et al., 1996).

Drought tolerance is a mechanism through which sorghum maintains metabolism even at a lower water potential. This
mechanism involves physiological traits including osmotic adjustment, antioxidant capacity and genetic components such
as pre-flowering drought tolerance and post anthesis drought tolerance (Subudhi et al., 2000).The genetic components are
expressed depending on the growth stage of the sorghum plant and are controlled by different genetic elements. Pre-
flowering response in sorghum occurs when the plants are under significant moisture stress prior to anthesis and post
flowering drought response in sorghum is expressed when moisture stress occurs during the grain filling stage (Rosenow
and Clark, 1995).

2.4.4 Stay-Green or Delayed Senescence

Stay-green refers to a drought tolerance mechanism that enables the sorghum plants to tolerate premature senescence
under drought stress that occurs during grain filling. The stay-green trait results in greater functional photosynthetic leaf
area during grain filling and even after physiological maturity. It is an important component of post-flowering drought
response in sorghum (Harris et al., 2007). Sorghum genotypes with the stay-green trait continue to fill their grain
normally under drought and exhibit resistance to stalk lodging; charcoal rot and higher levels of stem carbohydrates
(Borrell et al., 2000). Sorghum is the most important crop that has a potential to resist drought as compared to other
cereals due to the presence of stay green traits. Stay-green, is a very important traits that used in crop to tolerate drought,
which is characterized as a post-anthesis drought resistance trait which contributes in yield improvement and yield
stability under moisture stress condition (Tao et al., 2003).

Stay-green in sorghum genotypes exhibited high levels of cytokinins which can be enables the crop to reduce a
senescence rate due to a higher level of cytokinins (Thomas and Howarth, 2000). In addition, stay-green crop genotypes
are also associated with higher leaf nitrogen concentration, especially during the flowering stage (Borrell et al., 2000), and
which implies that stay-green trait may possibly contribute to higher transpiration efficiency of non-senescent genotypes
(Tao et al., 2003). In sorghum, stay green is appear to be the combined effect of green leaf area at flowering period, time
of onset of senescence and its subsequent rates (Borrell et al., 2000). Although a number of traits are identified related to
drought resistance however, the stay-green trait is recognized as the most important drought resistance trait in sorghum
selection to identify a genotypes with resistance to drought. Stay-greenis an integrated drought-adaptation trait in
sorghum. Delayed leaf senescence during grain filling is an emergent consequence of dynamics occurring earlier in crop
growth. Stay green in sorghum is characterized by the plant’s ability to tolerate post-flowering drought stress, thereby
delaying the premature leaf and plant death.
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Figure 1: Flowchart of crop physiological processes that determine plant size and crop water use at anthesis
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2.4.5 Root Characteristics

Root is the primary plant organ that used to fetch water for crops to facilitate the physiological activities of a crop and
which can be affected by drought and environ mental stresses of the soil (Prince et al., 2002). The roots of Sorghum
grows about 2 to 3 cm per day and can extend to the depth of 1-2m at the booting stage of sorghum growth which can be
enables the crop to efficiently extract or fetch water at a distance of 1.6m from the sorghum (Routley et al., 2003),
although it varies with environmental and genetic factors (Blum, 2004). The drought tolerance traits expressed by a
Sorghum crop is naturally related with drought avoidance which have a characteristics of deep root system which enables
the crop to fetch water to the deeper soil horizon (Habyarimana et al., 2004).The extent of drought stress tolerance is
highly associated with root characteristics specially root length which indicates a positive correlation between drought
tolerance and root length in sorghum which shows root depth and root length density are drought tolerance contributing
traits.

Plant roots are important organs that absorb water and nutrients from the soil and are a center for the biosynthesis and
transport of plant hormones such as abscisic acid (ABA) (Arai-Sanoh, Yet al. , 2014). The morphological and
physiological characteristics of roots affect the growth of plant aerial parts (Arai-Sanoh, Yet al., 2014). The roots and
aerial parts of crops are interactive and interdependent (Kashiwagi, J et al., 2006). Therefore, maintaining high root
vitality is essential and changing root structure is more likely to promote crop growth than changing the stems and leaves
(Craine, J.M et al., 2003). Alteration of root traits to adapt to the surrounding environment and optimize resource
utilization plays a vital role in the adaptation of wheat to different environments. The study of Sebastian et al. (2016)
showed that stronger suppression of crown roots actually may benefit crop productivity under a water deficit. Hammer et
al. (2009) reported that root structure optimization and water utilization may be the basis for historic advances in yield
breeding in the U.S. maize belt.

