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Abstract 

Sorghum (Sorghum bicolour L. Moench) productivity is greatly affected by drought 

which is a major abiotic stress factor around the world. Sorghum being an important 

crop that is used as human food, animal feed as well used for industrial purposes, is 

widely grown throughout the world. This important crop is considered more tolerant 

to drought. However, pre-flowering stage of sorghum plant is more sensitive to 

drought stress and as a result causes severe reduction in grain yield due to the 

influence on plant reproductive organs and processes. The availability of genetic 

variation and effectiveness of selection within the genotypes, are factors that greatly 

improves drought stress resistance. Additionally, markers assisted selection 

procedures to identify genetic factors involved in plant responses to drought stress 

facilitate pyramiding of favourable alleles in breeding programs. In sorghum, drought 

stress at pre-flowering stage is more common but limited studies have been conducted 

considering this stage. Therefore, the goal of this study is to investigate the effects of 

drought stress at pre-flowering stage and to determine variations in different traits i.e. 

pollen fertility in sorghum core collection.  In addition, experiments were performed 

to map chromosomal regions controlling these traits. Also, selected accessions were 

screened at seedling stage to analyse polymorphisms for selected drought controlling 

genes.  

The sorghum core collection consisting of 107 sorghum accessions from Africa and 

Asia were evaluated under drought stress at pre-flowering stage. Under drought stress 

the average leaf drying score (LDS) ranged from 5 to 85% among accessions. Pollen 

fertility (POFE) was measured by acetocarmine staining which showed significant 

differences among accessions under drought stress. Drought susceptibility index 

(DSI) was also calculated which showed difference in yield under drought stress and 

well water conditions. Based on different selection criteria including leaf drying score 

(LDS), pollen fertility (POFE) and drought susceptibility index (DSI) the sensitive 

and tolerant accessions were selected, which can be used for the improvement of 

drought tolerance in sorghum in breeding programs. 

In this study, association analysis was used to map Quantitative Trait Loci (QTLs) 

associated with drought stress. Using 98 SSR markers data the association analysis 

was performed and 17 QTLs were identified residing on chromosomes SBI-01, SBI-
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02, SBI-04, SBI-08, SBI-09 and SBI-10 under well water conditions. While under 

drought stress, 9 QTLs were identified on chromosomes SBI-01, SBI-02, SBI-03 and 

SBI-10. On chromosome SBI-02, two QTLs identified were physically localized and 

were homologous for genes encoding DNA binding and ATP binding proteins. The 

identification and analysis of these QTLs could help in dissecting genetic and 

physiological basis of drought tolerance in sorghum. 

Experiment was also conducted to analyse eight sorghum accessions that were 

exposed to osmotic stress produced by polyethylene glycol. The accessions showed 

varied response to drought tolerance at seedling stage in terms of root length and root 

dry weight. The most promising drought tolerant accessions showed greater root 

length and root dry weight. The same accessions were also screened for selected 

drought controlling genes i.e. NAC1, DHN1, WRKY11 and BADH to identify 

polymorphisms among drought sensitive and tolerant accessions. Furthermore, no 

polymorphism was found among accessions for different genes primers at genomic 

level revealing that these genes expressed only under stress conditions. Further 

analysis must be carried out to investigate the expression pattern of these genes as 

well as to determine their functional and biological importance in sorghum drought 

tolerance.  

The work presented in this thesis is devoted to identify and study various traits that 

are associated to drought tolerance in Sorghum. This thesis discusses in detail the 

phenotypic evaluation of different drought controlling traits as well as genetic 

analysis to identify the chromosomal regions responsible for expression of these traits. 
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Chapter 1  

General Introduction 

Grain sorghum (Sorghum bicolor L. Moench) is grown under contrasting climatic 

conditions. It is commonly grown in South Africa and constitutes fifth most important 

grain after rice, wheat, maize and barley in terms of its importance and production. 

Human populations mostly living in arid and semi-arid regions of the world including 

East-West Africa and Asia consume the crop.  It is also used as animal feed. Global 

cultivation of sorghum covers an area of 43.73 million hectare with annual production 

of 60 million ton [1]. Sorghum being a drought tolerant crop, is preferred over maize 

and is commonly grown by farmers in these regions as a staple food crop for human 

consumption [2]. Sorghum crop yield is mostly affected by drought stress. Worldwide 

water shortages and uneven distribution of rainfall make germplasm development for 

drought tolerance more important. Changes in global climate also contribute in 

elevating temperatures, increased rate of evapotranspiration, and an increased 

frequency of drought in most parts of the world [3]. An understanding of the genetic 

factors involved in plant responses to drought stress may assist in breeding plants with 

improved drought tolerance. Sorghum is capable of tolerating wide range of 

environmental conditions and is grown predominantly in low rainfall, arid to semi-

arid environments. The ability of sorghum to tolerate drought stress makes it an 

excellent model to evaluate mechanisms of drought resistance. Drought tolerance in 

sorghum is a complex trait controlled by many genes coding for various traits 

contributing towards drought resistance [4]. Balanced water supply and soil water 

content are critical to crop yield and any fluctuations in water quantity, also disturb 

plant physiological processes thereby affecting crop productivity [5, 6]. 

In many crops, particularly cereals, plants are more sensitive to drought stress during 

the reproductive phase than at any other time, except early establishment while the 

root system is developing [7]. Seed set can be reduced from 35% to 75% in various 

cultivars of self-pollinated wheat (Triticum aestivum L.) and rice (Oryza sativa L.) 

when water deficit occurs at the panicle development stage [8, 9]. Two general 

responses have been recognized in sorghum when subjected to drought stress, 

depending on whether the onset is pre- or post-flowering [10, 11]. Stay-green 
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(delayed foliar senescence) is a mechanism of tolerance to post-flowering drought 

stress and is characterized by the ability to avoid premature stem and leaf death [12]. 

The physiological traits affected by drought stress at the reproductive stage include 

flowering, peduncle elongation, panicle exsertion, and pollen fertility [13, 14]. 

Improved performance of these physiological traits under drought stress would result 

in improved grain yield in water deficient conditions.  

The genetic basis of stress tolerance to abiotic stress is largely quantitative [15, 16]. 

Breeding programmes depend on a high level of genetic diversity for achieving 

progress from selection. Studies have shown that QTLs control genetic diversity of 

traits that affect drought stress. DNA markers assisted selection of these quantitative 

traits is particularly important to achieve progress in selection and their integration in 

breeding programmes. Almost 1000 QTL studies have been reported from 2000 to 

2004 and include plant species such as Arabidopsis, soybean, rice, sorghum, maize, 

barley and wheat [17]. Molecular marker technologies have been developed for 

sorghum, including simple sequence repeats [18], diversity arrays technology [19] and 

single nucleotide polymorphisms (SNPs), which enable the construction of well-

saturated linkage map. Among them SSR markers are extensively used because these 

markers are multi-allelic, reproducible, PCR-based and neutral. These markers have 

been predominantly used in population studies. Additionally, the complete genome 

sequence made available recently [20] will be a powerful resource to merge the 

current genetic information generated by all QTL mapping efforts, which should 

facilitate the identification of genes and alleles controlling important traits such as 

drought tolerance. 

Both molecular and genomic approaches have been employed to decipher 

mechanisms conferring drought tolerance. These efforts have resulted in identification 

of a number of genes that become active transcriptionally in response to drought 

stress [21-26]. In another approach, sequence similarity has been utilised as a tool to 

identify a number of genes that share similar DNA sequences with genes in other 

species and play role in inducing multiple physiological processes to protect plants 

from drought stress. Such processes include perception of stress signals, signal 

transduction, tolerance to dehydration and transcriptional regulatory networks in 

cellular responses [27-29]. Studies have shown that drought stress induces expression 
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of many genes. The products of these drought induced genes are involved in 

regulation of gene expression and signal transduction in response to drought tolerance 

[30]. A plant is better adapted to cope with abiotic stress if it is equipped with stress 

responsive genes that are expressed the right time during stress conditions [31, 32]. 

Sorghum is an excellent crop for the analysis of genes contributing to environmental 

stress tolerance and other traits [33]. Sorghum genome contains drought tolerance 

genes that are expressed during stress conditions when the water supply is limited. As 

a result the expression of these genes helps induce phonological traits during abiotic 

stress conditions [34] as well as mediating osmotic adjustment [35, 36]. 

Advancements in genomics have greatly facilitated the analysis of quantitative trait 

loci and gene expression studies in sorghum. Many genes that have potential role in 

adaptation to stress conditions have been identified and isolated using genetic 

approaches [37, 38]. In order to map quantitative trait loci, Menz et al. [39] 

constructed genetic map that harbours higher frequencies of mapped genes and 

markers. Genetic map constructed by Menz et al. [39] contained about 3000 DNA 

markers. This map was further integrated with another physical map based on 

emerging BAC-based sorghum physical gene map [40]. The availability of sorghum   

DNA sequence as well as genetic markers have proved useful in successfully aligning 

sorghum genome map with maps of other sequenced grass species including rice [38, 

41, 42]. Because of its evolutionary history, sorghum is equipped with a number of 

genes, and this sequence-based information’s must be used to identify the genes 

important for drought tolerance. 

For the last two decades, drought tolerance has been extensively studied in sorghum, 

and breeders have used ‘stay-green’ as a method of indirect selection for drought 

tolerance. Most of the known QTLs (Quantitative Trait Loci) for this trait were 

identified by using populations such as recombinant inbred lines (RILs), F2 

populations, and F3 populations [10, 11, 43-48]. Under terminal (post- flowering 

drought, the stay-green trait has a positive impact on grain yield [49-51]. Several stay-

green QTLs are co-localized with QTLs for grain yield, flowering time, and plant 

height [52]. Tuinstra et al. [11] found six regions in the sorghum genome that control 

pre-flowering drought stress as well as eight additional regions that affected yield 

related traits under well water conditions. Four major QTLs that are specifically 

expressed at pre-flowering stage under drought stress were also identified [10]. 
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Recently, several QTLs for nodal root angle were found to be co-located with QTLs 

associated with drought response in sorghum [53]. Drought stress at reproductive 

stage affects panicle size, grain number, and grain yield. In sorghum, drought stress at 

reproductive stage is common; yet, mechanisms governing genetic control of drought 

stress tolerance still need to be understood.  

Conventional breeding approach has been successfully utilised by plant breeders to 

develop new resistant lines in selected crop species that are drought tolerant. 

However, there are certain drawbacks associated with this procedure such as longer 

duration, more labor and higher cost. Moreover, another alternative approach has 

proved more useful, where marker-assisted selection procedure has been used to 

identify chromosomal regions. In particular QTL mapping has identified complex 

growth traits and useful gene loci to improve drought tolerance in crops [54]. Two 

main approaches have been developed to genetically map QTLs: family-based linkage 

(FBL) mapping and linkage disequilibrium (LD)–based association mapping [55]. 

FBL represents a classical approach mainly used to create linkage disequilibrium by 

developing a biparental mapping population (e.g., F2, doubled haploid, back cross 

(BC) RILs, near-isogenic lines) which is phenotyped and examined for the trait(s) of 

interest in different environments. In case of FBL approach, accurate gene mapping 

requires a large mapping population that is genetically diverse and molecular markers 

that will be applied to identify the loci. Even though, FBL is applied for mapping 

desired alleles crop species, the procedure is very costly, has low resolution due to 

lower frequency of  meiotic events and requires longer time to evaluate fewer alleles 

[56-59]. In contrast, LD-based association mapping have several advantages over 

conventional FBL mapping i.e. (1) it requires a collection of diverse materials that is 

used to associate genetic markers with phenotypes of interest (i.e., many alleles 

evaluated simultaneously), (2) the occurrence of relatively higher number of meiotic 

events during germplasm development offers higher resolution, (3) the process also 

takes population structure into account which reduces the frequency of false positive 

associations [60], (4) the possible use of historically measured phenotypic data and 

(5) no need for the development of expensive and tedious biparental population that 

makes this approach time saving and cost effective [61, 62].  

Sorghum is an ideal crop for association-mapping methodologies because of its 



5 

 

moderate level of LD and its self-pollinating mating system [63]. Casa et al. [64] has 

previously reported a panel of diverse grain sorghum germplasm for association 

mapping. Chromosomal regions associated with several traits have been identified by 

association mapping using the same sorghum diversity research set [65, 66]. Using 

genome-wide association mapping, several classical loci for plant height and 

inflorescence architecture were mapped in sorghum [67]. These studies suggest that 

drought tolerance can be genetically improved, based on existing genetic diversity. 

This can be achieved by evaluating and selecting tolerant germplasm and by 

identifying QTLs associated with the complex traits underlying drought tolerance. 

Several studies have reported that sorghum possesses genetic variation for many 

traits, including leaf drying and pollen fertility, related to drought tolerance [68-73]. 

However, selection for drought tolerance at pre-flowering stage which maintaining 

high productivity has been a great challenge for plant breeder [74]. Even though pre-

flowering drought stress commonly occurs in sorghum, limited information is 

available to evaluate mechanism of drought stress in sorghum [75]. Furthermore, the 

available information on pre-flowering drought stress shows that response of 

particular phenotypic characteristics to drought stress are genetically tractable traits 

that can be possible targets for genomics strategies, aimed at isolating underlying 

genes to improve drought tolerance in sorghum. The work presented in this thesis was 

conducted with the following objectives:  

1.1 Aims and Objectives 

1. To assess the response of sorghum germplasm to drought-stress at 

developmental stage and mapping chromosomal regions controlling such 

characters. 

2. To investigate variation in pollen fertility and other yield related traits in 

drought-stress at developmental stage among sorghum core collection. 

3. To map quantitative trait loci (QTLs) that are associated with drought 

tolerance traits at developmental stage by genome-wide association analyses.  

4. To find variation among drought tolerant/sensitive genotypes under mediated 

osmotic stress at seedling stage and check polymorphism for selected drought 

controlling genes. 
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Chapter 2  

Literature Review 

2.1 Background 

Grain sorghum (Sorghum bicolor L. Moench) is one of the most versatile crops, 

capable of growing well under contrasting climatic conditions. Sorghum is the second 

most valuable cereal in terms of grain production consumed in Africa. Like maize and 

sugarcane, sorghum carries out C4 type photosynthesis. This characteristics enable 

these grasses to cope with extreme abiotic stress such as high temperatures and 

limited water supply [76]. Among C4 grasses, sorghum represents a useful crop for 

genetic studies due to its relatively smaller genome (818 Mbp) [77], the diploid 

chromosome complement and its genetic diversity [78-80]. 

As compared to other cereal crops, sorghum is reported to show higher tolerance to 

abiotic stresses such as heat, salinity, flooding and drought [81, 82]. However, 

drought severely affects the cultivation of sorghum in rain fed regions [10]. In 

comparison to grain crops produced in South Africa i.e. maize and wheat, sorghum   

contributes a small percentage to the total domestic grain. In sorghum, physiological 

processes and phenotypic expression, directly effects crop yield under water stress 

due to imbalance in water availability at different growth stages [83-86]. In any crop, 

genetic variation is the basis for genetic improvements and represents a more suitable 

approach to develop tolerant crop varieties.   

2.2 Taxonomic classification 

Sorghum is a member of the grass family Poaceae. Saccaharum officinarum, 

commonly known as sugar cane, also belongs to this family and is closely related to 

sorghum. It is a genus with two rhizomatous taxa S. halepense and S. propinquum, 

many species and three subspecies: S. bicolor subsp. bicolor, S. bicolor subsp. 

drummondii, and S. bicolor subsp. Verticilliflorum [87]. During floral development, 

spikelets in genus sorghum are born in pairs. The genus is a perennial grass often 

treated as annual. Several different types of sorghum are cultivated that include grain 

sorghum, grass sorghum (for pasture and hay), sweet sorghum (for syrups), and 

Broomcorn [88]. Sorghum bicolor represents all annual cultivated, wild and weedy 
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species. Based on morphology, ssp. bicolor is divided in to five races (bicolor, 

caudatum, guinea, durra and kafir) along with other intermediate races resulting from 

interracial crosses [89]. The race bicolor is cosmopolitan in distribution and is 

characterized by very loose, open panicle similar to wild sorghum. 

Sorghum is known by different names in different regions of the world  such as  great 

millet and guinea corn in West Africa, kafir corn in South Africa, dura in Sudan, 

mtama in eastern Africa, jowar in India and Kaoliang in China [90]. Other names 

include milo, feterita, Guinea corn, jowar, juwar, maize, shallu, Egyptian millet, 

Sudan grass, cholam (Tamil), jola (Kannada), jonnalu (Telugu), durra, great millet, 

kafir corn, dura (Pakistan), dari, mtama and solam. 

Kingdom          Plantae  

Subkingdom    Tracheobionta  

Superdivision   Spermatophyta  

Division           Magnoliophyta  

Class                Liliopsida  

Subclass           Commelinidae  

Order                Cyperales  

Family               Poaceae(Grass)  

Genus                Sorghum   

Species  bicolor 

Subspecies Sorghum bicolor ssp. arundinaceum common wild sorghum   

Subspecies Sorghum bicolor ssp. bicolor grain sorghum   

Subspecies  Sorghum bicolor ssp. drummondii Sudan grass 

Species  Sorghum almum Columbus grass (2n=40) 

Species Sorghum halepense Johnson grass (2n=20)  

Species Sorghum propinquum sorghum   (2n = 40) 

2.3 Domestication 

From the history of sorghum it seems that, the domestication of sorghum dates back 

to Neolithic era about 6000 years ago, and seems to be the secondary domesticate.  
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However, It is believed that sorghum has been domesticated as early as 4000 – 3000 

BC in African regions such as Ethiopia. The crops were cultivated and then 

distributed along trade and shipping routes throughout the world. Various factors 

contributed in the development of new sorghum varieties and races. The diversity of 

new sorghum types, mostly occurred due to human migration,  

random selection, geographical isolation and genetic recombination on a large scale 

[91, 92]. Sorghum was introduced in America during the late 1800s and early 1900s. 

The crop is extensively cultivated in the semi-arid tropics of Africa and Asia, thus 

occupying more than 81% of the total harvest area in the world [93]. It is also found 

in temperate regions mostly at latitude of up to 2300 meters in tropics. Over 750 

million people living in the semi-arid tropics of Africa, Asia and Latin America 

consumes the crop as main source of food [49, 94-96]. In Asia, sorghum is restricted 

almost exclusively to two countries, China and India. It is also one of the widely 

grown rain-fed crop in Pakistan. In 2010, Nigeria was ranked world's largest sorghum   

producer, followed by the United States and India [97, 98]. In plant breeding 

practices, selection has been used as main criteria to develop numerous varieties of 

sorghum. The occurrence of species within a population containing multiple 

characters represents good material to develop new varieties [92]. A careful selection 

of cultivated and wild traits is needed to generate improved sorghum types, wild types 

and  intermediate types [92]. 

2.4 Adaptation  

Sorghum is grown in a wide range of environmental conditions including low rainfall 

and arid to semi-arid environments. A number of morphological and physiological 

characteristics contribute sorghum adaptation to water limited conditions. These 

include the presence of an extensive root system, epicuticular wax on leaves to reduce 

transpiration and the ability to perennate during unfavorable conditions. The range of 

soil pH required for sorghum growth varies from 5.0 – 8.5. Sorghum is more tolerant 

to salinity than maize and is adapted to poor soils where many other crops would fail 

to grow. 

Sorghum has an ability to cope with many types of stresses, including heat, drought, 

and salinity and flooding [81], but in arid and semi-arid regions, this crop is usually 
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affected by water stress at the reproductive stage particularly pre-flowering and post 

flowering stage [10, 12, 99].Two distinct types of drought stress responses have been 

identified in sorghum [74, 100, 101]: a pre-flowering drought response where plant 

experience drought prior to panicle differentiation and a post-flowering drought 

response occurs due to water limitation during the grain-filling stage. As sorghum   

has tolerance and survive under stress, but genotypic differences exist among cultivars 

with regards to photosynthetic activity and in photosynthate partitioning under 

drought stress [102].  

2.5 Production 

Sorghum area, production and productivity trends indicates that, globally sorghum   

area increased from 45 m·ha in 1970s to 51 m·ha in 1980s. Moreover, the production 

of sorghum in Africa and Asia are 0.86 and 0.98 ton per hectare, respectively. 