Hence, to understand what kind of root system is beneficial to crop growth, it is necessary to explore the role of the root
system on crop growth and yield production, especially the role of deep roots under adverse conditions such as drought
stress. Gewin revealed that deep roots play a vital role in mitigating water stress in many crops (Gewin, V. Food, 2010).
Deep roots have a greater ability to absorb water and nutrients than shallow roots and act as the central hub of the water
and nutrient cycle (Giambelluca, T.W et al., 2016). In addition, deep roots play a key role in crop adaptation to
circumstances. Manschadi et al. (2006) reported that the roots of drought-tolerant wheat are tighter, more uniform, and
longer than those of drought sensitive wheat, and the plants have higher water use efficiency. The deep roots of crops can
not only increase yield by improving water and nitrogen uptake but also reduce environmental nitrogen leaching (Thorup-
Kristensen, K et al., 2012). Therefore, breeders strongly emphasize the role of deep roots in absorbing water and nutrients
when developing new varieties (Wasson, A.P et al., 2014). Chaves et al. (2004) revealed that since deeper soil layers have
higher moisture contents in arid environments, deep-rooted plants are more likely to survive under these conditions. Deep
roots can absorb more substances, including water and nutrients, in arid environments and maintain the function of the
shallow roots through material transport (Bleby, T.M et al., 2010). Although some functions of the root system are well
known, some of the physiological functions of deep roots and their effects on aboveground crop production have rarely
been reported.

Sorghum is mainly planted in arid and semiarid regions of Asia and Africa, and the planting area in these regions accounts
for 85% of the worldwide planting area according to 2018 data (FAO, 2018). However, filling stage is the most important
period for yield production, at which drought can lead to severe decline of yield in sorghum (Wang, N et al., 2015).
Sorghum can feed at least 5 million people in these areas due to its unique drought adaptability and sorghum roots play an
important role in its drought tolerance (Zhang, C et al., 2019). Wang et al. reported that a higher root activity has been
found in the stay green sorghum B35 as compared to non-green-stayed sorghum and is considered as one of the drought-
resistant mechanisms under drought conditions. Photosynthetic parameters and osmotic adjustment ability are the
principal factors associated with sorghum yield under drought conditions (Wang, N et al., 2015). However, research on
root systems is time consuming, expensive and difficult because plant roots are hidden under the ground. Therefore,
compared with studies of the aboveground characteristics of plants, there are few studies on the physiological functions of
underground roots. In recent decades, although the number of root system studies has significantly increased, these studies
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have mainly been limited to shallow root systems (Maeght, J.L et al., 2013) or the effects of different root types on plant
productivity (Arai-Sanoh, Y et al., 2014). Specifically, little is known about the effects of deep root systems on the
aboveground physiology and yield production of sorghum plants (Guo, H et al., 2019).

3. CONCLUSION

Sorghum is one of the major cereal crops in the semi-arid tropics where prolonged droughts are frequent. The presence of
broad-base genetic variation is prerequisite for any crop improvement. Crop improvement program requires
understanding and proper assessment of genetic variability among germplasm collections and efficient utilization of such
variability in breeding programs. It is an important step toward reliable grouping of accessions and identification of
subsets of core accessions with possible utility for specific purpose. Drought is one of the most important factors that
affect crop production worldwide and continues to be a challenge to plant breeders, despite many decades of research.
This agricultural constraint may nevertheless be addressed by developing crops that are well adapted to drought prone
environments. Understanding the different mechanisms underlying drought tolerance is vital for the breeding to alleviate
adverse effects of drought. For instance, heat and drought are the two most important environmental stresses imposing
huge impact on crop growth, development, grain yield and biomass productivity. With the increasing expectations of crop
yield losses because of the global climate change and the exponential population growth, there is an urgent need to
accelerate plant breeding and mining of novel traits for increased yield potential and better adaptation to abiotic stresses to
secure the food availability and meet the future demand for agricultural production. Hence, drought tolerant and stay-
green genotype selection can be a principle strategy for increasing crop production to meet the mandate of an expected
increase in population, particularly under heat and water-limited conditions.

Drought is the primary cause of crop yield loss among abiotic factors around the world. This day, drought is the primary
cause of crop yield loss among abiotic factors around the world. It is also a major problem in Ethiopia, leading to food
shortages and is a challenge for small-holder farmers to produce enough sorghum grain when rainfall is low and erratic.
Drought is a major cause of sorghum vyield losses in rain-fed agriculture, especially in the semi-arid and arid agro-
ecological zones of Africa and Asia. Drought due to climate change is favoring sorghum production even in areas that
were originally favorable for other crop production. Sorghum is the dominant crop in the arid and semi-arid tropics, where
drought seriously affects its production. Plant breeding is facing challenge to feed the ever-increasing population with
diminishing cultivable land and dynamic climate change. Modern plant breeding has achieved some success in this
regard. However, it has resulted in the genetic vulnerability because of narrow genetic base of cultivated varieties in many
crops. Hence, there is a need of paradigm shift in plant breeding focusing on diverse genetic resources. Genetic diversity
has now been acknowledged as a specific area that can contribute in food and nutritional security. Better understanding of
genetic diversity will help in determining what to conserve as well as where to conserve. Genetic diversity of crop plants
is the foundation for the sustainable development of new varieties.

Drought is the primary cause of crop yield loss among abiotic factors and it is a major problem in Ethiopia, leading to
food shortages. However, sorghum is relatively a drought tolerant crop but drought is still the major constraint for its
production. Plant breeding is primarily relies on presence of substantial genetic diversity of crops to address maximum
genetic yield potential of the crops and exploitation of the variation through effective selection for improvement.
Nowadays, the world food demand is increasing with the increasing world population and climate change. Hence
sorghum is expected to play significant role in the area where other cereal crops are rarely produced due to water scarcity.
The presence of considerable magnitude of variability in the available germplasm is a prerequisite for a successful
selection of sorghum for drought resistance. Sufficient genetic diversity is required for plant breeding programs to assist
production of new improved cultivars against various stresses and increase of yield. Therefore, knowledge of genetic
variability for drought related traits is the key component in selecting genotype that withstand drought for the future
breeding program. Generally, sorghum genotypes characterized by early flowering and early maturity, small number of
leaves per plant, small leaf area, erect leaf type, larger stem diameter, small number of productive tiller, small leaf area,
high grain yield per unit area and short plant height are most suitable for lowland areas with a limited rain fall and short
growing season. Hence, the development of locally adapted improved sorghum varieties to a particular environment is
one solution to overcome the challenges of both local adaptation and local farmers’ end user requirements.

Page | 10
Novelty Journals




0& ISSN 2394-9716

International Journal of Novel Research in Interdisciplinary Studies
Vol. 9, Issue 1, pp: (1-16), Month: January — February 2022, Available at: www.noveltyjournals.com

REFERENCES

[1]  Abdi, A., Bekele, E., Asfaw, Z. and Teshome, A., 2002. Patterns of morphological variation of sorghum (Sorghum
bicolor (L.) Moench) landraces in qualitative characters in North Shewa and South Welo, Ethiopia. Hereditas,
137(3), pp.161-172.

[2]  Abraha, T., Githiri, S.M., Kasili, R., Araia, W. and Nyende, A.B., 2015. Genetic variation among Sorghum
(sorghum bicolor 1. moench) landraces from Eritrea under post-flowering drought stress conditions. American
Journal of Plant Sciences: 6(09).

[3] Acquaah G. (2007). Principles of plant genetics and breeding. Blackwell Publishing, Carlton, Australia.

[4] Adebo, O.A., Njobeh, P.B. and Kayitesi, E., 2018. Fermentation by Lactobacillus fermentum strains (singly and in
combination) enhances the properties of ting from two whole grain sorghum types. Journal of cereal science, 82,
pp.49-56.

[51 Adugna, A, 2007. Assessment of yield stability in sorghum. African Crop Science Journal, 15(2):21

[6] Ahalawat, N.K., Arya, V.K., Kumar, P. and Singh, S.K., 2018. Genetic divergence in forage sorghum (Sorghum
bicolor L. Moench). Journal of Applied and Natural Science, 10(1), pp.439-444.

[7] Alade O. D., Fayeun L. S., & Obilana A. B. (2017). Morphological Evaluation of Long Season Sorghum
Accessions in Akure, South West Nigeria. Proceeding of the 3rd annual conference of association of seed scientists
of Nigeria (ASSN). Pp.62-69.

[8] Allard, R.W., 1960. Principles of Plant Breeding. John Willey and Sons, New York. 485p.

[91 Amelework, B., Shimelis, H., Tongoona, P. and Laing, M., 2015. Physiological mechanisms of drought tolerance
in sorghum, genetic basis and breeding methods: a review. African Journal of Agricultural Research, 10(31):3029-
3040.

[10] Arai-Sanoh, Y., Takai, T., Yoshinaga, S., Nakano, H., Kojima, M., Sakakibara, H., Kondo, M. and Uga, Y., 2014.
Deep rooting conferred by DEEPER ROOTING 1 enhances rice yield in paddy fields. Scientific Reports, 4(1),
pp.1-6.

[11] Asfaw A., 2007. Assessment of yield stability in sorghum. Afr. Crop Sci. J. 15(2):83-92

[12] Asif, M., Ayub, M., Tanveer, A. and Akhtar, J., 2017. Estimating yield losses and economic threshold level of
Parthenium hysterophorus in forage sorghum.

[13] Assar, A.A., Uptmoor, R., Abdelmula, A.A., Salih, M., Ordon, F. and Friedt, W., 2005. Genetic variation in
sorghum germplasm from Sudan, ICRISAT, and USA assessed by simple sequence repeats (SSRs). Crop
science, 45(4), pp.1636-1644.

[14] Assefa, Y., Staggenborg, S.A. and Prasad, V.P., 2010. Grain sorghum water requirement and responses to drought
stress: A review. Crop Management, 9(1):0-0.