Whereas, it is lower in other regions of the world i.e. in Europe (3.36 ton), Australia 

(2.55 ton) and USA (3.76 ton). The continent of Africa produces about 25 million 

tons of sorghum per year, slightly more than 40%of world sorghum production. The 

world production of grain sorghum in 1998 was 61.7 million tons and across Africa 

was 20 million tons [103]. The production of sorghum around the world in 2002 was 

about 54.5 million tons [104]. Later on, there was a fluctuation by 4 to 10 m/ha in area 

in the next two decades but reached to 40 m/ha by 2009. The productivity increased 

from 1200 kg·ha–1 in 1970s to 1400 kg·ha–1 in 2009. 

In Pakistan, about 17.559 million tons of sorghum is produced with an average green 

fodder yield of 45 tons per hectare. The total area of 0.3902 million hectares is used to 

cultivate sorghum. The production of the crop is sufficient to fulfill needs of 50%of 

the demands in the rain-fed regions. At harvest time, the crop is either stored in the 

field or special sheds that serves as fodder for animals during harsh winter period. 

Sorghum is grown on 40 m ha in 105 countries of Africa, Asia, Oceania and the 

Americas. About 70%of the sorghum is cultivated in Africa and India that produces 

the largest share of sorghum yield. While United State, India, Mexico, Nigeria, Sudan 

and Ethiopia are the major sorghum producers (http://faostat. 

fao.org/site/567/default.aspx#ancor verified on July 4, 2011). Other sorghum   

producing countries include Australia, Brazil, Argentina, China, Burkina Faso, Mali, 
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Egypt, Niger, Tanzania, Chad and Cameroon. 

2.6 Growth and development 

The growth and development of sorghum is completed in different stages from 

emergence until physiological maturity (0 to 9) as reported [105]. Developmental 

stages of sorghum have different growth rates and depend on the nature of hybrid as 

well as on the environment. Due to variation in sorghum genotypes, the growth rates 

of developmental stages also vary. Even though grown at the same location in the 

same environmental conditions, different hybrids will grow at different rates. Other 

biotic and abiotic factors such as fertile soil, water stress, high temperatures, weed 

growth, insect damage and plant completion also contribute in affecting timing of the 

various stages of development. Following is an outline of development stages in grain 

sorghum based on Vanderlip’s [105] description (Fig 2.1). 

2.6.1 Stage 0. Emergence 

Emergence generally occurs 3 to 10 days after planting, when the coleoptile is visible 

at the soil surface. Various factors that affect germination of seedlings include soil 

temperature and moisture, planting depth, and seed ability to germinate. Cool and wet 

conditions promote disease organisms and resulting in reduced stands. Therefore, 

planting on time is critical for proper plant growth and development. Failure to sow 

sorghum at the right time results in early germination and plant growth, for example 

sowing crop during hotter periods will promote early reproductive phase. Weed 

control also favours emergence and germination. 

2.6.2 Stage 1. Three–Leaf Stage 

This stage occurs 10 day after emergence and is characterized by the appearance of 

the collar region of three leaves. Temperature and delayed planting date play 

important role to promote rapid growth of seedlings. During this stage crop yield is 

severely affected due to poor weed control. A sorghum plant is able to tolerate leaf 

damage at this growth stage because the growing point is below the soil surface. 

2.6.3 Stage 2. Five–Leaf Stage 

At this stage, seedlings develop visible leaf collar with five leaves that appear three  
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Figure 2.1: Sorghum growth stages from emergence to maturity. Image depicting 

growth stages from stage 0 to 9.  The stages are as follows: 0 = Emergence, 1 = Three 

leaf, 2 = Five leaf, 3 = Growing point differentiation or head initiation, 4 = Final leaf 

visible in the whorl or flag leaf stage, 5 = Boot stage, 6= Half bloom or flowering 

stage, 7 = Soft dough, 8= Hard dough, 9= Physiological maturity. (Image adapted 

from http://www.fallowsolutions.com.au/CropGrowthCharts/tabid/463/Default.aspx). 
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weeks after emergence. The collars of five leaves can be seen without dissecting the 

plant. The seedlings rapidly develop root system. If the growth conditions are 

satisfactory then the plants accumulate dry matter at nearly constant rate. The 

development potential of plants is determined at this stage. Stresses that occur due to 

weed competition, nutrients deficiencies, drought, or insect damage can drastically 

affect plant yields if not corrected. 

2.6.4 Stage 3. Growing Point Differentiation 

A plant spends about one third of the time from planting to physiological maturity at 

this stage. It occurs approximately 30 days after emergence. The main events that 

occur at this time include growth changes from vegetative to reproductive stage, such 

as leaf number per plant and panicle size is predetermined. As nutrient uptake of the 

growing plant is rapid, therefore, adequate supplies of nutrients and water are critical 

to achieve maximum growth. Healthy sorghum plants are able to compete with 

surrounding vegetation thereby maintaining good weed control over the growth 

period. 

2.6.5 Stage 4. Final Leaf Visible in the Whorl 

During this stage, majority of the leaves are fully open and represent about 80%of the 

total leaf area. Plant loses about two to five lower leaves therefore; the counting of the 

leaves should be from top to down, numbering the flag leaf as leaf number one.  

2.6.6 Stage 5. Boot Stage 

As the leaves are fully expanded at this stage, they provide maximum leaf area for 

light interception. The head has fully developed and is enveloped by the flag-leaf 

sheath. At this stage, the plant grows rapidly and continuously consumes nutrients in 

higher amounts. The head may not emerge completely from the flag-leaf sheath in 

case of limited water supply or herbicide injury, hindering pollination at flowering 

stage (Fig 2.1). 

2.6.7 Stage 6. Half Bloom 

This stage is known as half bloom stage because by this time, half of the plants start to 

bloom. During this stage, flowering begins from the tip of the head, goes downward, 
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and continues for a period of 4 to 9 days. Plants attain about half of the total dry 

weight. During this stage plant, spend nearly two thirds of the time between planting 

and maturity. The water-limited conditions can severely affect head filling. 

Otherwise, at the arrival of favorable environmental conditions, the sorghum plant is 

able to compensate for limitations in plant size, leaf area, or plant numbers by 

increasing both kernal numbers per panicle as well as kernal weight. 

2.6.8 Stage 7. Soft Dough 

At this stage, grain filling occurs rapidly exhibiting dough-like consistency. In 

addition, approximately half of the seed dry weight accumulates between half bloom 

and soft dough stage. About 8 to 12 leaves remain at this stage as the lower leaves 

continue to senesce. 

2.6.9 Stage 8. Hard Dough 

At this stage, grain dry weight increases approximately three-fourths of the total grain 

weight. Although plant nutrient requirements are almost complete, however, the grain 

can be affected by severe moisture stress caused by an early freeze resulting in light, 

chaffy grain. 

2.6.10 Stage 9. Physiological Maturity 

At this stage, plant reaches the maximum total dry weight and is marked by the 

appearance of a dark spots on the opposite sides of the kernel. The moisture content of 

the grain depends on the hybrid and may contain 25% to 35% water content. The time 

between maturity and harvesting is affected by the hybrid and the environmental 

conditions.  

2.7 Importance 

Sorghum is an important staple food crop that is produced under unfavorable 

conditions. As sorghum can tolerate limited water condition compared to other crops, 

this makes sorghum an important “failsafe” source of food, feed, fiber, and fuel in the 

global agro-ecosystem. 
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2.7.1 Human food 

As food, sorghum has a number of uses and is valued for its grain, stalk and leaves. In 

Africa and Asia, the seed or caryopsis of sorghum is consumed by millions of people 

and represents an important source of energy. Worldwide, the other crops that are 

used more than sorghum includes, rice, wheat, maize, and potatoes. It is a dietary 

staple for A human population of 500 million in over 30 countries of the semi-arid 

tropics consumes sorghum for nutritional purposes. In the USA, stalk of certain 

sorghum varieties is used to make sweet syrup. Traditionally, sorghum has been 

widely used to make fermented and unfermented breads, couscous, porridges, and 

other rice like products, snacks and malted alcoholic and non-alcoholic beverages in 

the diet of many people of Asian and African countries. Sorghum also has unique 

health properties associated with its grain. Ciacci et al. [106] has reported that 

sorghum do not show toxicity for celiac patients and can be considered safe for those 

who have celiac diseases. Furthermore, according to [107-110], that tannin content of 

sorghum has very high antioxidants levels in the brain that are comparable to 

blueberries. Beside this, sorghum have high anti-inflammatory and anti-colon cancer 

activities. Also, it contains higher amount of the rare 3-deoxy anthocyanins that 

exhibit unique color stability and can be used in various health applications [111]. 

2.7.2 Cattle food 

It also serves as an important source of cattle feed and fodder. It is grown by United 

States, Australia and other developed countries for animal feed. Sorghum is also used 

for other purposes for e.g. in building material, for fencing, and for brooms [33, 112, 

113]. Grain sorghum and sweet sorghum are used for silage purposes; however, the 

production of grain sorghum is lower than sweet sorghum. Additionally, grain 

sorghum has higher nutritional value compared to sweet sorghum. Therefore, to 

enrich the silage with nutrients; farmers find it useful to cultivate soybeans along with 

grain sorghum.  

In view of the ever-rising population that expected to reach 2.17 million by 2020 

[114], the demand for animal products is increases in Pakistan. The production of 

domesticated animals constitutes an integral part of farming practices in Pakistan as 

approximately 30-35 million rural populations is involved in livestock rising. Such 
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demand calls for continuous supply of fodder throughout the year. Sorghum is the 

most capable and important drought resistant “Kharif” fodder crop in meeting the 

demand for large quantities of high-quality green fodders, especially in the drier parts 

of the world. Higher nutritional value of sorghum makes it an important fodder crop 

for livestock that results in production of more milk and meat. Furthermore, its 

genetic potential for drought tolerance has to be exploited to the maximum to secure 

the increasing need for food. 

2.7.3 Industrial uses 

In Europe, sorghum is use in industries in the form of broomcorn [115, 116]. Corn 

brooms are manufactured from the processed material after threshing and cutting of 

the peduncle. European countries such as Serbia, Hungary, Romania and Bulgaria are 

the most significant producers of broomcorn and corn brooms in the world. Renewed 

interest in ecological and natural products made from broomcorn has dramatically 

increased production of broomcorn. The most trending broomcorn made products 

include wooden handled brooms that are old-fashioned as well biodegradable. [117]. 

Apart from that, attempts are underway to produce paper from sorghum. For this 

purpose, F1 hybrids obtained from cross between grain sorghum and broomcorn 

represent excellent material that can be in used in paper production [118] thereby 

replacing forest-derived raw material. Further work is required to make this 

possibility a reality [119]. 

2.7.4 Renewable energy 

Sorghum is an excellent example of an annual crop that could be both a short term 

and long-term solution as a renewable, sustainable biomass feedstock. Recent 

advancements in biofuel research and further work done to unravel the genetic control 

governing perenniality in sorghum [120, 121] makes it an ideal crop. In addition, 

cellulosic biofuel production is more valuable than seed-based production [122]. 

Furthermore, sorghum is unique among the crops being discussed as feedstock for 

renewable energy in that it can be used in all the various processes being discussed 

and debated for biofuel production; starch to ethanol, sugar to ethanol, and 

cellulosic/lingo-cellulosic to biogas. The potential use of sorghum in the emerging 

biofuels industry and its requirement as food and energy source makes it an ideal 
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candidate in agricultural crop improvement program to boost its production in the 

near future.  

Dahlberg et al. [123] reported that sorghum forages could produce high biomass 

yields over a wide number of years and that using theoretical estimates for ethanol 

productions these forages could average 6,146 L ha-1 of renewable fuels with a 

maximum production of 8,422 L ha-1 from the top ranged forage hybrids. 

2.8 Sorghum as an Experimental organism 

Sorghum is the most widely cultivated agronomic crop throughout the world. This 

widespread utilization of sorghum is based on its diverse genetic background. The 

small genome of sorghum is ca.760Mb [124]  and represents an attractive model to 

study in detail structure, function, and evolution of cereal genomes. Its small genome 

size ranks second only to rice among other crops in family Poaceae. Sorghum   is a C4 

plant and represents tropical grasses that exhibit improved carbon assimilation at 

abiotic stress conditions such as high temperatures. Due to small genome and low 

gene duplication level compared with rice, sorghum represents an attractive model for 

functional genomics studies. Evolutionary studies have shown that after the 

divergence of the Oryza and sorghum, large fractions of ‘’pale logs’’ may have 

undergone considerable differential loss [125], further suggesting that a particular 

gene study in a preferred system may vary. Sorghum serves as an important link 

between rice and other tropical grass crops that have undergone gene duplication 

events and therefore has larger genomes. 

Using RFLP and other DNA markers, several sorghum linkage maps have been 

established [126-128]. An interspecific F2 population of S. bicolor × S. propinquum 

more than 2400 loci have been mapped [129]. An average marker distance of 0.5 cM  

or 350kb is required for fine gene mapping and QTLs analysis. The availability of 

high-density genetic map and its relatively small genome size make sorghum a 

suitable species for positional cloning, as well as association mapping methods [63]. 

Because of its self-pollinating nature, the linkage relationships are preserved for 

longer periods than other out crossing crops such as maize. 
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2.9 Drought and drought resistance mechanism 

Generally, in drought condition absence of rainfall for an extended period causes 

water deficit in soil resulting in decreased water potential in plant tissues. In 

agricultural practices, drought is the inadequate availability of water resulting from 

low rainfall and reduction in stored soil water, which affects the full expression of 

genetic potential of the plant [130].The severity of drought stress depends on its 

timing, duration and intensity [131]. In many regions of the world, other climatic 

factors are often associated, which increase significantly the severity of drought such 

as high temperature, high wind and low relative humidity. For a plant to survive under 

drought stress it should be equipped with drought tolerance mechanisms i.e. enable 

plant to reproduce despite water limitation [132]. 

Drought is a complex trait controlled by many genes. Generally drought resistance 

mechanism have been divided into three type i.e. escape, avoidance and tolerance 

[133]. Escape mechanism is based on the successful completion of plant life cycle 

before the onset of drought stress. These plants have short life cycle and with a high 

rate of growth and gas exchange. Maximum use of available water resource and better 

partitioning of assimilates are two main strategies of drought escape mechanism. 

In drought avoidance under moderate drought stress a plant have the ability to adjust 

itself to limited resources of water and minerals by maintaining water potential in 

plant tissues, reducing water loss and increasing water uptake as required. Minimizing 

water loss is achieved by stomatal closure and reduced cell expansion. Leaf rolling is 

a consequence of reduced cell expansion (Fig 2.2), whereas reduced light absorbance 

is achieved by steeping leaf angle and decreasing canopy leaf area resulting in 

reduced growth and increase leaf senescence. Maximizing water uptake is simply 

increased by the increased root growth and shedding of older leaves to grow as deep 

as possible to get access to more water in soil. According to Kramer and Boyer [5], 

drought avoidance mechanism that may include ability of the plant to osmotically 

adjust to low water potential maybe adequate to maintain plant response to drought. 

This mechanism also represents one of the adaptations of the plant to tolerate drought 

stress during long periods of drought. During water deficit condition, in order to 

maintain cell turgor that is essential for cell expansion stomatal conductance will be  
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Figure 2.2: Leaf rolling in sorghum (a) and in maize (b) under drought stress 

(www.plantstress.com). It is a symptom of pre-flowering drought stress. Leaf rolling 

indicates internal plant water status and can be used as an important integrative trait to 

identify drought resistant genotypes. 

 

 

Figure 2.3: Schematic diagram representing plant cellular responses to altered 

environmental stimuli, resulting in physiological and developmental changes. The 

diagram illustrates stress tolerance mechanism where induction of genes in response 

to stress function directly in stress tolerance through regulation of gene expression 

and signal transduction. (Image adapted from www.plantstress.com).  

http://www.plantstress.com/
http://www.plantstress.com/
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reduced. 

Several types of protective proteins such as dehydrins and late embryogenesis 

proteins (LEA) accumulate in response to water stress [134]. These proteins protect 

the structure of membrane and other proteins [135, 136]. An important point for 

discussion is that it is not necessary that all the drought mechanism occur in a linear 

progression in time after stress begins or from mild to severe stress. According to 

Pierce and Raschke [137] and Creelman and Zeevarrt [138] abscisic acid (ABA) 

accumulates in response to decrease in water content and turgor which in turn causes 

stomatal closure preventing further decrease in water content. In most of the cases 

stressful environment are often characterized by the simultaneous and sequential 

occurrence of more than one stress e.g. salinity is associated with drought or water 

logging, and drought is often associated with high temperature. There are both long 

and short-term responses at the whole plant level when a plant experience stresses 

such as (ozone, extreme temperature, flooding, salt and drought stress) as in Fig 2.3. 

In the short term drought response, genes that respond during stress are expressed in 

the root, shoot and leaves, while in the long term (as in drought stress) various plant 

physiological processes are affected including shoot growth inhibition, reduction in 

leaf transpiration area, metabolic acclimation and osmotic adjustment at the plant 

canopy level. At the root level there will be turgor maintenance, sustained root 

development, increased root shoot ratio and increased absorption area. The genetic 

and molecular bases of drought tolerance in crop plants are poorly understood and 

remain a challenge to plant biologists. 

2.10 Drought tolerance in sorghum   

Drought tolerance represents an important limiting factor for crop productivity 

specifically in developing countries where large increase in population leads to 

enormous demands for stable food supplies. In crop yield depreciation about 70% 

have been estimated due to environmental stress when compared to the yield under 

favorable conditions [139]. Therefore, one of the most valuable traits for breeding is 

the stability of crops to cope with changes in environmental conditions. 

Sorghum is one of the most drought resistant grain crops, in comparison with other 

crops and represents an excellent model to evaluate mechanisms of drought 
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resistance. Sorghum is considered to be adapted better to water limiting environments, 

where other food crops are not able to survive [35, 140]. Sorghum will likely become 

much more important in arid and semi-arid regions of the world as the demand for 

limited fresh water and global warming trends increases. This is because C4 plants 

have high water use efficiencies (WUE), and CO2 concentrating mechanisms, which 

make C4 photosynthesis more competitive in conditions that promote carbon loss 

such as high light intensity, high temperature and reduced water availability [76]. In 

response to drought tolerance, sorghum also produces epicuticular wax, which results 

in closing of stomata, further reducing loss of water through cuticular transpiration 

[141]. It was concluded that EW varies with plant genotype and environment and 

most cultivated dry land sorghum genotypes show EW values close to the maximum 

[142, 143] and this level in sorghum is five times the level found in rice [144].  

Under water stress conditions Girma and Krieg [145] determined that the net solute 

accumulation in sorghum leaves was 42% before flowering and 45% during grain 

filling. The ability of the plant to prevent oxidative stress by reducing reactive oxygen 

species that cause cellular damage such is lipid per oxidation or protein and nucleic 

acid modification is a promising approach [146, 147]. Zhang and Kirkham [148] by 

using malondialdehyde (MDA) content and serves as an indicator of the prevailing 

free radical reactions in tissues to compare the degree of lipid per oxidation between 

sunflower and sorghum found that MDA content was much higher in sunflower than 

sorghum showed higher oxidative stress in sunflower than in sorghum. However, 

despite these characters, sorghum grown in arid and semi-arid regions is affected by 

water stress at terminal growth stages like anthesis and post-anthesis that adversely 

affects sorghum yield [12, 99]. 

The growth stages (GS) at which drought stress occur is very important in 

determining the response of a plant and the effect on component processes which are 

affected under water stress (Fig 2.4). Drought stress tolerance have been categorized 

into three different growth stages, i.e. early seedling, vegetative, pre-flowering and 

post-flowering stage and susceptibility symptoms of each stage have been categorized 

[12].  

Drought resistance in sorghum is a complex trait influenced by many genes coding for 

various traits contributing towards drought tolerance [4]. In sorghum two distinct  
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 Figure 2.4: Schematic diagram illustrating effects of drought stress on vegetative and 

reproductive processes of sorghum. The arrows indicate the different stages of 

development, growth and developmental processes as well as component traits that 

are affected by drought stress at pre-flowering stage.  
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types of drought responses i.e. pre-flowering and post flowering have been described, 

which are probably controlled by different genetic mechanism [74, 101] . The pre-

flowering response is characterized by occurrence of drought stress from panicle 

initiation to flowering (Fig.2.4), whereas post-flowering response occur when drought 

stress affects flowering stage till grain filling or physiological maturity [10]. During 

pre-flowering stage various symptoms caused by drought stress appear. These include 

leaf rolling, leaf drying, leaf erectness, leaf bleaching, delayed flowering, floret 

abortion, leaf tip and margin burn, reduced seed set, reduced panicle size, poor head 

exertion and reduced plant height [101]. Furthermore, plant senescence, which is 

accompanied by charcoal stalk rot, lodging and reduction in seed size are the 

symptoms of post-flowering drought stress [12, 101]. A number of sorghum lines 

have been characterized that show distinct phenotypic responses to pre-flowering and 

post-flowering drought stress. In addition, several lines had been identified that 

drought resistant respond to either pre-flowering or post-flowering stress [100]. 

Moreover, in sorghum drought sensitivity at the reproductive stage results in severe 

yield reduction as compared with other growth stages. Drought stress, particularly 

during booting and flowering, desiccates spikelets and anthers, reduces pollen 

shedding, inhibit panicle exertion, and increase sterility rates [144, 149, 150]. 

If drought occurs immediately after panicle initiation or booting, the number of 

spikelet primordia developed is reduced, while drought at pollen development, 

particularly at meiosis in pollen mother cells, increases spikelet sterility. Reduction in 

grain yield has been associated with reduction in grain number per panicle and results 

from reduction in spikelet number per panicle [151-153].Unlike the effect of drought 

at heading and anthesis, sterility occurred because of failure in pollination [150, 154]. 

Many genetic variations among genotypes have been reported in spikelet sterility 

[155, 156]. 

The genotype that are able to regulate and conserve water loss from exerted spikelets 

and maintain higher panicle water potential are more desirable for reducing drought 

induced sterility [150, 155]. According to Rosenow and Clark [101] sorghum   

cultivars that have good drought tolerance to pre-flowering developmental stage 

drought stress usually susceptible to post-flowering drought stress. As there are 

various factors contributing yield loss in sorghum but drought stress at developmental 

stage is one of the major agronomic problem that reduce the maximum yield more 
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than any other environmental parameters [12, 72]. As pre-flowering drought stress 

greatly reduces sorghum productivity worldwide therefore, it is essential to develop 

varieties, which can make use of available water resources and produce maximum 

yield. 

2.11 Phenotypic traits associated with drought stress  

Drought resistance is a complex trait and during drought conditions, adaptation of a 

plant to harsh environment results from overall expression of these traits. No single 

trait can be used to improve the productivity of crop in a water deficit environment, 

because adaptive traits are effective only for certain aspects of drought tolerance. 

Drought resistance traits are of value to plant breeders and have a proven effect on 

final crop yield in stress conditions, if assessed rapidly and simply. According to 

Rosenow et al. [74] and Ludlow and Muchow  [157], morphological and phenological 

traits that are associated with drought resistance are simple to identify, quick and easy 

to rate and may be rapidly adapted to a breeding program. Furthermore, plant traits 

conferring resistance to drought stress differ according to the type of stress and stage 

of development to which plants are exposed.  In sorghum pre-flowering (defined as 

the period from panicle differentiation to anthesis), drought stress leads to leaf rolling 

and erectness, delayed flowering and reduced height.  

Sorghum yield depends on the number of harvested panicles, seeds per panicle, and 

seed weight.  Yield traits are affected by longer drought period as well as its severity 

duration during reproductive stages. However, in sorghum, tiller number, panicle size, 

grain number and grain yield are also affected at pre-flowering drought stress [140, 

158]. In sorghum, water stress causes reduction of seed size and seed number that in 

turn results in yield reduction at early boot stage [159]. Reduction in number of fertile 

spikelets per panicle due to the failure of fertilization and impairment of pollen and 

ovule function under pre-flowering drought stress as in (Fig.2.4) is also the result of 

yield reduction in crops [99]. According to Lafitte et al. [160] and  Hirayama et al. 

[161] the yield components traits viz., days to flowering, plant height, number of 

productive tillers per plant, panicle length, grains per panicle, 100 grain weight, 

biomass yield, harvest index and grain yield per plant are also important for selecting 

drought resistant varieties. 
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Sorghum improvement programs have identified and successfully used numerous 

sources of resistance to pre-flowering drought stress. Because of the importance of the 

trait and its impact on yield, drought stress at pre-flowering drought is more common 

than post-flowering. Breeders have utilized some sources of resistance to develop 

inbred lines, hybrids and cultivars that have excellent pre-flowering drought tolerance. 

The genetics of pre-flowering have been evaluated, while the physiological basis of 

pre-flowering drought tolerance is not well known. Furthermore, the evaluation of 

pre-flowering drought stress is primarily subjective and is related to various 

phenotypic characteristics, so there has been very little research to determine the 

inheritance of this trait [75]. 

2.11.1 Plant height 

Generally, plant height is a trait, which varied with genotype, soil fertility, moisture 

deficit and other environmental factor. Various studies have reported that, moisture 

stress generally decrease the plant height. At boot leaf stage due to water stress 

decrease in plant height is because of decreased panicle extension [159]. The drought 

stress at terminal stage reduces plant height and biomass and the average height of 

non-senescence sorghum genotypes was 3 to 4cm shorter than the senescent types 

[162]. Plant height reduces as a result of water stress and the recovery of sorghum   

crop is slower than corn [163]. According to Abebe and Ejeta [164] , in a study with 

57 sorghum recombinant inbred line (RILs) of across, k886 x cs3541, reported that 

plant height and days to 50% flowering increases during well water conditions than 

during stress conditions.. 

Kamoshita et al. [165] reported that sorghum genotypes that exhibit greater plant 

height have overall larger plant size, are able to capture more sunlight as well as 

increased transpiration rate that reduce water content of the plant. Under rain fed 

conditions, performance of sorghum is significantly associated with green leaf area 

retention, plant height and maturity [166]. During drought stress, the plant height is 

considerably reduced during vegetative plant development, [167, 168], whereas 

occurrence of drought stress at flowering stage reduces plant height up to 50% [169]. 

Singh et al. [170] reported that less reduction in plant height in drought stress 

conditions at anthesis stage may be an important adaptive mechanism for 
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environments characterized as drought tolerant. Water stress reduces water potential 

of stem tissues that affects cell elongation, consequently resulting in shorter inter 

nodes and stem height [171]. 

2.11.2 Stem thickness or Culm diameter 

Stem stature represent plant responses to abiotic stress in a number of ways. During 

post anthesis drought in sorghum, higher basal stem sugar content is high in stay-

green genotypes. Water regime also affects stem reserves and grain yield. According 

to Duncan et al. [162] the non-senescent or stay-green lines had significantly larger 

stem diameter and maintained a higher sugar concentration in the basal part of the 

stem at the time of harvest. Generally stem diameter, number of nodes or leaves and 

leaf area are affected by the drought stress [167, 168], resulting in more than 50% 

reduction if stress coincides with the flowering stage [169]. The stem diameter is 

greatly reduced under drought stress. The reduction is caused due to the affect of 

drought on radius of the growing plant. This causes suppression of the main stem and 

lateral branch growth, resulting in reduced stem dry weight, which leads to final yield 

reduction [163]. 

2.11.3 Leaf drying 

Drought stress generally affects the growth of the plant. The severity of drought stress 

depends upon the intensity, rate, duration of exposure and the stage of plant 

development [172, 173]. Leaf senescence or leaf drying, the terminal phase of leaf 

development leading to death, is the result of aging, or can be induced by water 

deficit, nutrient deficiency, shading, insects or disease, extreme temperatures, 

hormones, carbohydrate deficiency, or physical damage [174]. Leaf area reduction in 

response to water stress occurs either through hastened leaf drying or decline in leaf 

expansion; the extent of the reduction depends on the degree of tolerance possessed 

by different sorghum varieties [68, 175]. The term stay green is used for genotypes 

that have delayed leaf senescence as compared to a reference genotype [176]. 

In a study conducted on nine genotypes exhibiting variation in stay green trait, Borell 

et al. [177] reported positive correlation between grain yield and green leaf area and 

negative correlation between grain yield and rate of leaf senescence. This suggests 
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that sorghum genotypes that contain the stay-green trait have a significant yield 

advantage under post-anthesis drought compared to genotypes not possessing this 

trait. 

Some traits like Leaf water potential, leaf rolling, leaf drying, can reflect the internal 

plant water status under water stress and these can be considered as integrative traits 

to identify drought resistant genotypes [178-180]. Borrell et al. [49] reported that 

sorghum hybrids with stay green produced 47% more biomass between anthesis and 

maturity than their senescent counterparts under water limited conditions. Leaf 

wilting occurs before leaf drying, characterized by folding, rolling, and blue-gray 

discoloration that can be visually assessed. This indicates imminent tissue senescence 

[181]. There is high correlation of leaf wilting with grain yield under drought stress 

and it is easy, quick to measure and could therefore be used as an indirect measure of 

drought tolerance. According to Kamoshita et al. [182] for quickly screening 

hundreds of lines, Leaf drying or rolling and canopy temperature are useful criteria 

[160, 161]. Pantuwan et al. [155]and Kato et al. [183] reported that higher leaf death 

scores there will be more spikelet sterility.  

2.11.4 Days to 50% Flowering 

Flowering time is an important trait related to drought adaptation, where a short life 

cycle can lead to drought escape [184]. In cereal crops the flowering time or heading 

date is critical for quantity as well as the quality of grain production [185]. Flowering 

time is also an important trait to avoid late season drought stress [186]. The water 

deficit is at flowering time is the most sensitive stage as the deficit then may cause 

flowering delay, which has been suggested as an indicator of drought susceptibility 

[155]. The results of flowering delay being manifested in panicle exsertion, anther 

dehiscence and a reduced number of fertile spikelets per panicle, resulting in yield 

reduction [144, 152]. In crops drought stress delays flowering [187], and drought 

susceptibility is related to longer delay in flowering which is due to low plant water 

status [84].   

To identify drought resistant genotypes delay in flowering time can be considered as 

integrative trait because it reflects the internal plant water status under water stress 

[178-180]. Furthermore Pantuwan et al.[179] also reported that drought stress at pre-
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flowering stage can delay flowering. This negatively affects grain yield, fertile panicle 

percentage and filled grain percentage in rain-fed lowlands. According to Ouk et al. 

[188] physiological processes such as days to flowering and peduncle elongation are 

affected by drought stress at reproductive stage. Under drought stress, flowering is 

delayed and photosynthetic processes are reduced, which further affects starch 

accumulation in grain. Furthermore, it also delays in development of sink structures, 

thus leading to reduction in final grain weight, which in turn had an effect on grain 

yield. 

2.11.5 Panicle exertion 

Water stress during the elongation of internodes resulted in a decreased panicle 

exsertion, which may be a consequence of a failure in the maintenance of internal 

plant water potential [189]. Selote and Chopra [190] were also observed that less 

panicle exsertion may have increased spikelet sterility. In rice when drought stress 

occurs during flowering it lessened the panicle exsertion, which may have been due to 

the low panicle water potential and its ultimate effect on the elongation of the 

peduncle [191]. According to Ji et al. [13] panicle exsertion is one of the 

physiological process which affected by reproductive stage drought stress. 

2.11.6 Spikelet sterility or pollen fertility 

Breeding for drought resistance involves the, critical evaluation of the environment, 

and the putative traits that are associated with drought stress resistance in that 

environment. Spikelet fertility is the most sensitive trait to drought stress at flowering 

and the increase in sterility may be due to severe stress experienced during the peak 

flowering time [152]. Drought stress induces changes in reproductive growth by 

increasing spikelet sterility leading to reduced grain yield [192]. Saini and Westgate, 

[14] also reported that the physiological processes affected by reproductive stage 

drought stress include pollen fertility. The water status in grains and panicles probably 

has more direct effect in spikelet fertility, grain filling and final yield suggested [193]. 

According to Prasad et al. [194] reduction in filled sites is due to fewer pollen grains 

and poor pollen viability which results in poor fertilization and hence no seeds. 

Scuhussler and Westgate [195] reported that water stress decreased kernel set because 
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water deficit during flowering caused maize kernels to abort. Drought stress during 

flowering stage causes abortion of ovaries, embryo, sterility of pollen and decreases 

leaf area index. Furthermore, flowering is the stage in reproductive development 

when the maximum number of seed per plant is determined. It represents the most 

critical period for grain production, as seed number per plant accounts for 70% of 

sorghum final grain yield. Therefore, while designing stress resistance crops, 

information on heritability of these traits is valuable to plant breeders [35].  

2.11.7 Grain yield 

The diverse effects of water stress on grain yield depending on the development stage 

at which it occurs [196]. Yield components are more sensitive which reduce 

drastically under drought (22.7%). Yield under drought stress is indirectly influenced 

by spikelet fertility, panicle fertility, and number of panicles, panicle length and 

number of tillers through harvest index [197]. The reduction in GY under water 

deficit conditions may have been due to the reduction in filled spikelets per panicle, 

spikelet fertility, filled grain weight per panicle, 20 grain weight and 100 grain weight 

[169, 198, 199]. The positive correlation among the yield contributing traits like head 

width, weight and grain yield per plant showed that these characters are important for 

direct selection of high yielding genotypes. Under water stress Babu et al. [156] 

observed 67 per cent reduction in grain yield. The importance of these traits for 

selection of high yielding genotypes in sorghum was also reported  [200]. Thus, 

improvement in the performance of yield traits would in turn increase grain yield 

under water-limited environments. However, difficulty in phenotypic measurement of 

these traits, especially under drought stress makes them unfit and therefore not 

selected for inbreeding [201]. 

2.11.8 Drought susceptibility index (DSI) 

For selecting high yield for the performance of any cereal crop the most widely used 

criteria are mean yield, mean productivity (average yield performance under stress 

and non-stress conditions) and relative yield performance in drought stress and more 

favorable environments [202]. In rice Rao and Saxena [203] suggested that harvest 

index could be one of the major selection criteria for yield improvement under water 

stress. According to Blum et al. [9] drought susceptibility index (DSI) is used to 



29 

 

estimate stability of grain yield for each genotype. The drought susceptibility index is 

derived from the yield difference between stress and non-stress environments. Fischer 

and Maurer [204] and Langer et al. [205] proposed the use of DSI, which char-

acterizes the yield stability between two environments. Various studies have 

highlighted the use of DSI for identifying genotypes with yield stability in moisture 

limited environments [204, 206]. The combination of high yield stability and high 

relative yield under drought has been proposed, as it is a useful selection criterion for 

the evaluation of genotypic performance under a varying degree of water stress [207]. 

In many cereals and dicot crops, drought stress during anthesis (booting) period 

causes serious yield reductions [7, 208-214]. According to studies, the quantification 

of drought tolerance should be based on seed yield under limited moisture conditions 

[204]. Furthermore, Drought tolerance at the reproductive stage can be assessed by 

relative performance of traits related to productivity (i.e., relative yield, relative 

spikelet fertility, relative biomass, and relative rate of fertile panicles), which is the 

reciprocal of the “susceptibility index” [204, 215]. 

2.11.9 Screening of sorghum for drought tolerance 

Even though considerable work has been done on sorghum response to moisture stress 

[10, 11, 44, 47, 51, 140, 216], there has been little emphasis on the use of specific 

evaluation procedure to enhance drought stress tolerance. This is usually because that 

drought is a complex phenomenon, and is dependent on many factors, which include 

but are not limited to the climate, the timing and the severity of moisture stress. Many 

studies have reported that sorghum possesses genetic variation for many traits related 

to drought tolerance [68-70, 73, 217, 218]. In numerous studies conducted across 

various environments, significant genetic variation for WUE in sorghum has reported 

[219-223]. For transpiration efficiency Hammer et al. [220] reported genetic variation 

among 49 diverse lines of sorghum and one weedy species (Sorghum halepense) and 

suggested that screening for genetic variation under water limited conditions could 

provide useful insights to transpiration efficiency.  

In another study, Mortlock and Hammer [222] found that among 17 sorghum   

genotypes, the transpiration efficiency of the best performing genotype was 50% 

greater than the least efficient genotype. Donatelli et al. [223] reported that under 
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water stress condition among six sorghum genotypes, there is significant affects of 

genotype and water supply. Numerous studies have been conducted across various 

environments, which reported genetic variation for WUE in sorghum [219-223]. 

Assefa et al. [224] reported enormous variation in morphological traits in sorghum 

and tef (Eragrostis tef (Zucc.) germplasm. This showed that implication of variation 

could be exploited through hybridization and selection in the genetic improvement of 

the crop. 

In the last several years, a number of studies toward this goal were conducted using a 

set of recombinant inbred lines (RILs) especially developed to evaluate the genetics 

and physiology of drought tolerance in sorghum. These lines were carefully evaluated 

at pre-flowering and post-flowering stages under drought stress conditions and used 

for mapping quantitative traits. The finding of these studies suggest that these loci 

which control the expression of pre-flowering [11] or post-flowering drought [12] 

tolerance independent of mechanisms that control yield. 

Studies have shown that reproductive processes in many higher plant species are 

affected by abiotic stresses compared with the vegetative growth [225, 226]. At 

seedling and post-anthesis stages ten sorghum genotypes including one check were 

evaluated for drought tolerance based on morpho-physiological criteria reported that 

different genotypes responded differently to the water stress for various morpho-

physiological traits [227]. Bänziger and Araus, [228] reported that to produce drought 

tolerant crops a successful genetic enhancement programs need to consider all gene-

by-gene, gene-by-environment and gene-by-developmental stage interactions. Water 

stress at different growth stages causes various morpho-physiological changes in the 

plant to acclimatize under stress conditions. Many studies have reported that traits 

associated with plant water status includes leaf wilting, rate of excised leaf water loss, 

leaf relative water content can be used to evaluate drought tolerance [156, 229-231]. 

Genetic variability exists among sorghum genotypes under drought stress for gas 

exchange rates at pre-flowering stage [232]. 

Kapanigowda et al. [233] reported that chlorophyll contents, grain yield and Harvest 

index were decreases under drought stress and stalk and charcoal rot diseases were 

increases under irrigated conditions in sorghum. For example, [234-236], concluded 

that water stress at seedling stage may cause higher dry root weight, longer roots, 
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coleoptiles and higher root/shoot ratios.  These traits could be used as selection 

criteria for drought stress tolerance in crop plants at very early stage of growth. 

Moreover water stress tolerance in sorghum and other crops is also directed by the 

traits like root thickness, the ability of roots to penetrate compacted soil layers and 

root depth and mass [237-239]. It is imperative to recognize better how root traits 

contribute to drought tolerance, because long roots are positively associated with high 

harvest index, so it have been proved to be helpful tool for yield under terminal 

drought, [236]. Under drought stress Dhanda et al. [235], Khan et al. [240] and Misra 

[237-239] also found significant variation among seedling traits in wheat, maize and 

pearl millet, respectively. However, a positive relation between drought tolerance and 

root length in sorghum and millet was reported [241]. This suggests that such traits 

could induce positive effects on drought tolerance at different stages of plant growth 

in sorghum. 

2.11.10 Genes related to drought tolerance 

Different strategies are used for screening of germplasm according to the need and the 

problems found in particular species. The response of plant to changing 

environmental stimuli is due to the expression of specific sets of genes that allow the 

plants to adapt to the altered environmental conditions. For resistance to various 

abiotic stresses such as temperature, salinity, and drought there has been substantial 

progress in identifying genes. Drought stress is one of the most common 

environmental stress to which plants are exposed. In plants, drought stress stimulates 

the activity of several genes and the function of their gene products have been 

predicted from sequence homology with known proteins. Generally, drought 

responsive genes follow two different pathways one is ABA-dependent and another is 

ABA-independent. Most drought-responsive genes are induced by exogenous ABA 

treatment, and are included in the ABA-dependent signal transduction. On the other 

hand drought also induced an additional set of genes, but not by ABA, providing 

evidence for a second, ABA-independent signal transduction pathway [242]. 

For self-protection or stress adaptation of plants, environmental stresses often induce 

the expression of numerous transcriptional regulators, which, in turn, up-regulate a 

series of downstream genes. Typical regulatory proteins include various transcription 



32 

 

factors [243]. In Arabidopsis, more than 50 families have been identified over 1700 

genes encoding TFs in [244-246], and some of them have been implicated in plants’ 

response to drought. NAC (NAM, ATAF1-2, CUC2) that contain a highly conserved 

DNA-binding NAC domain is a plant-specific TF family consisting of about 100 

members [29, 247] . SNAC1 is also specifically induced in guard cells by drought 

[248]. SNAC1-overexpressing rice showed significant reduction in stomatal aperture 

[249]. According to Yang et al. [248] in moderate drought or severe drought 

(sheltered) field conditions, SNAC1-transgenic plants exhibited 17–22% higher 

spikelet fertility and 22–34% higher seed setting rate than non-transgenic plants. 