[15] Balole, T.V. and Legwaila, G.M., 2006. (Sorghum bicolor (L.) Moench). Record from Protabase. PROTA (Plant
Resources of Tropical Africa/Resources vegetables Afrique tropicale), Wageningen. http://database.

[16] Bawazir, A.A., 2009. Genetic analysis for yield and yield components in grain sorghum (Sorghum bicolor (L.)
Moench). Jordan Journal of Agricultural Sciences, 5(3):52-56

[17] Belu, A., Mahoney, C. and Wormuth, K., 2008. Chemical imaging of drug eluting coatings: combining surface
analysis and confocal Raman microscopy. Journal of Controlled Release, 126(2), pp.111-121.

[18] Besufekad, Y. and Bantte, K., 2013. Evaluation and association mapping for drought tolerance in sorghum
[Sorghum bicolor (L.) Moench]. Glob J Sci Front Res Agric Vet, 13(5).

[19] Bibi, A., Sadagat, H.A., Akram, H.M. and Mohammed, M.l., 2010. Physiological markers for screening sorghum
(Sorghum bicolor) germplasm under water stress condition. Int. J. Agric. Biol, 12(3), pp.451-455.
Page | 11
Novelty Journals




0& ISSN 2394-9716

International Journal of Novel Research in Interdisciplinary Studies
Vol. 9, Issue 1, pp: (1-16), Month: January — February 2022, Available at: www.noveltyjournals.com

[20] Billot C., Ramu P., Bouchet S., Chantereau J., Deu M., Rivallan R., Li Y., Lu P., Gardes L., Noyer J., Wang T.,
Folkertsma R.T., Arnaud E., Upadhyaya H.D., Glaszmann C. and Hash C.T.(2013).Massive sorghum collection
genotyped with SSR markers to enhance use of global genetic resources 8:1-16.

[21] Bleby, T.M., Mcelrone, A.J. and Jackson, R.B., 2010. Water uptake and hydraulic redistribution across large
woody root systems to 20 m depth. Plant, Cell & Environment, 33(12), pp.2132-2148.

[22] Blum A. (2004). Sorghum Physiology. pp. 141-223. In: Nguyen, H.T., and A. Blum (eds.) Physiology and
biotechnology integration for plant breeding. Marcel Dekker Inc., NY.

[23] Blum, A., 1979. Principles and methodology of selecting for drought resistance in sorghum. Monografie Genetica
Agron, 4:205-215.

[24] Borrell, AK., Tao, Y.Z. and Mclintyre, C.L., 2000. Physiological basis, QTL and MAS of the stay-green drought
resistance trait in grain sorghum. Molecular approaches for the genetic improvement of cereals for stable
production in water limited environments. A strategic planning work-shop held at CIMMYT, El Batan, Mexico.
Mexico, CIMMYT, pp.142-146.

[25] Burke J.J., Chen, J., Burow G., Mechref Y., Rosenow D., Payton P., Xin Z. and Hayes C.M., (2013). Leaf dhurrin
content is a quantitative measure of the level of pre-and postflowering drought tolerance in sorghum. Crop
Science, 53(3):1056-1065.

[26] Camara Y., Bantilan M. and Ndjeunga J. (2006). Impacts of sorghum and millet research in West and Central
Africa (WCA): A synthesis and lessons learnt. International Crops Research Institute for the Semi-Arid
Tropics.22pp.

[27] Ceccarelli, S., S. Grando, M. Baum & S.M. Udupa. 2004. Breeding for drought tolerance in a changing climate. In:
Rao, S., & J. Ryan (eds.) Challenges and Strategies of Dryland Agriculture. CSSA Special Publication no.: 32,
CSSA & ASA, Madison, WI, USA.

[28] Central Statistical Agency of Ethiopia (CSA), 2014. Agricultural Sample Survey 2013/2014. Stat Bull 532.

[29] Chaves, M.M., Osorio, J. and Pereira, J.S., 2004. Water use efficiency and photosynthesis (pp. 42-74). CRC Press:
Boca Raton, FL.

[30] Craine, J.M., Wedin, D.A., Chapin, F.S. and Reich, P.B., 2003. Relationship between the structure of root systems
and resource use for 11 North American grassland plants. Plant Ecology, 165(1), pp.85-100.

[31] Dahlberg, J., Berenji, J., Sikora, V. and Latkovi¢, D., 2012. Assessing sorghum [Sorghum bicolor (L) Moench]
germplasm for new traits: food, fuels & unique uses. Maydica, 56(2).

[32] Dicko, M.H., Gruppen, H., Traore, A.S., Alphons, G.J., Voragen, A.G.J. and Berkel, W.J.H.van., 2006. Sorghum
grain as human food in Africa: Relevance of content of starch and amylase activities. African Journal of
Biotechnology, 5: 384-395.

[33] Dillon, S.L., Shapter, F.M., Henry, R.J., Cordeiro, G., lzquierdo, L. and Lee, L.S., 2007. Domestication to crop
improvement: genetic resources for Sorghum and S accharum (Andropogoneae). Annals of botany, 100(5):975-
989.