Another TFs containing conserved WRKY domain is (WRKY) TFs (more than 70 in 

Arabidopsis) which are best known for their involvement in the regulation of plant 

growth, development, and in response to abiotic stresses [250]. Drought tolerant 

compared to controls, as indicated by slower leaf wilting in potted soil [251]. 

Furthermore, WRKY proteins are unique to plants contain either one or two WRKY 

domains, a 60-amino acid region highly conserved among the family members. These 

proteins  play a key role in regulating the pathogen induced defense responses [252], 

abiotic stress responses [22, 253, 254] and are also involved in various physiological 

processes including senescence, trichome development and biosynthesis of secondary 

metabolites [255]. 

Another family of genes belongs to the dehydrin (DHN) genes [256], which are up-

regulated during the stress [257]. The involvement of the Association between 

accumulation of members of the DHN family and tolerance to stresses including 

drought  has been shown in several species such as sunflower [258]  barley [257] and 

wheat [259]. Lopez et al. [259] has reported the relationship of dehydrin gene 

expression among seven wheat cultivars under drought stress at seedling development 

stages. A number of studies, including QTL analysis, in several crop plants have 

revealed apparent co-segregation of Dhn genes with phenotypes associated with 

dehydrative stress, such as drought and freezing [260]. Patrizia et al. [261] also 

identified resistant and sensitive wheat genotypes based on the measurement of 

relative water content (RWC %) and then evaluate the genetic diversity of dehydrin 

gene sequence and their relation with physiological and grain yield traits. Yang et al. 

[248] reported that in sorghum genes encoding dehydrins related to dhn2 were 

expressed at 10- to 20-fold higher levels in the roots of non-stress plants.  
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Furthermore, plants from several families (e.g. Gramineae, Chenopodiaceae, 

Compositae) produce Glycine Betaine (GB) in response to salt or water stress. 

Reproductive development of transgenic plants was less inhibited after a 3-week 

drought stress, as grain yield per plant was 10–23% higher than that of wild-type. 

According to Lv et al. [262] betA-transgenic cotton were tolerant to drought stress, as 

displayed by higher RWC, increased photosynthesis, better OA, a lower percentage of 

ion leakage, and less lipid membrane peroxidation than the wild-type controls. 

Ishitani et al. [263] have cloned and characterized a BADH cDNA from barley and 

described the expression pattern of BADH transcript. Wood et al. [36]  have also 

isolated and characterized two cDNA clones, BADH1 and BADH15, putatively 

encoding betaine aldehyde dehydrogenase in sorghum. In sorghum P5CS (1-

pyrroline-5-carboxylate synthetase) which is a key regulatory enzyme that plays a 

crucial role in proline biosynthesis under drought was also identified and cloned 

[264]. 

Sorghum also has a complement of genes and alleles that help the plant to response to 

available water supply [34], mediate osmotic adjustment [35, 36]. Genome resources 

enabling analysis of sorghum trait loci and gene expression have been developed to 

facilitate the identification and isolation of sorghum genes involved in adaptation to 

adverse environments [38, 40, 265]. A high-density sorghum genetic map has been 

constructed with over 3000 DNA markers [39] and integrated with an emerging BAC-

based sorghum physical map [40]. Furthermore, to align the sorghum genome map 

with the nearly complete rice genome sequence and maps of other grasses DNA 

markers and sequence-based information are being used [38, 42, 266]. In addition, 

from cDNA libraries derived from diverse tissues and treatments a sorghum EST 

project has collected over 200 000 sequences (http://fungen.org/sorghum.htm).  

Comparing the expression of genes or studying the polymorphism thought to be 

important for drought tolerance, such as the enzymes in drought-induced metabolic 

pathways under drought versus non-drought conditions can provide useful 

information. Zhou et al. [267] selected drought tolerant sugarcane genotypes on the 

basis of certain morphological and physiological characters for the screening of 

geneic markers. To establishing the basic responses of plants to drought two most 

productive approaches has involve i.e. studying the candidate genes and differential 

http://fungen.org/sorghum.htm
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screening. Furthermore, DNA sequences of the candidate genes (CGs) are known and 

their biological functions identified that are associated with the expression of the trait. 

These genes are either required in a regulatory or biochemical pathway or are 

structural genes that encode proteins with function as a physical structure, thereby 

affecting trait expression. Rothschild and Soller [268] hypothesized that “candidate 

genes associated with the trait are responsible for controlling a significant number of 

QTLs that cause trait variation”. According to Vinod et al. [269] the candidate gene 

phenomenon requires detailed analysis consisting of various steps. These include 

selecting candidate gene, primer design to amplify the gene, PCR-based 

polymorphism test, optimization of an adequate protocol for large-scale genotyping, 

identification of a population for association studies and association analysis of the 

candidate gene with phenotypic trait. This approach has been successfully used in rice 

and other cereals to identify the biotic and abiotic stress characters [270-272]. 

In sorghum, large collection of expressed sequence tags (ESTs) which are expressed 

particularly during pre-flowering and post flowering drought stress are available in 

genomic databases [273]. These ESTs are valuable in the identification and screening 

of candidate genes required for drought tolerance as well as developing functional 

markers (FM). These markers will be further linked with drought specific traits to 

improve drought tolerance in sorghum. 

2.12 Breeding strategies for drought tolerance  

Different strategies are used for various crops according to the need and the problems 

found in particular species. With the advent of molecular biology research labs across 

the world identified and characterized a large number of genes controlling various 

traits of plant development , biotic and abiotic stress resistance etc. Furthermore, the 

development and use of DNA based markers revolutionized several important areas in 

genetics, including analysis of genetic relatedness, assessment of genetic diversity, 

tagging of genes controlling quantitative traits, mapping of quantitative trait loci by 

linkage mapping and association mapping and marker assisted selection. 
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2.12.1  Sorghum Genome Mapping 

2.12.1.1 Molecular markers system for sorghum    

Molecular markers are simply inherited, phenotypically neutral, polymorphic, 

abundant and ideal for the analysis of the complex traits. The practical utility of 

molecular markers in genetics is the construction of genetic linkage maps and marker 

assisted selection in plant breeding programs. Molecular markers permit plant 

breeders to identify and map the QTLs, i.e. the relevant loci responsible for genetic 

variability of quantitatively inherited traits [71, 274-279]. For several members of the 

Gramineae molecular markers have been used to develop comparative chromosome 

maps and to study genes of agronomic importance across [280, 281]. Despite their 

evolutionary divergence 65 million years ago, members of the Poaceae family display 

a remarkable level of genetic similarity [282, 283].  

For linkage mapping in crops several types of DNA markers have been used [156, 

284, 285] viz., RFLPs [286], RAPDs [287], SSRs or microsatellites [288], AFLPs 

[289], SNPs in combination with DNA chip technology [290, 291] EST-derived SSR 

markers [292, 293]. Recently genetic elements such as retrovirus have also used as 

markers [294, 295]. Once the traits of economic importance have been mapped with 

molecular markers the vast amount of genetic variation present in the form of 

germplasm can be exploited to the best [296]. 

In sorghum drought resistance is a complex trait affected by several interacting plant 

and environmental factors, which makes this trait difficult, time consuming or 

expensive to study using traditional genetic and physiological methods. Therefore, the 

use of molecular markers has great potential to analyze the inheritance of quantitative 

traits for improving genetic gain and efficiency of superior genotype selection through 

the studying of the genetic and phenotypic basis of complex traits [297, 298]. Genetic 

linkage maps have been developed in sorghum, using genetic markers such as 

restriction fragment length polymorphism (RFLPs), random amplified polymorphic 

DNA (RAPDs), amplified fragment length polymorphism (AFLPs), and simple 

sequence repeat (SSRs), and QTLs have been detected for many agronomically 

important traits. QTLs associated with several complex traits, including plant height 

and maturity [299], characters associated with plant domestication [283], disease 
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resistance [300], drought tolerance [11, 12, 301], striga tolerance [302] and charcoal 

rot resistance [303], have been identified and characterized by molecular markers in 

sorghum  . 

Furthermore, for the study of DNA polymorphism in sorghum various markers like 

Randomly Amplified Polymorphic DNA (RAPD) and polymerase chain reaction 

(PCR)-mediated genetic polymorphisms are also being applied for agronomically 

important traits [287]. RAPD analysis has also revealed significant genetic diversity 

in sorghum lines [300, 304, 305]. Many efforts have been made in sorghum  to tag 

genes or link them with molecular markers. Magill et al. [306] reported the use of 

RAPD markers for single gene traits such as resistance to downy mildew, sorghum   

head smut, anthracnose, and leaf blight in bulk segregant analysis.  

Sorghum genome facilitates its use as a tropical grass model due to its small size, and 

sorghum was the first angiosperm for which a BAC library was made [307]. The 

sources for sorghum SSRs mapped SSR containing clones isolated from both BAC 

and enriched DNA libraries were used [308]. According to Cregan et al. [309] 

identification of SSR loci in BAC clones is one of the most efficient methods. The 

SSR markers are ideal as exhibit high levels of polymorphism, even in narrow crosses 

[310, 311]. Therefore, the use of molecular markers for the analysis of quantitative 

traits under drought tolerance might lead to better understanding of this trait. If 

successful, this will reduce the time and cost involved in field trials and increases the 

breeding efficiency. 

2.12.1.2 Sorghum Genetic mapping 

Identification and mapping of nucleotide sequences that are associated with the 

expression of specific traits are useful in MAS breeding programs. Molecular 

characterization and identification of DNA sequences that affect complex traits 

controlled by many loci constitute QTL mapping or genetic mapping. Linkage 

between a marker and a genomic region (QTL) on chromosomes that influences 

quantitative traits allow detection and mapping of QTLs in relation to the markers. 

Hence, for a detailed genetic study of quantitative characters in any crop construction 

of linkage maps is the most fundamental step. High-density map provides information 

on many potentiality polymorphic markers in any genomic regions and facilitates 
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MAS especially between closely related types [312]. The ultimate goals of QTL 

analysis are to dissect the complex inheritance of quantitative traits into “Mendelian-

like” factors amenable to selection through the analysis of the flanking molecular 

markers and, eventually, to clone the gene(s) underlying major QTLs. 

According to studies,  the conserved linkage blocks and their relationships with rice 

linkage groups provides the insight for the domesticated grasses, into the basic 

organization of the ancestral grass genome [280, 313]. In early 1990s sorghum   

genome mapping based on DNA markers began and since then, several genetic maps 

have been developed with a large number of DNA-based markers including RFLPs, 

AFLPs and SSRs [286, 288, 289]. In sorghum recombinant inbred lines a complete 

RFLP-based genetic linkage map has been develop by the extensive study of genome 

using RFLPs [314-316] and DNA clones [37, 317-319]. Furthermore, Using different 

marker types, including restriction fragment length polymorphisms (RFLPs), random 

amplified polymorphic DNAs (RAPDs), amplified fragment length polymorphisms 

(AFLPs), simple sequence repeats (SSRs) markers many linkage maps have been 

developed for sorghum [39, 127, 128, 308, 312, 314, 319-322]. A combined sorghum   

linkage map from two recombinant inbred populations was constructed using AFLP, 

SSR, RFLP and RAPD markers [47]. Most of these markers are used for the 

construction of the linkage map and represents untranscribed regions of the genome. 

These markers are not associated with variations in genes controlling phenotypic traits 

but are used for linkage mapping. Recently in sorghum an ultra-high-density genetic 

map comprising 3148 bins and spanning a genetic distance of 1591.4cM, was 

constructed for eight agronomically important traits based on the sequence-based 

genotyping for a RIL population[323]. 

2.12.1.3 QTLs identified in sorghum for drought tolerance 

Many studies on drought tolerance monitored the physiological and biochemical 

status of stress plants compared with unstressed plants. Detection of quantitative trait 

loci (QTLs) for drought tolerance is the first step of genetic improvement to stabilize 

global crop production. Several studies have investigated QTLs and their associated 

effects on drought related traits. Sorghum is an excellent crop for the analysis of 

genes, contributing to environmental stress tolerance and other traits [33]. It has a 

diverse germplasm collection (ca. 40 000 accessions) and a small genome size, which  
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Table 2.1: Summary of some recent QTL studies related to drought in sorghum. 

 

 

Crop Cross Environment Main traits Reference 

Sorghum    TX7078 and B35 Field Stg& yield stab [11] 

Sorghum    B35 X Tx430 Field stg & mat [43] 

Sorghum    B35 X Tx7000 Field Stg [44] 

Sorghum    QL39 x QL41 Field Stg [45] 

Sorghum    B35 X Tx7000 Field Stg [46] 

Sorghum   B35 x Tx7000 Field Stg [140] 

Sorghum   SC56 x T x7000  

Stg , Ldg , Prf, Flr & 

Pht [10] 

Sorghum   

IS9830 x E36-1 and 

N13 x E36-1 Field Stg [47] 

Sorghum    - Field Stg [324] 

Sorghum   

BTx642 and RTx 

7000 Field Stg [325] 

Sorghum    296B × IS18551 Field Stg [326] 

Sorghum   B35 x R16 Field Stay green [51] 

Sorghum   77 verities Field Stay green [48] 

Sorghum BR007 x SC283 Field Stg [52] 
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can be proved valuable for comparing with genomes of other grass species including 

maize and rice.  

For the last two decades, extensive studies in sorghum related to drought resistance 

have been done and breeders used ‘stay green’ as indirect selection for drought 

tolerance (Table 2.1). Most of the QTLs had been identified for this trait in 

populations i.e. RILs, F2 and F3 [10,12, 46-48]. Under terminal drought, a positive 

impact of stay green on grain yield has been observed [49-51]. Using 98 RILs in 

sorghum developed from a cross between Tx7078 X B35 13 regions of the genome 

associated with one or more measures of post flowering drought tolerance were 

identified and among these two QTL were found to have major effect on yield and 

stay green trait [12]. Three major and four minor stay green QTLs and two maturity 

QTLs were identified using a set of RILs obtained from the cross B35 X Tx430 in 

sorghum [43], and observed that these stay green QTLs were completely independent 

of QTLs influencing maturity. Using F7 RILs derived from the cross of B35 X 

Tx7000, Xu et al. [44] reported four stay green QTLs located on the three linkage 

groups A (chromosome 1), D (chromosome 4) and J (chromosome 10) along with 

three QTLs for chlorophyll content. 

In multiple environmental trials using 160 RILs derived from cross between QL39 X 

QL 41 in sorghum, three regions associated with stay green were identified using 17 

SSR and 101 RFLP markers [45]. Harris et al. [325] mapped the post-flowering stay 

green trait and reported four major QTLs (Stg1-Stg4) using a population derived from 

BTx642 X RTx7000. Several stay green QTLs co-localized with grain yield, 

flowering time and plant height has been reported [52]. Moreover, the contribution of 

stay green to maintain high and stable yield production under post-flowering drought 

tolerance conditions has been well established and extensively studied, but the genetic 

correlation between pre-flowering drought tolerance and agronomic traits has not 

been reported in sorghum. 

Pre-flowering (defined as the period from panicle differentiation to anthesis) drought 

stress is different from post flowering and important because it is during this stage 

that stand, tiller number, panicle size, grain number and grain yield are determined 

[140]. Drought stress at this stage is found more common in sorghum, but not enough 

information in literature is available regarding the genetic analysis of this trait. 
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Tuinstra et al. [11] used recombinant inbred lines derived from cross between Tx7078 

x B35, which are resistant and susceptible, to pre-flower drought. Six regions found in 

the sorghum genome were associated with pre-flowering drought tolerance and eight 

additional regions generally associated with yield or yield components under fully 

irrigated conditions. In sorghum four major QTLs are responsible for pre flowering 

drought tolerance had also been identified [10]. Recently QTLs for nodal root angle 

co-locate with QTLs associated with drought stress are also identified in sorghum   

[53]. Beside these, several studies have reported QTLs for plant height, maturity, 

yield and its component traits [301, 318, 327-330]. However, additional reports on the 

control of pre-flowering drought stress in sorghum are limited [75]. The summary of 

some of these QTLs are given in (Table.2.1). 

2.12.1.4 Association mapping 

Generally two approaches are used for genetic mapping: (i) Family-based Linkage 

mapping (FBL) (ii) LD-based Association mapping [55]. FBL is a classical approach 

in which LD is created by developing a mapping population like, F2, double haploid, 

back cross, Recombinant inbred lines and near isogenic lines, are used to phenotyped 

and find out segregated traits in different environments. In contrast LD-based 

Association mapping requires diverse material to associate genetic markers with 

phenotypic interest, taking advantage of lower levels of linkage disequilibrium 

present in linkage populations. In association, mapping the detection of QTL is based 

on the association of genotype with phenotype in genetically diverse germplasm 

collections or in natural populations. In this approach, the basic principle is 

maintaining the linkage disequilibrium (LD) between genetically linked loci. If the 

two loci are in close proximity, it results in high LD [331]. LD refers to reduction in 

level of recombination events of specific alleles at various loci.  Association mapping 

also considers population structure [60] and enabled association mapping studies 

developed for complex trait’s analysis.  

The occurrence of a new mutation affects the pattern of LD that is associated with the 

variants on the chromosome on which it arises.  The rate of recombination (r) is a key 

parameter in the process of LD decay, since recombination breaks the association. 

Other demographic factors, like population size, selection, migration also affect the 

pattern of LD. Therefore, to understand the feasibility and resolution of mapping 
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based on LD (i.e., association mapping) the analysis of LD pattern is necessary. In 

many important crops with in germplasm, the complex breeding histories have created 

the complex population structure that hinders the application of association mapping 

in crop species [56]. Moreover, the presence of population structure and unequal 

distribution of alleles within subpopulations can cause LD between unlinked genes 

and result in non-functional, spurious associations between a phenotype and unlinked 

candidate gene [332, 333]. Yu et al. [334] proposed a mixed-linear-model method for 

the control of false-positive and false-negative rate, in which effects caused by 

population structure estimated by the model-based approach and background 

polygenic effects are included as independent variables [335]. This model has been 

applied in various association mapping studies [336, 337]. A general schematic 

diagram of association mapping is given in Fig. 2.5 

Generally two approaches has been widely used for association mapping studies i.e. 

candidate gene approach and genome wide association analysis. In the former 

approach, the candidate genes are selected based on prior knowledge from mutational 

analysis, biochemical pathway or linkage analysis of the trait of interest. Furthermore, 

to infer genetic relationships, an independent set of random markers needs to be 

scored.  According to Zhu et al. [338] it is low cost, hypothesis-driven and trait-

specific approach but will miss other unknown loci. Another is genome wide 

association analysis where genome-wide marker polymorphisms are used to study 

casual genetic variations. Generally, a large number of markers are necessary for 

detecting association with complex morphological traits, but it does not require any 

prior information about candidate genes and there are chances to detect unknown loci. 

LD quantification and LD-based association mapping was first applied in model 

organism such as Arabidopsis, and then further extended to crops as maize, barley, 

durum wheat, common wheat, rice, sorghum, sugarcane, sugar beet, soybean, and 

grape, as well as in forest tree species, and forage grasses.  

Pioneering association-mapping studies in plants began only a few years ago [339, 

340]. Flint-Garcia et al. [56] reported that, using LD in association mapping, a natural 

population is surveyed to determine marker-trait associations. This approach was 

extended to plants and substantially increased mapping resolution over F1-derived 

mapping populations was reported [341]. For the mapping of genetic factors 
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responsible for complex trait variation and due to the growing availability of genome 

sequence data and advances in technology for rapid identification and scoring of 

genetic markers, linkage disequilibrium (LD) based genome-wide association study 

(GWAS) has gained favors in higher plants, especially in crops, [55, 57, 342-345]. 

Crossa et al. [346] was published a first genome-wide association mapping study in 

wheat by exploiting DArT marker technology. To analyze a number of continuous 

and categorical traits in a collection of 615 elite UK barley cultivar samples GWAS 

were conducted, some of which were recently reported [347]. Recently a number of 

other Association mapping studies has also been conducted in various crops like 

maize [248, 342, 348-351] Wheat [352, 353] Barley [354, 355] and in Rice [356] as in 

Table.2.2. 

Sorghum is an ideal crop for association mapping methodologies because of its 

medium range pattern of linkage disequilibrium (LD) and its self-pollinating mating 

system [63]. Casa et al. previously reported a diverse grain sorghum germplasm panel 

for association mapping [64].  Using association mapping in a panel of 377 sorghum   

varieties, the afore-mentioned Sb-HT9.1 was mapped on chromosome 9 with 49 SSR 

markers [357]. Murray et al. [330] was reported five more markers (pSB0945, 

Xgap72, Xtxp343, Xtxp265 and pSB0301) associated with height in a panel of 125 

genotypes with 47 SSR and 322 SNP markers by association analysis. Furthermore, 

among these, pSB0945 was on chromosome 9 and Xgap72 and Xtxp265 were on 

chromosome 6 [330], which supports published QTL studies [318, 329, 358, 359]. 

Chromosomal regions associated with several traits have been identified through 

association mapping using sorghum diversity research set [65, 66]. Recently using 

Genome Wide Association mapping several classical loci for plant height and 

inflorescence architecture have been mapped in sorghum [67]. Upadhyaya et al. [360] 

was used sorghum mini core collection and mapped height and maturity traits through 

association  mapping with 703 SSR markers. In another study, Updhyaya et al. [361] 

further validated the data and utility of the pool-based mapping method across the five 

environments in sorghum by identifying markers associated with height and maturity. 

Furthermore, other studies also have been conducted on sorghum [362-364]. The 

detail of these studies is given in (Table. 2.2). 
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Figure 2.5: The scheme of association mapping using different steps for tagging and 

cloning gene of interest. The outline in the scheme is based on the population 

characteristics and methodology chosen for association study. In association analysis, 

a group of individuals is selected from a natural population with or germplasm 

collection with wide range of genetic variation. Phenotypic characters such as yield, 

quality, tolerance or resistance of the selected population are then measured and 

mapping population genotyped with available markers. The molecular marker data is 

further used to quantify the extent of linkage disequilibrium. Moreover, with the 

application of an appropriate statistical approach, correlation of phenotypic and 

genotypic data is determined to reveal marker tag markers positioned within close 

proximity of the targeted traits of interest. Image adapted from Ibrokhim and 

Abdusattor  [365].   
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Table 2.2 : Summary of recent association mapping studies in various crops. 

Crop population Approach Traits Reference 

Sorghum    378 inbreds lines AM Dwarf genes   [357] 

Sorghum    377 accessions AM   [64]   

Sweet 

sorghum   

125 sweet sorghum   AM Height and stem sugar  [330] 

Sorghum    107 SDRS GWAS Genetic  diversity  [366] 

Sorghum    Mini core collection Pool 

based 

GWAS 

Plant height [362] 

Sorghum    971 core collection GWAS Plant height and panicle 

architecture 

 [67] 

Sorghum    107 SDRS GWAS Flowering time  [66] 

Sorghum   300 accessions AM Grain quality traits  [363] 

Sorghum    242 mini core collection Pool 

based 

GWAS 

Height & maturity  [361] 

Sorghum   151 accessions AM Drought related traits  [364] 

Maize 102 inbred lines AM Genetic  diversity [342] 

Maize 155 inbred lines AM Genetic  diversity [367] 

Maize 350 inbred lines AS ABA & Carbohydrates 

metabolites 

[368] 

Maize 5000 inbred lines GWAM Resistance to northern 

leaf blight 

[348] 

Maize 305 lines AM Plant height and 

biomass 

[350] 

Maize 282 inbred lines GWAS Kernal starch, proteins 

and oil 

[369] 

Zm DREB 368 varieties GWAS ZmDREB [351] 

Wheat Wheat germplasm AM Grain yield and diseases [346] 

Durum 

wheat 

189 elite lines AM Grain yield under 

drought stress 

[352] 

Wheat 567 spring wheat 

landraces 

AM Disease resistance [370] 

Barley 98 lines AM SNP diversity [355] 

Barley 615 elite lines GWAS Agrnomic traits [347, 371] 

Barley 318 Wild accession AM Spot blotch resistance [354] 

Rice Mini core of 90 

accessions 

AM Stigma and spikelet [372] 
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2.12.1.5 Application of association mapping 

Even though in crop plants, linkage mapping is being used to identify genetic loci, the 

procedure is very costly, has low resolution and only few alleles could be evaluated 

simultaneously in a longer duration [56, 58, 59, 373]. The low frequency of meiotic 

events results in lower resolution in FBL mapping [374]. LD-based association 

mapping has been used as an alternative procedure to reduce the limitations of FBL 

mapping [59]. Due to its effectiveness and utilization of natural variation in the form 

of ex situ conserved crop genetic resources, current efforts for gene mapping are 

shifting from conventional FBL based mapping to LD based association mapping 

[375]. There are two major advantages of association mapping over standard genetic 

mapping based on populations of bi-parental crosses are, first, that a much larger and 

more representative gene pool can be surveyed, and, second, that it bypasses the 

expense and time of mapping studies through making the crossing cycles in 

population development unnecessary and enabling the mapping of many traits in one 

set of genotypes. Another advantage is the resolution of mapping much finer, 

resulting in small confidence intervals of the detected loci compared to classical 

mapping, where the identified loci need to become fine-mapped [342]. 

Association mapping applies to collections of samples of a much wider germplasm 

base while conventional linkage analysis works on an experimental population 

derived from a cross of bi-parents divergent for a trait of interest. Association 

mapping also offers increased mapping resolution to polymorphisms at sequence level 

and providing the intrinsic nature of exploiting historical recombination events, and 

should therefore enhance the efficiency of gene discovery and facilitate marker 

assisted selection (MAS) in plant breeding [57, 376]. Association mapping have 

several advantages over conventional FBL mapping. Due to the availability of huge 

genetic variation in the form of germplasm provides broader allele coverage and saves 

time and cost to establish tedious and expensive biparental mapping populations, and 

most importantly offers higher resolution due to the exploitation of relatively higher 

number of meiotic events throughout the history of germplasm development. 

Furthermore, According to  Kraakman et al. [61, 62] Association Mapping also offers 

the possibility of using historically measured phenotypic data.
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Chapter 3  

Evaluation of sorghum (Sorghum bicolor L. Moench) for 

drought tolerance: pollen fertility, yield traits and its 

components at developmental stage 

3.1 Summary 

Drought stress occurring during the early developmental growth stage can cause 

considerable reduction in yield due to influence on plant reproductive components. 

The objectives of the present study were to evaluate the response of sorghum core 

collection (a diversity research set of 107 sorghum accession from Africa and Asia) 

under drought stress at developmental stage. Accessions were subjected to drought 

stress in pots for 12 days period when booting leaf emerged. Phenotypic values of 23 

morphological traits were recorded during an experiment that was carried out under 

drought stress and well-watered conditions. Leaf drying score was used as a criteria of 

tolerance/susceptibility to assess drought tolerance and ranged from 1 (most tolerant) 

to 9 (most susceptible). During drought stress period no dry leaves were observed in 

well-water plants, whereas in drought stress plants the average leaf drying score 

(LDS) was recorded from 5 to 85% among accessions. Pollen fertility (POFE) was 

measured by acetocarmine staining which showed significant differences among 

accessions under drought stress. Different yield traits according to sorghum   

descriptor were recorded. Principle component analysis (PCA) revealed first 3-PCs 

explained 74.6% variation under drought stress, whereas in well-water conditions the 

variation was 69.3%. Considering different selection criteria including leaf drying 

score (LDS), pollen fertility (POFE) and drought susceptibility index (DSI) 

accessions 17, 23, 65 and 66 were found drought tolerant indicating lower LDS, high 

POFE and lowest DSI, whereas accessions 42, 81, 82 and 84 were drought sensitive. 

The results led to the conclusion that genetic variation for drought tolerance at 

developmental stage present in this material can be used as a good source of variation 

in breeding program for drought tolerance.   

3.2 Introduction 

Sorghum is the fifth ranked crop produced in the world after wheat and is consumed 



47 

 

by both humans and animals. sorghum is an ideal candidate that can be exploited to its 

full potential in crop improvement programs so as to explore its potential use in the 

emerging biofuels industry, food and energy demands might be boosted in the near 

future. Sorghum has the ability to survive different types of stress conditions, that 

include salinity, drought, heat, and flooding [81]. However, in arid and semi-arid 

regions, this crop is usually affected by water stress at the reproductive stage 

particularly at pre-flowering and post flowering stages. 

Drought stress is a major problem to crops productivity worldwide. The effects of 

drought stress on crops depend on the timing and vulnerability of water stress. It is a 

complex trait controlled by many genes, and  has diverse effects on yield depending 

on the developmental stage [196]. Drought effect the growth, development and 

production of plants, particularly cereals the stage of development exert an influence. 

The most sensitive stage to water deficit is at flowering as the water deficit may cause 

delay in flowering. Panicle exsertion, anther dehiscence and a reduced number of 

fertile spikelets per panicle due to the failure of fertilization and impairment of pollen 

and ovule function, and the other parameters affected by drought, which result in 

yield reduction [99, 144, 152]. Panicle death in sorghum due to drought at between 

anther differentiation and the boot stage has been reported [377, 378]. 

In many crops, particularly cereals, the plants are more sensitive to drought stress 

during reproductive phase than at any other time, except early establishment while the 

root system is developing [7]. The seed set reduced to 35–75% in various cultivars of 

self-pollinated wheat and rice when water deficit at the panicle development [8, 9]. 

Depending on the developmental stage at which it occur water stress has diverse 

effects on yield. The severe effects of drought stress in sorghum may occur during 

early seedling stage, panicle development and in the period between grain filling and 

physiological maturity [75, 100, 196]. Drought resistance in sorghum is a complex 

trait influenced by many genes coding for various traits contributing towards drought 

tolerance [4]. The inconsistency in testing environments and interaction between 

different developmental stages of plant growth and environment are limiting factors 

that makes selection of drought tolerance difficult. The genetic mechanisms 

underlying drought tolerance in crop species are poorly understood, therefore, an 

endeavour to improve drought tolerance constitutes an important objective in many 
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crop-breeding programs. 

Two general responses have been recognized in sorghum when subjected to drought 

stress, depending on the time of onset: pre flowering and post-flowering. Pre-

flowering drought stress response occur when plants are under significant moisture 

stress prior to flowering, particularly at or close to panicle differentiation, whereas 

post-flowering drought stress response occur when plant are subjected to drought after 

flowering [10, 12]. Stay-green or delayed foliar senescence is a mechanism of post 

flowering drought stress tolerance and is characterized by the ability to resist 

premature stalk and leaf death [12]. Both types of drought stress effect sorghum but 

moisture deficit at the reproductive stage cause the principal decline in yield as 

compared to stress happening at any other growth stages. The physiological traits 

affected by drought stress at reproductive stage included flowering, peduncle 

elongation, panicle exertion and pollen fertility [13, 14]. Improvement in the 

performance of these traits under drought stress would help in the increase of grain 

yield under water-limited environment. 

As reliable indicators in selection of genotypes/cultivars for drought tolerance, several 

physiological characteristics have been reported. Some focused on flag leaf characters 

especially leaf water relations due to their considerable interaction with drought 

tolerance. Other approaches suggests testing of germplasm under stress and non-stress 

conditions and ranking genotypes for drought tolerance / susceptibility on reduction 

of yield [15]. Other yield-based estimates of drought tolerance are geometric mean 

[379] and drought susceptibility index: DSI [204].  DSI is a measure of mean 

reduction in yield of all the genotypes under consideration. Water loss under drought 

stress conditions can be minimized by screening and selection of drought tolerant 

crops particularly at reproductive stage and represents an efficient and economic 

approach if combined with other appropriate management [380].  

The objectives of the present study was to find variation among sorghum core 

collection under drought stress at developmental stage and to identify tolerant and 

susceptible genotypes on the basis of leaf drying score (LDS), pollen fertility (POFE) 

,drought susceptibility index (DSI) and other yield related traits under drought stress.  
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3.3 Materials and Methods 

3.3.1 Plant materials 

In this study a diverse research set of 107 sorghum accessions was used, which was 

made from 320 geographically diverse collections from Asian and African regions by 

[381]. Among these 25 accessions were from East Asia, 2 from South East Asia, 26 

from South Asia and 2 accessions from South West Asia, while the remaining 52 

accessions are from African origin (Table 3.1). 

3.3.2 Experimental design 

The experiment was conducted in glasshouse under natural day length conditions 

(12L/12D) and temperature ranging between 31-34 C. The plants were grown at 

agricultural field of University of Tsukuba Japan in the year 2011. Six Seeds/ 

accession were sown in round plastic pots (20 x 25cm) and three seedlings were 

discarded at two leaf stage. Randomized complete block design was used with two 

replications. Seven accessions did not germinate so excluded from the experiment. 

Plants were irrigated daily before stress treatment. Fertilizers NPK (15-15-15) were ap

plied as per requirement before the commencement of the treatment. To know the 

exact time of flowering, the data of number of days to flowering was obtained for 

each accession from previous field records of [381].   

3.3.3 Water stress treatment 

In order to impose drought stress the accessions were subjected to two conditions: 

well-water (with normal irrigation) and drought-stress (irrigation withheld) at 

developmental phase (by observing the booting leaf). Water was withheld for 12 

day’s when at least one plant reached to the panicle initiation stage. Irrigation was 

resumed when 50% of the plants flowered or showed visual sign of wilting. The 

controlled plants received regular irrigation for the entire duration of the experiment 

(schematic representation as shown in Fig. 3.1). Soil moisture was measured using the 

Hydro Sense Soil Water Content Measurement system (Campbell Scientific, Inc. 

USA) during drought-stress period. 
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Figure 3.1: Schematic representation of methods used to evaluate sorghum core 

collection for drought tolerance. A collection of about 107 accessions were studied 

under drought stress and well water conditions at pre-flowering stage.  Different traits 

were used for the evaluation of accessions .i.e. leaf drying score (LDS), pollen 

fertility (POFE) and drought susceptibility index (DSI). 
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Table 3.1: Detail of sorghum core collection 

 

Accession Number Name Origin  Region 

1 E 9 Chad Africa 

2 OOTOYO-MURA ZAIRAI Japan (Kochi) East Asia 

3 HANGETSUTOSUI Korea East Asia 

4 KOUSHUU ZAIRAISHU Korea East Asia 

5 CHAL WAXY SORGHUM   Korea East Asia 

6 AI HUI China East Asia 

7 Y. E. (I. P.) INT. TYPE India South Asia 

8 AIT BRAHIM Morocco Africa 

9 CODY Morocco Africa 

10 KOURNIANIA Morocco Africa 

11 PHATSAI Morocco Africa 

12 SCHROCK Morocco Africa 

13 ESHOME S. Africa Africa 

14 COL/PAK/1989/IBPGR/2386(2) Pakistan South Asia 

15 ZA113 DAWA PAS PARA Nigeria Africa 

16 PI 229486 VULGARE Iran South West Asia 

17 TAKAKIMI Japan(Iwate) East Asia 

18 COL/PAK/1991/IBPGR/2724(2) Pakistan South Asia 

19 HEGARI MALOWAR Sudan Africa 

20 E 232 INGWARUMA PEARLY S. Africa Africa 

21 AW 70/12 DL/59/1532 S. Africa Africa 

22 E 233 BARNARD RED S. Africa Africa 

23 IKEDACHO MATSUO ZAIRAI Japan(Tokushima) East Asia 

24 KALJANPUR India South Asia 

25 EC 18868 Nepal South Asia 
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Table 3.1 continued 

Accession Number Name Origin            Region 

26 JUNELO Nepal South Asia 

27 MN 401 Algeria Africa 

28 143 DINDERAWI 1 Sudan Africa 

29 RED KAFIR S. Africa Africa 

30 PI 282834 Chad Africa 

31 PI 220636 Q 2/3/56 Afghanistan South Asia 

32 SC NO.0217 CI1197 India South Asia 

33 KOUCHI OUKAWA ZAIRAI Japan(kochi) East Asia 

34 MAKHOTLONG I Lesotho Africa 

35 NUO GAO LIANG China East Asia 

36 ER BAI SHE YAN China East Asia 

37 DANGOMOROKOSHI Japan(Ibaraki) East Asia 

38 TOKIBI Japan(Mie) East Asia 

39 COL/PAK/1989/IBPGR/2420(1) Pakistan South Asia 

40 COL/PAK/1989/IBPGR/2427(5) Pakistan South Asia 

41 COL/PAK/1989/IBPGR/2439(1) Pakistan South Asia 

42 COL/PAK/1989/IBPGR/2444(1) Pakistan South Asia 

43 COL/PAK/1989/IBPGR/2550(1) Pakistan South Asia 

44 COL/PAK/1989/IBPGR/2553(4) Pakistan South Asia 

45 COL/PAK/1989/IBPGR/2411(1) Pakistan South Asia 

46 HIMEKI ZAIRAI Japan(Hyogo) East Asia 

47 KIKUCHI ZAIRAI Japan(Kumamoto) East Asia 

48 GOOSENECK India South Asia 

49 COL/PAK/1989/IBPGR/2416(2) Pakistan South Asia 

50 COL/PAK/1989/IBPGR/2592(7) Pakistan South Asia 
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Table 3.1 continued 

 

Accession Number Name Origin  Region 

51 S. VULGARE 72-726-7 Uganda Africa 

52  Uganda Africa 

53 KOUBOUSHI Korea East Asia 

54 REDBINE 655 Sudan Africa 

55 MORABA 74 Ethiopia Africa 

56 THIBA RED Ethiopia Africa 

57 E 276 FRAMIDA Uganda Africa 

58 E 1089 Sudan Africa 

59 

MARIANGARIJORA 

MUDDAHIHAL 
India South Asia 

60 AKAHO Japan(Gun) East Asia 

61 BATTANBAN Cambodia South East Asia 

62 AS 4547 JARDIRA Nigeria Africa 

63 KANAGAWAZAIRAI Japan(Kanagwa) East Asia 

64 DHOOTI ANEHULA India South Asia 

65 

RABI YANGAR JORA 

MITHUGADUR 
India South Asia 

66 HAZERA 6014 Israel South West Asia 

67 AKLMOI WHITE Kenya Africa 

68 LAMBAS Sudan Africa 

69 DINDERAWI 1 Sudan Africa 

70 240 WAD UMM BENEIN Sudan Africa 

71 MUGBASH WHITE Sudan Africa 

72 S.BASUTORUM DL/60/97 S.Africa Africa 

73 

EAR FROM PIETESBURG 

DL/60/107 
S.Africa Africa 

74 WAD YABOO 132/53 Zimbabwe Africa 

75 CAPE COLO 28/53 Zimbabwe Africa 
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Table 3.1 continued 

Accession Number Name Origin  Region 

76 MN 1277 MUHEYAR Nigeria Africa 

77 PI 220636 Q2/3/56 Afghanistan South Asia 

78 LIAOZA 1   China East Asia 

79 MOCTAC LOCAL Korea East Asia 

80 B-112 Sudan Africa 

81 SENKINHAKU Korea East Asia 

82 

AS 5781 HUAN SA PHAUNG 

AHLPYSU 
Myammar South East Asia 

83 AS 4136 MASAKA LUWEMEA India South Asia 

84 SC112 Ethiopia Africa 

85 GIZA 3/59 Ethiopia Africa 

86 UGANDA L1 Uganda Africa 

87 AS 4637 NHORONGO NENPI Tanzania Africa 

88 E 37 Tanzania Africa 

89 

TSETA LOCAL NATURE TYPE 

27/51 
Zimbabwe Africa 

90 E 17 Congo Africa 

91 KA 24 Nigeria Africa 

92 CHOONCHAN LOCAL Korea East Asia 

93 BIG WHITE HULL China East Asia 

94 XIONG YUE 334 China East Asia 

95 TENANT WHITE Lesotho Africa 

96 NYAKASOBA BEST Lesotho Africa 

97 72-8-13       Taiwan East Asia 

98 72-10-10-5           Japan East Asia 

99 87-9-21-3-1        Pakistan South Asia 

100 87-9-21-3-2        Pakistan South Asia 
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Table 3.1 continued 

Accession Number Name Origin  Region 

101 E 1091 Sudan Africa 

102 109 TONJI Sudan Africa 

103 PI 329762 Ethiopia Africa 

104 E 959 Kenya Africa 

105 PI 152748 C Kenya Africa 

106 

MILO PET. 139/51 EX 

TANGANYIKA 
Central Africa Africa 

107 ALLAKH Bangladesh South Asia 
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3.3.4 Phenotypic assessments 

Data were collected for different traits, including days to heading (DTH), delay in 

heading (in stress) (DEH), days to flowering (DTF), delay in flowering (in stress) 

(DEF), culm diameter (CD), total number of leaves (TNOL), leaf length (LL), leaf 

width (LWI), flag leaf length (FLL), flag leaf width (FLWI), leaf drying score (LDS), 

plant height (PH), panicle exertion (PEX), panicle length (PL), panicle width (PWI), 

pollen fertility (POFE), panicle weight (PW), panicle number (PL), total grain 

number/plant (GNOP), grain weight/plant (GWP) and hundred grain weight (100GW) 

and number of tillers (NOT)  were recorded according to sorghum descriptors [382]. 