[34] Doggett, H., 1965. Disruptive selection in crop development. Nature, 206(4981):279-280.

[35] Duodu, K.G., Taylor, J.R.N., Belton, P.S. and Hamaker, B.R., 2003. Factors affecting sorghum protein
digestibility. Journal of Cereal Science, 38(2):117-131.

[36] EIAR (Ethiopian Institute of Agricultural Research).(2014). Ethiopian strategy document for Sorghum, Addis
Ababa, Ethiopia.

[37] Ejeta, G. and Grenier, C., 2005. Sorghum and its weedy hybrids. Crop ferality and volunteerisim. CRC Press, Boca
Raton, FL, pp.123-135.

Page | 12
Novelty Journals




L

[38]
[39]
[40]

[41]
[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

ISSN 2394-9716

International Journal of Novel Research in Interdisciplinary Studies
Vol. 9, Issue 1, pp: (1-16), Month: January — February 2022, Available at: www.noveltyjournals.com

Farre, 1. and Faci, J.M., 2006. Comparative response of maize (Zea mays L.) and sorghum (Sorghum bicolor L.
Moench) to deficit irrigation in a Mediterranean environment. Agricultural water management, 83(1-2):135-143.

Food and Agriculture organization of the United Nation statistical division (FAOSTAT), 2019. http://faostat3.
fao.org/home/E

Geremew, G., Asfaw A., Taye T., Tsefaye T.,Ketema, B., and Hilemichael, H., 2004. Development of sorghum
varieties and hybrids for dryland areas of Ethiopia. Uga. J. Agri. Sci. 9:594-605.

Gewin, V., 2010. Food: an underground revolution. Nature News, 466(7306), pp.552-553.

Giambelluca, T.W., Mudd, R.G., Liu, W., Ziegler, A.D., Kobayashi, N., Kumagai, T.0., Miyazawa, Y., Lim, T.K,,
Huang, M., Fox, J. and Yin, S., 2016. Evapotranspiration of rubber (Hevea brasiliensis) cultivated at two
plantation sites in S outheast A sia. Water Resources Research, 52(2), pp.660-679.

Gudu, S., Nyangweso, P.M., and Amusala, G., 2013. Drivers of awareness and adoption of maize and sorghum
technologies in Western Kenya. In 19th International Farm Management Congress (Vol. 1, pp. 325-333).

Guo, H., Jiao, Y., Tan, X., Wang, X., Huang, X., Jin, H. and Paterson, A.H., 2019. Gene duplication and genetic
innovation in cereal genomes. Genome research, 29(2), pp.261-269.

Habyarimana, E., Laureti, D., De Ninno, M. and Lorenzoni, C., 2004. Performances of biomass sorghum
[Sorghum bicolor (L.) Moench] under different water regimes in Mediterranean region. Industrial Crops and
Products, 20(1), pp.23-28.

Hamblin, M.T., Fernandez, M.G.S., Casa, A.M., Mitchell, S.E., Paterson, A.H. and Kresovich, S., 2005.
Equilibrium processes cannot explain high levels of short-and medium-range linkage disequilibrium in the
domesticated grass Sorghum bicolor. Genetics, 171(3):1247-1256.

Hammer, G.L., Dong, Z., McLean, G., Doherty, A., Messina, C., Schussler, J., Zinselmeier, C., Paszkiewicz, S.
and Cooper, M., 2009. Can changes in canopy and/or root system architecture explain historical maize yield trends
in the US corn belt?. Crop Science, 49(1), pp.299-312.

Harlan J.R., and De Wet J.M.J.(1972). A Simplified Classification of Cultivated Sorghum 1.Crop science,
12(2):172-176.

Harris, K., Subudhi, P.K., Borrell, A., Jordan, D., Rosenow, D., Nguyen, H., Klein, P., Klein, R. and Mullet, J.,
2006. Sorghum stay-green QTL individually reduce post-flowering droughtinduced leaf senescence. Journal of
experimental botany, 58(2):327-338.

Hart, G.E., Schertz, K.F., Peng, Y. and Syed, N.H., 2001. Genetic mapping of Sorghum bicolor (L.) Moench QTLs
that control variation in tillering and other morphological characters. Theoretical and Applied Genetics, 103(8),
pp.1232-1242.

Jayaramachandran, M., Kumaravadivel, N., Kandasamy, G. and Eapen, S., 2011. Comparison of genetic variability
induced by vy radiation and tissue culture in sorghum. International journal of Bio-resource and Stress
Management, 2(3), pp.329-333.

Kashiwagi, J., Krishnamurthy, L., Crouch, J.H. and Serraj, R., 2006. Variability of root length density and its
contributions to seed vyield in chickpea (Cicer arietinum L.) under terminal drought stress. Field Crops
Research, 95(2-3), pp.171-181.