Pollen fertility (POFE) and leaf drying score (LDS) were recorded according to 

descriptor [383]. To observe POFE, 10 unopened spikelets were collected from each 

plant under stress and controlled conditions. For maintaining the viability of pollens, 

iceboxes were used during pollen collection. Later in the laboratory, five spikelets 

were randomly taken from each sample and dissected on microscopic slides to expose 

the pollens. POFE was determined by acetocarmine staining and the slide was 

observed under microscope (Olympus BH-2). To count the number of fertile and 

sterile pollens the picture of each slide were captured using camera (Nikon, 200 MP). 

The presence or absence of starch was observed under microscope based on their 

staining [384] and POFE was calculated as  

Pollen fertility (POFE) = (number of fertile pollens/ total number of pollens) 100 

Leaf drying was visually scored by calculating leaf-drying percentage as; 

Dry leaves percentage = (number of all dry leaves/total number of leaves) x 100. 

Visual scoring for drought tolerance/susceptibility was recorded on a scale of 0 to 9, 

based on leaf drying percentage according to the descriptors for rice germplasm 

assessment [383].  

A score “0” indicates no dry leaf while score “9” represents all dry leaves or plant 

death. Dry leaves percentage was measured twice (6 days after stress and the day 

before watering) during stress period. 

Drought Susceptibility Index (DSI) was calculated according to Fischer and Maurer, 

[204] for each genotype as:  DSI = (1-Yds/Yno) / (1-Xds/Xno)  
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Where Yds is the grain yield under drought, Yno is the grain yield under controlled 

conditions, Xds is the average yield of all genotypes under drought and Xno is the 

average yield of all genotypes under controlled conditions. The abbreviation and 

descriptions of the studied traits are listed in Table 3.2. 

3.3.5 Statistical analysis 

Data were analyzed statistically using software JMP, ver.9 [385]. Distribution 

analysis was performed for each trait. The data were analyzed separately (well-water 

and drought-stressed) by one way analysis of variance (ANOVA) using Proc GLM 

procedure statistical software JMP, version.9 [385]. The Pearson correlation 

coefficients (r) between the traits under well-watered and drought-stress conditions 

were calculated by the SAS Procedure too. The path coefficients analysis and 

significance level for the traits associated directly and indirectly with yield 

components between well water and drought stress were determined [386]. Tukey-

Kramer HSD (honestly significant difference) test was performed for all traits in both 

environment (well-water and drought-stressed) to test the significance based on 

geographic distribution.  

The Pearson’s correlation coefficients (r) between the traits under well-water and 

drought-stress conditions were calculated. Mean trait values of a subset of accessions 

were calculated in relation to their susceptibility scale and were subjected to paired t-

test for significant differences. Standard deviations were measured for the mean value 

of each trait. Principle component analyses (PCA) were performed using the 

genotypic trait means to partition the performance of accessions under well-water and 

drought-stress conditions. Drought susceptibility index (DSI) was calculated 

according to Fischer and Maurer, [204] for each genotype as:  

DSI = (1-Yds/Yno) / (1-Xds/Xno)  

3.4 Results 

3.4.1 Moisture content 

Soil moisture level was monitored daily in each pot during the treatment both in 

drought-stress and well-watered accessions by the Hydro Sense Soil Water Content
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 Table 3.2: Abbreviations, full names and descriptions of the traits investigated in this 

study. 

 

ABRREVIATION

S& UNITS 

TRAITS DESCRIPTION 

DTH Day to heading Date when 50% of plants have begun 

heading 

DEH Delay in heading Difference in heading between stress & non 

stress 

DTF Days to flowering Date when 50% of plants have begun 

flowering 

DEF Delay in flowering  Difference in heading between stress & non 

stress 

TNOL Total no. of Leaf Number of leaves on main stem 

  LL(cm) Leaf length Length of longest leaf blade 

   LW(cm) Leaf width Width of the widest part of the longest leaf 

    LDS (%) Leaf drying score % age of total dry leaves at the end of 

treatment 

          CD Culm diameter Diameter of the middle of intern ode of main 

stem 

 PH(cm) Plant height Height of main stem at maturity 

          PEX Panicle exertion Exertion of the panicle from boot leaf at the 

end of flowering 

    POFE (%) Pollen fertility Collection of unopened spikelets via 

staining. 

          PL(cm) Panicle length Length from neck node to the tip of panicle 

at maturity 

   PWI(cm) Panicle width Width  of the widest part of the panicle at 

maturity 

          NOP Panicle no/plant Total no. of panicle/plant at maturity 

          PW(g) Panicle 

weight/panicle/plan

t 

Weight of the dry and clean panicle after 

harvesting 

   GNOP(g) Total grain 

no/panicle/plant 

Total no. of clean grains after threshing 

 GWP(g) Total grain 

weight/panicle/plan

t 

Weight of dry and clean grains after 

threshing 

   100GW(g) 100 grain 

weight/panicle/plan

t 

Weight of 100 cleaned and threshed seeds 

 FLL(cm) Flag leaf length Length from base to the tip of the leaf 

    FLWI(cm) Flag leaf width Width of the widest part to the leaf 

         NOT 

 

Number of 

tiller/plant 

 

Number of tiller at the base of the main 

stem/plant 
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Measurement System (Campbell Scientific, Inc.) The average soil moisture (10-25cm 

depth) decreased significantly and the minimum declines were up to 7% of volume 

under drought stress condition (each replication) compared with 60% of volume 

maintained under the well water conditions (Fig 3.2). Such high declines in soil 

moisture indicate that sorghum accessions were severe water stress for 12 days under 

water deficit condition. 

 

Figure 3.2: Soil moisture percentage (%) measured in days 0 to 12 for control and 

treated samples in two replicates. Blue color indicates the soil moisture content 

percentage in well water conditions, whereas Red and Green color indicate soil 

moisture content percentage under drought stress conditions.  
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3.4.2 Assessment of drought tolerance and variation among accessions 

LDS was used as a parameter for the assessment of drought tolerance/sensitivity. By 

considering the fully dry leaves percentage, severity was recorded to evaluate the 

progress of drought sensitivity by observing each dry leaf of the plant. According to 

the development of scale on basis of dry leaves percentage, each plant corresponded 

to the scale in the following way: Scale-0= no dry leaves (not sensitive), 1= 1-10% 

(extremely low), 2= 11-20% (very low), 3= 21-30% (low), 4= 31-40% (slightly low), 

5= 41-50% (intermediate), 6= 51-60% (slightly high), 7= 61-70% (high), 8= 71-80% 

(very high), 9= 81-90% (extremely high) or more than 90% dry leaves with  plant 

death symptoms (Fig 3.3). 

For sensitive accessions, LDS were significantly higher than the tolerant accessions 

ranged from 5 to 88% with an average of 49 while in well-water condition no dry 

leaves were observed (Table 3.3& 3.4). The level of variation is reflected by the 

distribution of the traits representing the significance of selection criteria (Fig 3.5). 

The results indicate that all accessions were significantly influenced by drought stress 

(Table 3.4). Some accessions from Asia and one accession from Africa showed better 

response in dry leaves percentage and less reduction in yield compared with well- 

water condition (Fig.3.3).  

The average of each trait/accession was calculated and arranged according to their 

LDS value (Table 3.5 & Fig 3.4). LDS for sensitive accessions were significantly 

higher 88% (extremely sensitive) than the tolerant accession has 5% LDS (extremely 

tolerant) while in well-water conditions no dry leaf was observed (Fig 3.3). Compared 

with well-water, drought-stress considerably reduced PH, PEX, PL, PWI, PW, POFE, 

GNOP and GWP and conversely the number of dry leaves were increased as shown in 

(Table 3.5 & Fig 3.4). The highest level of tolerance were found in five accessions 

include accession 66 (susceptibility score 1) and accessions 7, 23, 65 and 70 

(susceptibility score 2) for all tested traits compared to the mean values under well-

water conditions (Table 3.5). Seven accessions of susceptibility score 3 showed 

average decreases in other traits except NOP and 100GWP. The average of NOP 

under drought stress also showed no significant difference and ranged from 1 to 1.3.
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Figure 3.3: Leaf drying scores (scale 0 to 9) for drought susceptibility according to 

SES for rice (IRRI 1996). 0 = no sign or no dry leaves, 1 = extremely low, 2 = very 

low, 3 = low, 4 = slightly low, 5 = intermediate, 6 = slightly high, 7 = High, 8 = very 

high, 9 = extremely high. For drought treated accessions the LDS range from 5-88, for 

control LDS is = 0. 

30-accs 

4-accs 
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Table 3.3: Combine mean, standard deviation and range, standard error of the mean and upper and 

lower confidence interval for all traits under well water and drought stress conditions. 

 

 Mean Range (Max –Mini) 
Standard 

Deviation 

Standard Error 

Mean 

Upper and Lower 

Confidence Interval 

TRAITS WW DS WW DS WW DS WW DS WW DS 

DTH    60.16 59.5 105-40 115-44 13.04 31.7 1.3 3.17 62.7-57.6 65.8-53.25 

DEH    - 9.75      - 36-1                       - 9.21           - 0.92    - 11.5-7.92 

DTF 64.31 63.19 108-44 120-47 13.63 33.14 1.36 3.31 67-61 69.7-56.6 

DEF     - 10.28       - 33-1              - 9.39      - 0.939     - 12.1-8.4 

CD 10.34 9.79 17.6-6.2 15-6.3 2.53 2.02 0.25 0.202 10.84-9.84 10.2- 9.38 

TNOL 8.95 8.27 16-6 16-4.95  2.1 1.85 0.21 0.185 9.37-8.53  8.64-7.9 

LL 71.8 70.46 100-52.3 97-52 10.74 9.5 1.07 0.95 73.94-69.67 72.3-68.5 

LWI 8.1 5.32 8.1-3.5 6.93-3.86 0.88 0.681 0.08 0.068 5.74-5.39 5.46-5.19 

LDS        - 48.8       - 88 – 5      - 15.65      -  1.56        - 51.9-45.69 

PH 180.2 115 353.4-53.7 216.9-45.9 53.07 35.1     5.3 3.5 190.7-169.7 122.7-108.8 

PEX 2.61  1.26 1.0-4.0 3.7-1 0.682 0.851 0.06 0.085 2.75-2.47 1.43-1.09 

PL 18.21   8.5 39.2-6 31.3-4.1 6.46 6.28 0.646 0.628 19.49-16.93 9.75-7.26 

PWI   6  2.9 15.6-2 8.0-1 2.15 1.86 0.215 0.186 6.43-5.57 3.27-2.53 

NOP 1.12 1.29 3.0-1 2.2-0 0.299 0.435 0.029 0.043 1.18-1.06 1.38-1.2 

PW 11.32 2.62 41.5-1.13 27-1.1 8.17 3.67 0.817 0.367 12.95-9.7 3.35-1.89 

POFE 83.02 27 99-48 89-0 12.95 26.4 1.29 2.64 85.59-80.44 32.2-21.7 

GWP 9.74 2.69 25.08-2.3 18.7-0 5.18 3.47 0.518 0.347 10.77-8.71 3.38-2 

GNOP 418.5 79.5 1160-377.7 613.4-0 273.3 118.6 27.33   11.8 472.7-364.2 103.1-56 

NOT 0.667 1.36 9.7-0 5.2-0 1.43 1.31 0.143 0.131 .952-.38 1.62-1.1 

FLL 37.65 36.1 59.7-16 60.6-14.6 9.89 10.4 0.989 1.04 39.6-35.68 38.2-34.07 

FLWI 5.13 4.64 7.5-2 6.8-2 0.864 0.793 0.086 0.079 5.3-4.95 4.8-4.48 

100GW 2.77 2.74 11.4-.992 24.3-0 1.43 3.4 0.143 0.34 3.05-2.49 3.4-2.06 



63 

 Table 3.4: ANOVA of the traits under drought stress conditions. 

Significantly different at ** P≤ 0.01 and * P≤ 0.05, respectively. a =not significantly different, 

ab=significantly different &a b c d=highly significant by Tukey Kramer at α= 0.05  

 

 

Sources Df Sum of Squares Mean Square F ratio P>F Tukey Kramer 

HSD α=0.05 

DTH 

Error 

99 

95 

424.56 

99148.72 

106.14 

1043.67 

0.01017 0.982
 NS  

a 

DH 

Error 

99 

95 

236.96 

8169.78 

59.24 

85.99 

0.6889 0.601
 NS  

a 

DTF 

Error 

99 

95 

861.89 

107888 

215.47 

1135.66 

0.1897 0.943
 NS 

a 

DF 

Error 

99 

95 

480.61 

8259.56 

120.15 

86.93 

1.38 0.246
 NS 

a 

CD 

Error 

99 

95 

58.92 

348.57 

14.73 

3.67 

4.02 0.005*a b 

TNOL 

Error 

99 

95 

41.61 

299.07 

10.41 

3.15 

3.31 0.014*a b 

LL 

Error 

99 

95 

548.84 

8418.33 

137.21 

88.61 

1.55 0.194
 NS 

a 

LWI 

Error 

99 

95 

2.923 

43.11 

0.7307 

0.454 

1.61 0.178
 NS 

a 

LDS 

Error 

99 

95 

2610.22 

21639.02 

652.55 

227.79 

2.86 0.027*a b 

PH 

Error 

99 

95 

1824.45 

103831.96 

4562.11 

1092.97 

4.18 0.004**a b 

PEX 

Error 

99 

95 

5.25 

66.53 

1.31 

0.70 

1.88 

 

0.122
 NS  

 a 

PL 

Error 

99 

95 

625.87 

3286.93 

156.47 

34.69 

4.52 

 

0.002**a b 

PWI 

Error 

99 

95 

50.68 

293.66 

12.67 

3.09 

4.19 

 

0.004**abcd 

NOP 

Error 

99 

95 

3.095 

15.69 

0.77 

0.17 

4.68 0.002*a b 

PW 

Error 

99 

95 

80.22 

1254.36 

20.05 

13.20 

1.52 0.203
 NS 

a 

POFE 

Error 

99 

95 

7375.92 

62122.08 

1843.98 

653.92 

2.82 0.029*a 

GWP 99 86.79 21.79 1.86 0.125
 NS 

a 

Error 95 1110.33 11.69   

GNOP 

Error 

99 

95 

194162.7 

1199654.9 

48540.7 

12627.9 

3.85 0.006**a b 

FLL 

Error 

99 

95 

715.29 

10019.19 

178.82 

105.47 

1.79 0.157
 NS 

a 

FLWI 

Error 

99 

95 

1.19 

61.09 

0.39 

0.64 

0.466 0.760
 NS 

a 

NOT 

Error 

99 

95 

15.33 

154.81 

3.83 

1.63 

2.36 0.059
NS

a 

100GW 

Error 

99 

95 

24.21 

1123.02 

6.05 

11.82 

0.51 0.727
 NS 

a 
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Table 3.5: Combine mean and standard deviation of all measured traits under drought 

stress and well water conditions according to (LDS) susceptibility scale. 
   LDS PH PEX PL PWI NOP 

 Sus- 

Scale 

DS WW DS WW DS WW DS WW DS WW DS 

No of 

accs 

1 1 5 196 157 3 2.5 35 29 10 8 1 1 

4 2 13.8 141 121 3 2.9 13 11.9 4.7 4.9 1 1.1 

7 3 26.6 140 98.3 2.7 2.1 17.6 10.6 5.3 3.5 1.2 1.6 

8 4 35.7 176.2 107.7 2.7 1.3 17.2 11.3 5.4 3.2 1.2 1.2 

30 5 45 176.2 116.2 2.6 1.5 18.3 11 5.9 3.3 1.1 1.3 

28 6 54.5 191.3 111.4 2.6 1.2 19.9 8.8 7.2 3.3 1 1.3 

15 7 64 191.5 123 2.6 1.2 19.6 9.3 6 4 1.3 1.5 

5 8 74 209.3 150.2 2.6 1.5 13.6 9.5 6 3.4 1 1.3 

2 9 85 136.5 72.2 2.8 1 21.2 6.4 7.8 2.4 1.3 1.3 

  t-test Ns ** ** ** ** ** 

DS= Drought-stress and WW= well-water, ns = non significance, Significant at ** P≤ 0.01 and * P≤ 

0.05, probability level respectively. LDS=Leaf drying score, PH= Plant height, PEX=Panicle exertion, 

PL=Panicle length, PWI=Panicle width, NOP=Number of panicle 

Table 3.5: continued 

ns = non significance,  Significant at ** P≤ 0.01 and * P≤ 0.05, probability level respectively. 

PW=Panicle weight, POFE=Pollen fertility, GWP=Grain weight/plant, GNOP=Grain number/panicle, 

100GWP=Weight of 100 grain/plant 

 

   PW POFE GWP GNOP 100GWP 

No of 

accs 

Sus-

scale WW DS WW DS WW DS WW DS WW DS 

1 1 20.2 12.6 86 80 15.2 9.8 833.4 613.4 1.82 1.6 

4 2 7 9.5 73.5 61.8 7.2 7.2 302.6 287.3 2.5 3.6 

7 3 9.6 2.8 80.2 31.8 8.5 3.4 383.2 117.7 2.5 3.7 

8 4 9.9 2.4 80.3 36 5.5 3.4 381.6 77.6 1.7 2.3 

30 5 8.5 3.4 87.4 33.6 9.4 4.5 370 122.8 2.7 5 

28 6 14.5 2.6 84.4 33 11.3 3.5 444 90.9 3.2 4.4 

15 7 13.9 2.3 79.9 18 10.5 3.5 477.5 88.2 3 5.2 

5 8 11.5 2.3 86.4 35.6 9.2 4.6 520.4 164 2.4 3.2 

2 9 8.7 1.36 68 45 10.9 0 327 0 3.5 0 

 t-test ** ** ** ** Ns 
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In susceptibility scale, four includes 8-accessions, scale five includes 30-accessions, 

scale 6 includes 28-accessions, scale 7 includes 15-accessions and scale 8 includes 5-

accessions. Mean value of these accessions were lower than tolerant accessions as 

well as from accessions under well-water conditions. Similarly two accessions (81 

and 84) from Asia and Africa were extremely susceptible (susceptibility score 9) 80% 

decrease in grains along with significant decrease in all tested traits (Table 3.5).  

The analysis of variance (ANOVA) tested for all traits under well-water and drought-

stress conditions (Table 3.4). The results showed highly significant variation for more 

traits under drought-stress as compared to well-water conditions. All traits were also 

tested by Tukey-HSD test that showed almost the same result (Table 3.4). 

Significantly reduced traits under stress conditions were CD (0.005*), TNOL 

(0.014*), LDS (0.027*), NOP (0.002*), POFE (0.029*), whereas highly significant 

traits were PH (0.004**), PL (0.002**), PWI (0.004**) and GNOP (0.006**) as in 

(Table 3.4). 

3.4.3 Variation in flowering and other agronomic traits 

Variations were observed in flowering traits between well-watered and drought-stress 

conditions (Table 3.4). DTH and DTF were extended up to 115 and 120 DAS, 

whereas under well-watered conditions it ranged from 40 to 105 DAS (Table 3.3& 

Fig.3.4). Under drought-stress conditions in most of the accessions, DEH and DEF 

were also observed ranged from 1 to 36 days and 1 to 33 days respectively. One 

accession from Israel performed better under drought-stress give heading on the same 

day as well-watered and showed better response for most of the traits under drought-

stress conditions (Table 3.5& Fig.3.4). 