Kebede, Y., 1991. The role of Ethiopian sorghum germplasm resources in the national breeding programme. Plant
Genetic Resources of Ethiopia. Cambridge University Press, Cambridge, pp.315-322.

Kimber, C.T., 2000. Origins of domesticated sorghum and its early diffusion to India and China. Sorghum: Origin,
history, technology, and production, 3-98.

Page | 13
Novelty Journals




0& ISSN 2394-9716

International Journal of Novel Research in Interdisciplinary Studies
Vol. 9, Issue 1, pp: (1-16), Month: January — February 2022, Available at: www.noveltyjournals.com

[55] Li, R., Zhang, H., Zhou, X., Guan, Y., Yao, F., Song, G., Wang, J. and Zhang, C., 2010. Genetic diversity in
Chinese sorghum landraces revealed by chloroplast simple sequence repeats. Genetic Resources and Crop
Evolution, 57(1), pp.1-15.

[56] Ludlow, M.M. and Muchow, R.C., 1990. A critical evaluation of traits for improving crop yields in water-limited
environments. In Advances in agronomy, 43:107-153.

[57] Maeght, J.L., Rewald, B. and Pierret, A., 2013. How to study deep roots and why it matters. Frontiers in plant
science, 4, p.299.

[58] Mahmood, T., Igbal, N., Raza, H., Qasim, M. and Ashraf, M.Y., 2010. Growth modulation and ion partitioning in
salt stressed sorghum (Sorghum bicolor L.) by exogenous supply of salicylic acid. Pak. J. Bot, 42(5), pp.3047-
3054.

[59] Manavalan, L.P. and Nguyen, H.T., 2012. Drought tolerance in crops: Physiology to genomics. Plant Stress
Physiol, 1:23.

[60] Mann, J.A., 1983. The relationship of germination parameters to field adaptation and heat stress tolerance in
Sorghum bicolor (L.) Moench (Doctoral dissertation, Texas A&M University).

[61] Manschadi, A.M., Christopher, J., deVoil, P. and Hammer, G.L., 2006. The role of root architectural traits in
adaptation of wheat to water-limited environments. Functional plant biology, 33(9), pp.823-837.

[62] Matthews, R.B., Azam-Ali, S.N. and Peacock, J.M., 1990. Response of four sorghum lines to midseason drought.
I1. Leaf characteristics. Field Crops Research, 25(3-4):297-308.

[63] McBee, G.G., Monk, R.L. and Miller, F.R., 1984. Sorghum improvement for energy.

[64] Mekibeb, F., 2009. Farmers breeding of sorghum in the center of diversity. Ethiopia. |: Socio-ecotype
differentiation, varietal mixture and efficiency, pp.25-37.

[65] Mishra, J.S., Thakur, N.S., Sujathamma, P., Kushwaha, B.B., Rao, S.S. and Patil, J.V., 2015. Response of sweet
sorghum genotypes for biomass, grain yield and ethanol production under different fertility levels in rainfed
conditions. Sugar Tech, 17(2), pp.204-2009.

[66] Mitra, J., 2001. Genetics and genetic improvement of drought resistance in crop plants. Current science, 758-763.

[67] Morris, G.P., Rhodes, D.H., Brenton, Z., Ramu, P., Thayil, V.M., Deshpande, S., Hash, C.T., Acharya, C.,
Mitchell, S.E., Buckler, E.S. and Yu, J., 2013. Dissecting genome-wide association signals for loss-of-function
phenotypes in sorghum flavonoid pigmentation traits. G3: Genes, Genomes, Genetics, 3(11):2085-2094.

[68] Msongaleli B.M, Tumbo S.D, Kihupi N.I, and Rwehumbiza F.B.(2017). Performance of Sorghum Varieties under
Variable Rainfall in Central Tanzania.International Scholarly Research Notices. Article 1D 2506946.

[69] Mutava, R.N., 2009. Characterization of grain sorghum for physiological and yield traits associated with drought
tolerance (Doctoral dissertation, Kansas State University).

[70] Ng'uni, D., Geleta, M. and Bryngelsson, T., 2011. Genetic diversity in sorghum (Sorghum bicolor (L.) Moench)
accessions of Zambia as revealed by simple sequence repeats (SSR). Hereditas, 148(2):52-62.

[71] Nyadanu, D. and Dikera, E., 2014. Exploring variation, relationships and heritability of traits among selected
accessions of sorghum (Sorghum bicolor L. Moench) in the Upper East region of Ghana. Journal of Plant Breeding
and Genetics, 2(3):101-107.