Plant height was significantly decreased under drought-stress conditions ranged from 

45 to 217 cm with an average of 115cm (Table 3.3 & 3.4). Leaf traits such as TNOL 

ranged from (4-16) LL (52-97), LWI (3.8-6.9), FLL (14-60) and FLWI (2-6.8) also 

showed decrease under drought-stress condition as compared to well-water conditions 

(Table 3.3& 3.4). The mean values of these traits also showed decrease under 

drought-stress conditions. 

Table 3.3 & Fig.3.4 showed significant reduction in panicle traits except NOP drought
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Figure 3.4: Bar graphs depicting mean standard deviation of the tested traits under 

well water and drought stress conditions according to LDS scale. Traits analysed 

include: DTH (days to heading), DEH (delay in heading), DTF (days to flowering), 

DEF (delay in floweing), CD (culm diameter), TNOL (total number of leaf), LL (leaf 

length), PH (plant height), PL (panicle length), (PEX) panicle exertion, (PWI) panicle 

width, (NOP) number of panicle, PW (panicle weight), POFE (pollen fertility), GNOP 

(Grain number/panicle/plant), GW (Grain weight), 100GW (Weight of 100 grain 

weight/panicle). The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 

0.05). 
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Figure 3.5: Normal distribution for traits under well-water (WW) and drought-stress 

(DS) conditions. Dark green colour Histogram indicates variation of the traits under 

drought-stress, whereas, light green colour indicates variation of traits under well- 

water conditions. The error bars indicate (+/-) standard errors of the mean. Each data 

point represents the mean value under well-water and drought-stress conditions.   
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stress conditions as PEX, PL, PWI, PW and NOP (1.26, 8.5, 2.9, 2.6 and 1.29). Under 

drought-stress CD ranged from 6.3-15 with an average of 9.79, whereas NOT ranged 

from 0-9.7 with an average of 1.36 (Table 3.3). The average of NOT under well-water 

conditions was 0.667 showed that drought-stress enhance tiller growth in sorghum. 

Under well-water conditions, most of the traits showed normal distribution except 

PEX, which showed the occurrence of variability among accessions (Fig 3.5). 

3.4.4 Variation in pollen fertility under drought-stress 

POFE was measured by acetocarmine staining significantly declined under drought- 

stress in comparison with well-water conditions as shown in (Fig 3.6 a & b). The 

result of analysis of variance indicates significant variation for POFE among 

accessions in response to drought stress (Table 3.4). The susceptibility scale for 

spikelet fertility under drought-stress was ranged from 0 to 4 (Fig 3.7). Under well-

water conditions, POFE was ranged from 64 to 91% while under drought-stress it 

ranged from 0 to 81% as shown in (Table 3.4). A wide range of variation was 

observed in POFE among all accessions ranged from 0 to 87% with a mean of 27% 

while in well-water the average was 83.02 (Table3.4). Variation in POFE under 

drought-stress conditions indicates that water deficit at developmental stage increased 

pollen sterility. The high reduction in grain yield was due to high dry leaf percentage, 

which decreased pollen fertility and grain number because of less availability of 

photosynthate for pollen development.  Those accessions had lower percentage of dry 

leaves, in addition to having high percentage of pollen fertility and high grain yield 

(Table 3.5).  

The greatest reduction in POFE was observed in two accessions (No.42 and 82) 

having pollen fertility scale 1 belongs to East Asia and South East Asia. Similarly 56 

accessions showed  POFE scale 2 include  28 accessions belongs to Africa, 14 

accessions to South Asia, 13 accessions to East Asia and 1 accession to South West 

Asia. In scale 3 include total 17 accessions in which 5 accessions belongs to East 

Asia, 3 accessions to South Asia and 9 accessions to Africa whereas in scale 4 total 7 

accessions exhibited highest fertility under drought-stress were included in which 4 

accessions (No.4, 5, 17, 23) belongs to East Asia, one (No.65) to South Asia, one 

(No.66) to South west Asia and one accessions (No.28) to African origin (Fig.3.7).  
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Figure 3.6: Images depicting pollen viability under well-water and drought-stress 

conditions. Image (a) and (b) represent pollen collected from plants under well-water 

conditions, while image (c) and (d) represent pollen collected from plants under 

drought-stress conditions and then stained with acetocarmine. Viable or fertile pollen 

is stained red and show uniform pollen morphology whereas, darkly stained or 

colourless pollen indicates nonviable or sterile pollen. The image clearly shows that 

pollen viability decreases in drought stress environment as compared with well-water 

conditions.  
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Figure 3.7: Sorghum spikelet fertility scale. According to IRRI descriptor (1996) for 

spikelet fertility scale 1 to 5 (1 = completely sterile (0%), 2 = highly sterile (1-49%), 3 

= partly sterile (50-74%), 4 = fertile (75-90%), 5 = highly fertile (90-100%). G1 to G4 

represent different groups included accessions based on spikelet fertility scale. G1 = 2 

acc, G2 = 56 acc, G3 = 17 acc G4 = 7 acc. The error bars indicate (+/-) standard 

deviation. Each data point represents the mean value under well-water and drought- 

stress conditions. The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 

0.05). 
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3.4.5 Performance of yield and drought susceptibility index (DSI) 

The effect of drought stress resulted significant reduction in grain yield as shown in 

(Table 3.3).The average grain yield varied significantly under drought-stress ranging 

from 613.4 to 0 with an average of 79, which showed about 81% decrease as 

compared to well-water conditions (Table 3.3& Fig 3.4). Among 100 accessions only 

60 accessions produced seeds while 18 accessions could not flowered and the rest of 

accessions had no seeds under drought stress. Considering the average yield under 

well-water and drought-stress conditions, results showed great variation among 

accessions with respect to yield reduction. The drought susceptibility index (DSI) for 

genotypes in the drought-stress environment were calculated and used to determine 

drought tolerant/susceptible accession. The values of DSI ranged from -.001 to 1.46 

as shown in (Table 3.6). Among Asian accessions two accessions belongs to South 

West Asia showed lower value of DSI (0.386 and 0.452), whereas two accessions 

from South East Asia showed maximum value of DSI (1.46).  Accessions belong to 

South Asia the DSI value varied from 0.058 to 1.46, whereas accessions from East 

Asia the DSI value ranged from -0.001 to 1.46 respectively. Four accessions (Nos. 23, 

60, 53 and 17) from East Asia showed the lowest value of DSI (-0.001, -0.046, 0.073 

and 0.135). Accessions belongs to Africa region only five accessions showed lower 

DSI values (-0.549, 0.022, 0.282, 0.343 and 0.444), whereas for other African 

accessions the value varied from 0.513 to 1.46 as shown in (Table 3.6). 

3.4.6 Correlation and path coefficient analysis 

Phenotypic correlation coefficient (r) was estimated for all traits especially which 

were affected under drought-stress (Table 3.7). Most of the traits showed significant 

and positive correlation under well-water and drought-stress conditions. The 

coefficient of correlation among different traits (Table 3.7) showed that both LDS and 

DSI have negative correlation with PEX, PL, PWI, PW, POFE, GWP and GNOP 

except NOP and 100GWP that showed no correlation with both of these traits. In 

addition, no association was observed between PH and LDS but showed negative 

correlation with DSI (- 0.248), whereas both LDS and DSI were positively associated 

with each other (0.341) as shown (Table 3.7a). Under well-water conditions, all the 

tested traits also showed association with each other except NOP showed no 
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association with other traits but only weak association with POFE and PWI (Table 

3.7b). POFE showed no correlation with grain number under well-water conditions. In 

comparison with drought-stress the association of the traits with GNOP was lower in 

well-water conditions except for the association of GNOP with PH (r= 0.559) whereas 

under drought-stress r was = 0.378. Associations of GNOP with PEX, PL, PWI, PW, 

and GWP under well-water conditions were 0.139, 0.323, 0.576, 0.804 and 0.841 

whereas under drought-stress 0.605, 0.549, 0.632, 0.845 and 0.934 as shown in (Table 

3.7b).  

The results of path coefficient analysis showed the effect of yield components across 

accessions in drought-stress and in well-water conditions are shown in (Fig 3.8). 

Among yield components, all the traits contributed significantly and had highest 

positive direct effect on PW under drought-stress (Fig 3.8a). LDS has strong negative 

significant effect on yield traits directly as well as indirectly under drought-stressed. 

In well-water conditions DTH, DTF, POFE and PEX had, no significant direct effect 

on PW (Fig 3.8b) indicates the sensitivity of these traits to drought stress. Plant height 

had significant (0.429, 0.314) positive correlation with PW under well-water and 

drought-stress conditions. This indicates that due to larger photosynthetically active 

leaf area and more stem reserve, taller plants show greater capacity for grain yield 

than short plants. 
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Table 3.6: Grain yield and drought susceptibility index (S) of sorghum accessions 

under well-water and drought-stress conditions.

Acc 

no. Group Y ns Y ds DSI 

Acc 

no. Group Y ns Y ds DSI 

66 S.W.A 833.4 613.4 0.386 70 Africa 400.7 550 -0.545 

16 S.W.A 137.4 87 0.452 58 Africa 37.7 0 1.463 

61 S.E.A 496 0 1.464 105 Africa 181.7 22.05 1.286 

82 S.E.A 130 0 1.464 10 Africa 259 198.2 0.343 

7 South. A 216.7 171 1.211 20 Africa 356 115.04 0.99 

65 South. A 465.4 446.7 0.058 62 Africa 614.4 170.8 1.056 

83 South. A 681.7 357.2 0.696 91 Africa 108.7 0 1.463 

18 South. A 375 48.4 1.275 28 Africa 561 86.9 1.236 

41 South. A 220 21.7 1.319 52 Africa 513.4 0 1.464 

44 South. A 387.7 98 1.094 11 Africa 100 0 1.464 

26 South. A 198.4 0 1.464 13 Africa 229.4 225.9 0.022 

50 South. A 516.7 20 1.407 90 Africa 271.7 0 1.463 

107 South. A 793.4 0 1.464 1 Africa 801.4 213.05 1.075 

59 South. A 795.7 0 1.464 19 Africa 459 0 1.464 

14 South. A 810.7 73.4 1.332 54 Africa 313 0 1.464 

42 South. A 431.7 0 1.464 55 Africa 167.7 135.5 0.282 

45 South. A 452.7 9.7 1.433 68 Africa 523.4 0 1.464 

39 South. A 298.7 172.5 0.618 69 Africa 1146.7 0 1.464 

40 South. A 866.7 53.5 1.374 71 Africa 932.4 155.05 1.221 

49 South. A 641.7 0 1.464 80 Africa 110.4 0 1.464 

99 South. A 756.7 66.7 1.335 96 Africa 235 93.7 0.881 

25 South. A 746.7 0 1.464 56 Africa 176.7 68.8 0.894 

77 South. A 346.7 0 1.464 67 Africa 500 74.4 1.246 

24 South. A 849 205.05 1.112 89 Africa 1160 0 1.464 

32 South. A 564.7 0 1.464 87 Africa 83.4 0 1.464 

48 South. A 378.4 0 1.464 88 Africa 150.7 0 1.464 

100 South. A 281.7 0 1.464 27 Africa 1046.7 147.9 1.257 

23 East Asia 127.4 127.5 -0.001 8 Africa 384 12.5 1.416 

2 East Asia 219.7 95.05 0.83 12 Africa 165 94.2 0.628 

47 East Asia 830 178.4 1.149 75 Africa 105.6 50 0.77 

97 East Asia 503.4 97.7 1.179 30 Africa 166.7 10 1.376 

36 East Asia 892 175.05 1.176 57 Africa 953.7 0 1.464 

46 East Asia 186.7 0 1.464 106 Africa 641.6 0 1.464 

60 East Asia 181.7 187.5 -0.046 72 Africa 986.7 112.4 1.297 

63 East Asia 438.7 0 1.464 103 Africa 191.7 124.5 0.513 

3 East Asia 505 125.05 1.101 84 Africa 176.6 0 1.464 

53 East Asia 274 260.4 0.073 15 Africa 734.7 511.6 0.444 

79 East Asia 653.4 112.5 1.212 76 Africa 666.7 0 1.464 

92 East Asia 359 135.9 0.909 101 Africa 216.7 90.8 0.85 

35 East Asia 427 0 1.464 102 Africa 151.7 0 1.464 

93 East Asia 299.7 28 1.327 34 Africa 200.7 0 1.464 

17 East Asia 141.4 128.4 0.135 95 Africa 191.6 0 1.464 

4 East Asia 179.4 119.2 0.491 51 Africa 266.7 30.8 1.295 

5 East Asia 107.7 81.7 0.353 104 Africa 343.4 76.2 1.139 

78 East Asia 487.4 27.5 1.382 74 Africa 370 27.3 1.355 

94 East Asia 508.4 0 1.464 21 Africa 191 35.8 1.189 

37 East Asia 591.4 0 1.464 22 Africa 300 8.9 1.421 

38 East Asia 73.4 64.7 0.174 29 Africa 163.4 84.2 0.709 

98 East Asia 193.4 137.2 0.425 73 Africa 187.7 0 1.464 

6 East Asia 340.7 0 1.464 

     81 East Asia 477.4 0 1.464 
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LDS=Leaf drying score, PH=Plant height, PEX=Panicle exertion, PL=Panicle length, PWI=Panicle width, 

NOP=Number of panicle, PW=Panicle weight, POFE=Pollen fertility, GWP=Grain weight/Plant, 

GNOP=Grain number/plant, 100GWP=Weight of 100 grains/plant, DSI=Drought susceptibility Index 

 

Table 3.7a: Pearson's correlation coefficient among traits under drought stress condition 

  LDS PH PEX PL PWI NOP PW POFE GWP GNOP 100GWP DSI 

LDS 1 

           PH 0.069ns 1 

          PEX -0.428* 0.427** 1 

         PL -0.327** 0.472** 0.728** 1 

        PWI -0.276* 0.458** 0.771** 0.75** 1 

       NOP 0.034ns 0.282* 0.255* 0.214* 0.252* 1 

      PW -0.322** 0.313** 0.521** 0.485** 0.533** -.034ns 1 

     POFE -0.332** 0.099ns 0.481** 0.482** 0.522** 0.061ns 0.387** 1 

    GWP -0.336** 0.395** 0.577** 0.568** 0.643** 0.042ns 0.848** 0.406** 1 

   GNOP -0.422** 0.378** 0.605** 0.549** 0.632** 0.011ns 0.845** 0.483** 0.934** 1 

  100GW -0.114* 0.056ns 0.266* 0.288* 0.329** 0.109ns 0.159* 0.077ns .318** .138* 1 

 
DSI  0.341** -0.248* -0.607** -0.481** 

-

0.593** -.084ns 
-

0.612** 

-

0.524** -.705** 

-

.729** -.192* 1 
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LDS=Leaf drying score, PH=Plant height, PEX=Panicle exertion, PL=Panicle length, PWI=Panicle width, 

NOP=Number of panicle, PW=Panicle weight,    POFE=Pollen fertility, GWP=Grain weight/Plant, 

GNOP=Grain number/plant, 100GWP=Weight of 100 grains/plant, DSI=Drought susceptibility Index 

 

Table 3.7b: Pearson's correlation coefficient among traits under well water conditions 

  PH PEX PL PWI NOP PW POFE GWP GNOP 100GWP 

PH 1 

         PEX 0.389** 1 

        PL 0.431** 0.213** 1 

       PWI 0.538** 0.221** 0.631** 1 

      
NOP 0.139* 0.171* 0.122* 0.027

ns
 1 

     
PWI 0.419** 0.061

NS
 0.223** 0.473** -0.124* 1 

    POFE 0.143* 0.216** 0.225** 0.107* 0.149* 0.074
NS 

1 

   GWP 0.402** 0.117* 0.288** 0.515** -0.053
NS 

0.804** 0.129* 1 

  GNOP 0.559** 0.139* 0.323** 0.576** -0.025
NS 

0.804** 0.093
NS 

0.841** 1 

 

100GW -0.442** -0.104* -0.139* -0.294** -0.081
NS 

-0.271** -0.037
NS 

-0.133* 

-

0.484** 1 
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Figure 3.8: Path coefficient diagram showing the effect of pollen fertility (POFE). 

Panicle exertion (PEX), Panicle length (PL),Panicle width (PWI), Grain 

weight/panicle (GW/P), Grain number/panicle (GNO/P), Days to heading 

(DTH),Days to flowering (DTF), Plant height (PH)  and Leaf drying score (LDS) on 

panicle weight (PW) under well-water and drought-stress conditions. The single 

headed arrow indicates the path coefficient and the double headed arrows indicate the 

linear correlation coefficient. * and ** indicate significance at p ≤ 0.05 and p ≤ 0.01 

respectively. 

a- Under drought-stress b- Under well-water conditions 
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3.4.7 Principle Component Analysis  

Based on the results obtained from principle component analysis (Table 3.8), the 

proportional contribution of the traits under well-water conditions the first axis 

accounted for 41.9% of the variance and the principle component score were 

influenced by GNOP, GWP, PW, PWI and PH as shown in (Fig 3.9b). The second 

axis accounted for 15% of the variance and mainly influenced by NOP, PEX, POFE 

and PL. Similarly, the third axis accounted for 10.2% of the total variance and mainly 

influenced by POFE, NOP and GWP.  

For the data under drought stress conditions, the PC1 accounted for 52% of the 

variation and showed the largest loading values with all yield related traits include 

GNOP, GWP, PW, PWI, PL, PEX and POFE (Table 3.8). The PC2 accounted for 

13% of the total variance and the major traits include NOP, PH and LDS (Fig 3.9a). 

Similarly PC3 accounted for 9.5% of the variance and shared the major loading values 

include LDS, PH, PW and GWP.  
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Table 3.8: Principle components analysis for the measured traits under drought-stress 

and well-water conditions. 
 

 

 

 

 

 

 

 

 

 

 

LDS=Leaf drying score, PH=Plant height, PEX=Panicle exertion, PL=Panicle length, PWI=Panicle 

width, NOP=Number of panicle, PW=Panicle weight, POFE=Pollen fertility, GWP=Grain 

weight/Plant, GNOP=Grain number/plant, DSI=Drought susceptibility Index. 

 

  

PCA UNDER DROUGHT 

STRESS   PCA UNDER WELL-WATER 

TRAITS PC1 PC2 PC3   PC1 PC2 PC3 

LDS -0.196 0.341 0.511 

 

- - - 

PH 0.206 0.49 0.396 

 

0.373 0.222 -0.142 

PEX 0.347 0.163 -0.23 

 

0.169 0.471 0.1 

PL 0.328 0.22 -0.161 

 

0.303 0.325 -0.48 

PWI 0.352 0.206 -0.108 

 

0.404 0.097 -0.407 

NoP 0.074 0.617 -0.249 

 

0.025 0.482 0.256 

PW 0.335 -0.227 0.339 

 

0.412 -0.333 0.228 

PoFe 0.261 -0.119 -0.407 

 

0.12 0.38 0.612 

GWP 0.365 -0.145 0.31 

 

0.429 -0.273 0.249 

GNoP 0.372 -0.198 0.229 

 

0.456 -0.227 0.142 

DSI -0.333 0.143 -0.008 

 

- - - 

percentage 

52 65 74.6  42 59    69.3 variation   
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Figure 3.9: Principle components analysis under drought-stress and well-water 

conditions. Scatter plot designs developed by first three principal components derived 

from 10 yield related traits .i.e.  Pollen fertility (POFE), Panicle exertion (PEX), 

Panicle length (PL),Panicle width (PWI), Grain weight/panicle (GW/P), Grain 

number/panicle (GNO/P), Plant height (PH) , Leaf drying score (LDS) , panicle 

weight (PW) and Drought susceptibility index (DSI) of 107 sorghum accessions under 

drought-stress: PC1 (52%) vs. PC2 (13%), and PC1 (41.9%) vs. (15%) in well-water 

conditions.   

a 

b 
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3.5 Discussion 

One of the major factors of abiotic stress that reduce crop productivity is the 

unavailability of water [184]. Drought critically affects crops yield especially when it 

occurs during developmental stage. The water requirement increases from the boot 

stage after anthesis [387]. According to survey, sorghum germplasm collection 

contains over 35,000 accessions; however, a very small percentage of the genetic base 

(about 3%) is currently used in breeding programs. Improvement of crop drought 

tolerance depends on genetic variation and this approach is used to select for tolerant 

germplasm and to understand the physiological and genetic mechanisms induced 

during stress conditions. 