[72] Paterson, A.H., Bowers, J.E., Bruggmann, R., Dubchak, I., Grimwood, J., Gundlach, H., Haberer, G., Hellsten, U.,
Mitros, T., Poliakov, A. and Schmutz, J., 2009. The Sorghum bicolor genome and the diversification of grasses.
Nature, 457(79):551-561

[73] Pinho, R.M.A,, Santos, E.M., Oliveira, J.S.D., Bezerra, H.F.C., Freitas, P.M.D.D., Perazzo, A.F., Ramos, R.C.D.S.
and Silva, A.P.G.D., 2015. Sorghum cultivars of different purposes silage. Ciéncia Rural, 45(2), pp.298-303.

Page | 14
Novelty Journals




0& ISSN 2394-9716

International Journal of Novel Research in Interdisciplinary Studies
Vol. 9, Issue 1, pp: (1-16), Month: January — February 2022, Available at: www.noveltyjournals.com

[74] Prince, R.C., Salt, D.E and Pickering, 1.J., 2002. Chemical speciation of accumulated metals in plants: evidence
from X-ray absorption spectroscopy. Microchemical journal, 71(2-3), pp.255-259.

[75] Purseglove, J.W., 1972. Tropical crops: Monocotyledons. Longman Ltd, UK
[76] Rao, K.P., Mengesha, M.H. and Reddy, V.G., 1989. International use of a sorghum germplasm collection.

[77] Reddy B.V.S., and Stenhouse J.W. (1994). Sorghum improvement for the semi-arid tropic region: past, current and
future research thrusts in Asia. PanjabraoKrishiVidyapeeth Res J 18:155-170.

[78] Reddy, B.V.S., Ramesh, S. and Reddy, P.S., 2004. Sorghum breeding research at ICRISATgoals, strategies,
methods and accomplishments. International Sorghum and Millets Newsletter, 1(45):5-12.

[79] Rooney, W.L., 2004. Sorghum improvement-integrating traditional and new technology to produce improved
genotypes. Advances in agronomy, 83(10.1016):0065-2113.

[80] Rosenow, D.T. and Clark, L.E., 1995. Drought and lodging resistance for a quality sorghum crop. In Proceedings
of the 50th Annual Corn and Sorghum Industry Research Conference (pp. 6- 7).

[81] Rosenow, D.T., Ejeta, G., Clark, L.E., Gilbbert, M.L., Henzell, R.G., Borrell, A.K., Muchow, R.C., 1996.
Breeding for pre-flowering and post-flowering drought stress in sorghum. In: proceedings of the international
conference on genetic improvement of sorghum and pearl millet. Lubbock, Texas. INTSORMIL and ICRISAT
publication No. 97-5. pp. 400-411

[82] Routley, R., Broad, I., McLean, G., Whish, J. and Hammer, G., 2003. The effect of row configuration on yield
reliability in grain sorghum: 1. Yield, water use efficiency and soil water extraction.

[83] Sabadin, P.K., Malosetti, M., Boer, M.P., Tardin, F.D., Santos, F.G., Guimardes, C.T., Gomide, R.L., Andrade,
C.L.T., Albuquerque, P.E.P., Caniato, F.F. and Mollinari, M., 2012. Studying the genetic basis of drought
tolerance in sorghum by managed stress trials and adjustments for phenological and plant height differences.
Theoretical and Applied Genetics, 124(8):1389-1402.

[84] Sanchez, A.C. P.K. Subudhi, D.T. Rosenow & H.T. Nguyen. 2002. Mapping QTLs associated with drought
tolerance in sorghum (Sorghum bicolor L. Moench).

[85] Sebastian, J., Yee, M.C., Viana, W.G., Rellan-Alvarez, R., Feldman, M., Priest, H.D., Trontin, C., Lee, T., Jiang,
H., Baxter, 1. and Mockler, T.C., 2016. Grasses suppress shoot-borne roots to conserve water during
drought. Proceedings of the National Academy of Sciences, 113(31), pp.8861-8866.

[86] Singh, D.K., Singh, D.P. and Singh, S.S., 2018. Studies of Genetic variability, heritability and genetic advance for
yield and related traits in French bean (Phaseolus vulgaris L.).Journal of Pharmacognosy and Phytochemistry,
7(2):236-240.

[87] Singh, R. and Axtell, J.D., 1973. High Lysine Mutant Gene (hl that Improves Protein Quality and Biological Value
of Grain Sorghum 1. Crop Science, 13(5), pp.535-539.

[88] Smith, C.W. and Frederiksen, R.A. eds., 2000. Sorghum: Origin, history, technology, and production Vol. 2.

[89] Stemler, A.B.L., J. Harlan and J. de Wet., 1977. The sorghums of Ethiopia. Econ. Bot, 31:446-460.

[90] Subudhi, P.K. and Nguyen, H.T., 2000. Linkage group alignment of sorghum RFLP maps using a RIL mapping
population. Genome, 43(2):240-249.

[91] Suji, K.K., Biji, K.R., Poornima, R., Prince, K.S.J., Amudha, K., Kavitha, S., Mankar, S. and Babu, R.C., 2012.
Mapping QTLs for plant phenology and production traits using indica rice (Oryza sativa L.) lines adapted to
rainfed environment. Molecular biotechnology, 52(2):151-160.

[92] Tao, Y.Z., Hardy, A., Drenth, J., Henzell, R.G., Franzmann, B.A., Jordan, D.R., Butler, D.G. and Mclntyre, C.L.,
2003. Identifications of two different mechanisms for sorghum midge resistance through QTL mapping.
Theoretical and Applied Genetics, 1071):116- 122.

Page | 15
Novelty Journals




L

[93]
[94]

[95]

[96]

[97]

[98]

[99]

[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]

[108]

[109]

ISSN 2394-9716

International Journal of Novel Research in Interdisciplinary Studies
Vol. 9, Issue 1, pp: (1-16), Month: January — February 2022, Available at: www.noveltyjournals.com

Tari, I., G. Laskay, Z. Takacs and P. Poor., 2013. Response of Sorghum to abiotic stresses: a review. Journal of
Agronomy and Crop Science 199(4): 264-274.

Taylor, J.R.N., 2003. Overview: Importance of sorghum in Africa. In Afripro: Workshop on the Proteins of
Sorghum and Millets: Enhancing Nutritional and Functional Properties for Africa, Pretoria (Vol. 2, No. 4).

Teshome A, Patterson D, Asfew Z, Torrance J.K and Arnason JT (2007). Changes of Sorghum bicolor landrace
diversity and farmers’ selection criteria over space and time, Ethiopia. Genetic Resources and Crop Evolution,
54(6).

Teshome, A., Baum, B. B., Fahrig, L., Torrance, J.K., Arnason, T.J., and Lambert, J.D., 1997.Sorghum (Sorghum
bicolor (L.) Moench) landrace variation and classification in North Shewa and South Wollo, Ethiopia.
Euphytica,97: 255-263.

Tesso, T., Kapran, 1., Grenier, C., Snow, A., Sweeney, P., Pedersen, J., Marx, D., Bothma, G. and Ejeta, G., 2008.
The potential for crop-to-wild gene flow in sorghum in Ethiopia and Niger: a geographic survey. Crop Science,
48(4):1425-1431.

Thomas, H. and Howarth, C.J., 2000. Five ways to stay green. Journal of experimental botany, 51(1):329-337.

Thorup-Kristensen, K., Dresbgll, D.B. and Kristensen, H.L., 2012. Crop yield, root growth, and nutrient dynamics
in a conventional and three organic cropping systems with different levels of external inputs and N re-cycling
through fertility building crops. European Journal of Agronomy, 37(1), pp.66-82.

Troyer, A.F. and Wellin, E.J., 2009. Heterosis decreasing in hybrids: yield test inbreds. Crop Science, 49(6):1969-
1976.

Vavilov, N.I., 1951. The origin, variation, immunity and breeding of cultivated plants. Chron. Bot., 13: 1-366.

Wang, L., Ou, M.S., Nieves, I., Erickson, J.E., Vermerris, W., Ingram, L.O. and Shanmugam, K.T., 2015.
Fermentation of sweet sorghum derived sugars to butyric acid at high titer and productivity by a moderate
thermophile Clostridium thermobutyricum at 50° C. Bioresource technology, 198, pp.533-539.

Wasson, A.P., Rebetzke, G.J., Kierkegaard, J.A., Christopher, J., Richards, R.A. and Watt, M., 2014. Soil coring at
multiple field environments can directly quantify variation in deep root traits to select wheat genotypes for
breeding. Journal of experimental botany, 65(21), pp.6231-6249.

Welsh, J.R., 1981. Fundamentals of Plant Genetics and Breeding. John Willey and Sons. Inc., New York, 290.

Wortmann, C.S., Mamo, M., Abebe, G., Mburu, C., Kayuki, K.C., Letayo, E., and Xerinda, S. 2006. The Atlas of
Sorghum Production in Five Countries of Eastern Africa University of Nebraska -Lincoln, Lincoln, USA. Pp 7-15.

Yared, A., C. Thompson, A. Schlegel, L. Stone and J. E. Lingenfelser., 2014. Corn and Grain Sorghum
Comparison. Manhattan, Elsevier

Yitayeh, Z.S., 2019. The Genetic Improvement of Sorghum in Ethiopia: Review, 9(3), pp. 51-60. doi:
10.7176/JBAH.

Zhang, C., Shi, S., Liu, Z., Yang, F. and Yin, G., 2019. Drought tolerance in alfalfa (Medicago sativa L.) varieties
is associated with enhanced antioxidative protection and declined lipid peroxidation. Journal of plant
physiology, 232, pp.226-240.

Zhanguo X, Huang J, Smith AR, Chen J, Burke J, Sattler SE and Zhao D (2017). Morphological characterization
of a new and easily recognizable nuclear male sterile mutant of sorghum (Sorghum bicolor). PLoS One, 12(1):165-
195.

Page | 16
Novelty Journals