3.5.1 Performance of sorghum germplasm under drought-stress/ well-water 

environment  

The research clearly demonstrates that drought stress at developmental stage (meiotic 

stage) could be detrimental to the determination of sink size. According to the results, 

significant variation was observed for most of the traits studied under well-watered 

and drought stressed conditions. Data analysis (Table 3.4) revealed that the accession 

x drought treatment interaction was highly significant indicating variability among 

accessions in response to drought stress. As reported previously [35] the response of 

plant to water stresses are influenced by the timing and intensity of stress. Selection 

based on a combination of indices may provide a more useful criterion for improving 

drought tolerance in sorghum. Leaf drying was considered a response to leaf water 

potential. According to Blum [388], a plant that maintains high leaf water potential 

will show less leaf drying. Also Ebercon et al. [389] reported that trait can be visually 

assessed under field conditions, and where it is of benefit it should be included in the 

selection indices of drought resistance.   

In the present study, leaf-drying scoring was used as criteria for the selection of 

sensitive and tolerant accessions; the results showed that LDS score was higher for 

sensitive accessions than the tolerant one as shown in (Table 3.3 &3.5). It is also 

suggested by Peng et al. [70] that one of the indicators of the grain sorghum   

productivity is the leaf photosynthetic rate, measured before flowering. These results 

were in agreement with other reports, indicating that the drought tolerant varieties 
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have higher photosynthetic rate distinguishing them from sensitive varieties [390].  

Based on LDS scale and other yield traits, accessions showed moderate to high 

sensitivity to drought stress. Two accessions (81 and 84) from Asia and Africa were 

extremely susceptible (susceptibility score 9) had 81% decreases in grains along with 

significant decrease in all tested traits. This agrees with the findings of Blum [391] 

who reported that drought tolerance could only be detected if drought stress causes a 

yield reduction. In rice at reproductive stage drought stress, 83% yield reduction has 

been reported. Based on strong negative association of LDS with yield traits in the 

present study as shown in path coefficient analysis (Fig 3.8) it is suggested that this 

trait can be used as one of the direct criteria in the selection of sorghum for drought 

tolerance. According to Cooper et al. [392], a drought tolerant genotype produces 

higher yields than a drought sensitive genotype in a variety of water-stress 

environments. The results suggested that the tolerant and sensitive accessions might 

be selected to develop elite breeding lines in sorghum breeding program. Other traits 

such as DEH and DEF are also a strong indication of sensitivity and this delay is the 

expression of growth retardation during the drying cycle to stress [141]. 

The results presented in this study describing delay in flowering are also supported by 

Sellamuthu et al. [197]. It was reported that the delay in flowering during 

reproductive stage in rice could affect starch storage in grain due to reduction in 

photosynthetic activity thereby affecting grain yield. The results in the present study 

indicate that DEH and DEF were due to reduction in photosynthesis because of high 

rate of LDS, thus leading to reduction in grain yield. It can be suggested that these 

traits represent as good indirect index to evaluate drought tolerance in sorghum at 

developmental stage. Performance of the tolerant accessions were desirable under 

drought stress but  traits like PH ,PL, POFE and GNOP showed a little decreases in 

comparison with well-water conditions indicate the sensitivity of these traits to 

reproductive stage drought stress (Table 3.5). Our results were supported by the fact 

that yield of even drought tolerant lines also reduces in water deficit soil [393, 394].  

The traits 100GWP, NOP, PEX and NOT showed no significant difference among all 

groups of accessions indicating that the grain weight is the most stable trait across the 

environment, while during this stage complete collapse and subsequent death of the 

main panicle occurs due to soil water deficiency. However, emergence and growth of 
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several tillers and auxiliary buds often accompany panicle death. Other studies have 

also reported that drought stress at pre-flowering stage cause panicle death in sorghum   

[377, 378]. The reason for PEX could be the wide variation among accessions. Under 

very severe conditions as the leaf water potential could not be maintained prevented 

the extension of the peduncle from the leaf sheath, [395, 396]. Furthermore, when the 

main culm is damaged by stress tillering capability in grain sorghum in dryland 

environment may provide yield stability through yield compensation and can be 

genetically manipulated [397, 398].  

Our results for PW, GWP, and 100GWP were according to [399] reported that 

drought stress affect grain number and grain size in different developmental stages: 

grain number is controlled at the earlier stage, whereas the grain size is controlled 

later during development. Tuinstra et al. [12] also reported that drought stress at pre-

flowering stage reduced grain number while at post-flowering stage reduced grain 

weight in sorghum. However, the significant interaction between accessions and 

drought stress for other traits such as LDS, PH, PL, POFE, PWI and GNOP showed 

that the accessions had wide variation in response to reproductive stage drought 

stress. The reproductive processes of plants are also affected by water stress, resulting 

in arrest of the male gametophyte development that causes pollen sterility. Among 

genotypes high variation was observed in POFE (Fig 3.7) showed that in sorghum   

water deficit at panicle initiation affects pollen’s development and cause pollen 

sterility or may be due to unavoidable small changes in water supply. The same result 

had been reported in barley, maize, wheat and rice when low water potential occurred 

during microsporogenesis and microgametogenesis, the incidence of pollen grains 

sterility occurred [14, 400]. The spikelet fertility scale under drought stress was 

ranged from 0 to 4 (Fig 3.7). Under non-stress conditions, POFE was ranged from 64 

to 91% while under drought stress it ranged from 0 to 81% as shown in (Fig 3.7). Our 

results for POFE were supported by [401, 402], reported that the spikelet fertility 

could be greatly affected when drought stress occur near flowering.    

However, drought tolerant genotypes performed better for pollen fertility as well as 

for other related traits (Table 3.5 & Fig 3.7). Under drought-stress, POFE showed 

significant positive correlation with GNOP (0.483) as shown (Table 3.7a). 

Furthermore, strong association between these two traits indicates that reduction in 



87 

 

grain yield may have been due to the reduction in filled spikelet per panicle. The 

accessions responded differentially to drought stress for POFE showed that the 

response to drought stress differs according to the genetic structure and adaptability of 

different genotypes. Based on the present results pollen fertility can also be used to 

assess drought tolerance among genotypes. 

In plant breeding, for the selection of the trait, information regarding character 

association is of much importance and it is measured by coefficient of correlation 

[403]. The results of correlation coefficient (Table 3.7) revealed the significant 

positive association between DSI and LDS (0.341) indicates the effect of dry leaves 

on yield, whereas negative association was observed with PH, PEX, PL, PWI, PW, 

POFE, GWP, GNOP and 100GWP. The negative associations of DSI with yield traits 

were supported by the results of [404] who reported negative association of SSI with 

yield traits in sorghum and [405] reported the same in wheat. The negative association 

of LDS and DSI with other traits showed the effect of drought stress upon these traits 

as shown in (Table 3.6 & Fig 3.6). Associations of GNOP with PEX, PL, PWI, PW, 

and GWP under well-water conditions were 0.139, 0.323, 0.576, 0.804 and 0.841 

whereas under drought-stress 0.605, 0.549, 0.632, 0.845 and 0.934 as shown in (Table 

3.7). The same results were also reported in cotton and maize [406, 407] suggesting 

that the level of correlation between traits was generally higher under drought-stress 

compared to well-water conditions. Among genotypes which showed greater 

variability for all traits associated with grain yield provided greater opportunity of 

selection based on these traits [366, 408]. 

In this study, greater reduction in yield was observed in comparison with well-water 

conditions (Table 3.3). This decrease in yield showed high sensitivity of genotypes to 

drought-stress and might be due to high temperature effect. In maize, about 22% 

reduction in grain is caused due to moisture stress around anthesis as compared to 

moisture stress at vegetative stage [409-411]. Decrease in yield was also reported in 

wheat and rice [9, 412]. The results of the current study indicate a strong association 

between drought stress at developmental stage and genotype performance. Fischer 

and Maurer [204], Guttieri et al. [413] and Zhang et al. [414] observed that grain 

number/spike was reduced more relative to other yield components as stress severity 

increased. Under drought-stress conditions, the yield reduction was about 81% as 
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compared to well-water conditions (Table 3.3). The same results were reported in 

rice, as 65-85% yield reduction is considered effective for selection under drought 

stress [415, 416]. Guttieri et al. [413] used Stress Susceptibility Index (SSI) and 

suggested that SSI more than 1 indicates above-average susceptibility to drought 

stress. In the results of the present study the DSI value for Asian accessions ranged 

from -0.001 to 1.46 whereas for African accessions from -0.549 to 1.46 showed 

greater variability among accessions under drought stress (Table 3.6). This suggested 

that the magnitude of differences in genotypes was sufficient to provide some scope 

for selecting genotypes to improve drought tolerance in sorghum.  

The results of the principle components analysis revealed that the first three 

components showed greater variation under drought stress as compared to well-water 

conditions. The contribution of the traits showed greater variability include GNOP, 

GWP, PW, PWI, PL, PEX and POFE as shown (Table 3.8 & Fig3.9). Furthermore, 

variability in relation to yield traits forming PC1 was significantly greater in well- 

water conditions than in drought-stress conditions. PCA indicates that the genetic 

diversity present in the germplasm can be more widely expressed when plants are 

grown under favorable conditions. Under well-water conditions certain accessions 

(No. 52, 67, 69, 71, 89 and 106) showed good performance in yield traits but was 

severely affected under drought stress as shown in (Fig 3.7b). The same results were 

reported in maize and barley [339, 417]. 

Overall drought stress reduced significantly the yield in most of the accessions and 

some of them revealed tolerance to drought, which suggested genetic variability for 

drought tolerance in this material. The results lead to the conclusions that in 

comparison with Asian accessions African accessions showed highest reduction in 

yield under drought stress. Therefore, the potential for increasing drought adaptation 

has been suggested for the improvement of African genotypes. Furthermore, for 

drought tolerant and sensitive genotypes if taking in to consideration all the selection 

criteria, which were used in this study as LDS, POFE and DSI then accession NO. 17, 

23, 65 and 66 found as desirable indicating lower LDS, high POFE and lowest DSI. 

Considering all the criteria’s accessions No. 42, 81, 82 and 84 could be considered 

drought sensitive. Based on the results it has been suggested that the breeders should 

take in to account the mentioned selection criterion for the screening of sorghum   
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genotypes under drought stress.    

3.5.2 Conclusion 

The results of this study indicate that sorghum is sensitive to drought stress at 

developmental stage. LDS, POFE and DSI were used to select drought tolerant and 

sensitive genotypes and found to be more useful indices to evaluate germplasm under 

drought stress. Based on these criteria’s accessions No. 17, 23, 65 and 66 were 

drought tolerant and accessions No. 42, 81, 82 and 84 were drought sensitive. 

Therefore, breeders can choose better genotypes based on these indices (e. g LDS, 

POFE and DSI) to improve drought tolerance in sorghum breeding program. Drought 

stress at reproductive stage significantly reduce grain yield of some accessions while 

other showed good response which suggested genetic variability in this core 

collection. In this study, the reduction of yield and other traits were more pronounced 

in African accessions then Asian accessions. Therefore, the potential for increasing 

drought adaptation has been suggested for the improvement of African genotypes 

selecting different traits for the evaluation.  
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Chapter 4  

Mapping QTLs underlying drought stress at developmental 

stage of sorghum (Sorghum bicolor L. Moench) by 

association analysis 

4.1 Summary 

Abiotic stress factors remain a major constraint to the growth and productivity of 

crops, especially when it occurs during developmental stages. Due to high interaction 

of environment and genotype, Evaluation of germplasm for drought tolerance in a 

target environment is important. The present study was conducted to evaluate 

sorghum (Sorghum bicolor (L.) 107-core collection for drought tolerance at 

developmental stage and identify Quantitative Trait Loci (QTLs) associated to 

drought stress by association mapping. Experiment was conducted under well-water 

and drought-stress conditions and phenotypic data was recorded for 23 morphological 

traits. For association analysis 98 SSR markers data were used. Selecting Q and Q+K 

models for significant loci, identified for the first time QTLs for panicle exertion 

(Xtxp279 and PepC), panicle length (Xtxp315), culm diameter (Xtxp335), number of 

panicle (Xtxp270), total number of leaf  (Xtxp228), flag leaf length (Xtxp32) and leaf 

drying score (Xtxp149) in sorghum under drought stress. Under well-water conditions, 

17 QTLs were identified on SBI-01, SBI-02, SBI-04, SBI-08, SBI-09 and SBI-10 

with p-values ranged from 2.5 to 7.6 explaining 9.5 to 57.5% phenotypic variance. 

Under drought-stress, 9 QTLs were identified explaining 9 to 61.2% phenotypic 

variance with p-values ranged from 2.5 to 3.5 on SBI-01, SBI-02, SBI-03 and SBI-10. 

Two QTLs identified were physically localized on chromosome 2 and were 

homologous for genes encoding DNA binding and ATP binding proteins. These QTLs 

could be used to dissect further the genetic and physiological basis of drought 

tolerance in sorghum.  

4.2 Introduction 

Drought is one of the major abiotic stress limiting crop productivity. The worldwide 

water shortage and uneven distribution of rainfall make germplasm enhancement for 

drought tolerance important. Changes in global climate is generally considered to be 
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underway [3], and the expected results would be higher temperatures, greater evapo-

transpiration, and an increased incidence of drought in specific regions. Genetic 

factors involved in plant responses to drought stress provide a solid foundation to 

breed plants with improved drought tolerance. Generally, the effects of drought stress 

on plant growth or morphological traits are by affecting various essential 

physiological and biochemical processes [418]. However, the effect of drought is a 

complex phenomenon which depends on various factors such as the function of 

genotype, intensity and duration of stress, weather conditions, growth and 

developmental stages of different crop plant species [173]. 

Sorghum is an excellent crop for the analysis of genes, contributing to environmental 

stress tolerance and other traits [33]. It has a diverse germplasm collection (ca. 40 000 

accessions) and a small genome size, which can be proved valuable for comparing 

with genomes of other grass species including maize and rice. Two general responses 

have been recognized in sorghum when subjected to drought stress, depending on the 

time of onset: pre-flowering and post-flowering. Pre-flowering drought stress 

response occur when plants are under significant moisture stress prior to flowering, 

particularly at or close to panicle differentiation, whereas post-flowering drought 

stress response occur when plant are subjected to drought after flowering [10, 12]. 

Stay-green or delayed foliar senescence is a mechanism of post flowering drought 

stress tolerance and is characterized by the ability to resist premature stalk and leaf 

death [12]. Both types of drought stress effect sorghum but moisture deficit at the 

reproductive stage cause the principal decline in yield as compared to stress 

happening at any other growth stages. The physiological traits affected by drought 

stress at reproductive stage included flowering, peduncle elongation, panicle exertion 

and pollen fertility [13, 14]. Improvement in the performance of these traits under 

drought stress would help in the increase of grain yield under water-limited 

environment. 

Many studies on drought tolerance monitored the physiological and biochemical 

status of stress plants compared with drought resistant plants. Detection of 

quantitative trait loci (QTLs) for drought tolerance is the first step of genetic 

improvement to stabilize global crop production. Several studies have investigated 

QTLs and their associated effects on drought related traits. For the last two decades, 
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extensive studies in sorghum related to drought resistance have been done and 

breeders used ‘stay green’ as indirect selection for drought tolerance. Most of the 

QTLs had been identified for this trait in populations i.e. RILs, F2 and F3 [10-12, 43-

48]. Under terminal drought, a positive impact of stay green on grain yield has been 

observed [49-51]. Several stay green QTLs co-localized with grain yield, flowering 

time and plant height has been reported [52]. Tuinstra et al. [11] found six regions in 

the sorghum genome associated with pre-flowering drought tolerance and eight 

additional regions generally associated with yield or yield components under fully 

irrigated conditions. Four major QTLs are responsible for pre flowering drought 

tolerance had also been identified in sorghum [10]. Recently QTLs for nodal root 

angle co-locate with QTLs associated with drought stress are also identified in 

sorghum [53]. Drought stress at developmental stage affects panicle size, grain 

number and grain yield. In sorghum, drought stress at developmental stage is found 

more common but not enough information is available regarding the genetic analysis 

of this trait. 

Quantitative Trait Loci mapping followed by DNA marker assisted selection (MAS) 

is an efficient approach by identifying genomic regions linked to complex 

reproductive growth traits and pyramiding the desirable alleles to improve drought 

tolerance in crops [54]. Two approaches are mostly used for genetic mapping: (i) 

Family-based Linkage mapping (FBL) (ii) LD-based Association mapping [55]. FBL 

is a classical approach in which LD is created by developing a mapping population 

like, F2, double haploid, back cross, Recombinant inbred lines and near isogenic lines, 

are used to phenotyped and find out segregated traits in different environments. In 

contrast LD-based Association mapping requires diverse material to associate genetic 

markers with phenotypic interest, taking advantage of lower levels of linkage 

disequilibrium present in linkage populations. Association mapping also considers 

population structure [60] and enabled association mapping studies developed for 

complex trait’s analysis. LD-based association mapping offer more useful approach to 

overcome the limitations of FBL approach [59].  

Sorghum is an ideal crop for association mapping methodologies because of its 

medium range pattern of linkage disequilibrium (LD) and its self-pollinating mating 

system [63]. Casa et al. [64] previously reported a diverse grain sorghum germplasm 
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panel for association mapping. Chromosomal regions associated with several traits 

through association mapping have been identified using sorghum diversity research 

set [65, 66]. Recently using Genome Wide Association mapping several classical loci 

for plant height and inflorescence architecture have been mapped in sorghum [67]. 

These studies suggested that the genetic improvement for drought tolerance based on 

existing genetic variability in a species is founded on the evaluation and selection of 

tolerant germplasm and understanding of the QTLs associated with complex traits 

underlying drought stress. 

The results available in the literature are taken together; suggest that developmental 

stage is a genetically tractable trait that can be a possible focus for genomics strategies 

aimed at isolating underlying genes to improve drought tolerance in sorghum. 

Therefore, the present study was conducted with the objective (i) to identify the QTLs 

associated with drought tolerance at developmental stage by genome-wide association 

analyses. The results of this study will contribute to the development of efficient 

approach for allele mining for breeding drought tolerance in sorghum.  

4.3 Materials and Methods 

4.3.1 Experimental procedure 

The morphological data, which was measured during greenhouse experiment, were 

used here for QTLs mapping by association analysis. A total of 98 markers previously 

described in Shehzad et al. [65] were used for association analysis. Population 

structure was performed using the program STRUCTURE version 2.2 [335]. Markov 

chain Monte Carlo (MCMC) sampling was repeated 10
6
 times after 10

4
 cycles of a 

burn-in period. The posterior probability of J = 3 was the largest among other values 

and was selected after two times repetition. The Q matrix, whose (I, j)-th element was 

qij, was further incorporated into the association mapping models where the effect of 

population structure was considered. A kinship matrix, K, was calculated as allele 

sharing rates of the 98 SSR markers as suggested by Zhao et al.  [336] and used in the 

models with K effect. LD between SSR markers was estimated by D and r, where D is 

the standardized disequilibrium coefficient and r represents the correlation between 

alleles at two loci. A statistical software TASSEL (Trait Analysis by Association, 

Evolution and Linkage) ver.2.0.1 [419] was used to obtain P values representing the 
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significance of LD. To identify QTLs significantly associated with drought stress 

general linear model (GLM) as well as mixed linear model (MLM) were applied for 

analysis in TASSEL software. In GLM two different models were used (1) Naïve 

model where there is no control of population structure and kinship (2) Q model based 

on population structure [334]. In MLM used two models: (1) the model for kinship 

(K), (2) the model that takes into account both the population structure and the 

kinship (Q + K). 

4.3.2 Linkage disequilibrium (LD) 

LD between markers were estimated by D’ and r
2
, where D' is the standardized 

disequilibrium coefficient that is used for determining whether recombination or 

homoplasy has occurred between a pair of alleles; r
2 

represents the correlation 

between alleles at two loci, and is informative for evaluating the resolution of 

association approaches. A weighted average of D' or r
2
 was calculated between the 

two loci [420] for all possible combinations of alleles, and then weighting them 

according to the allele's frequency. To test the significance of the LD, P-values  were 

determined by permutation test to calculate the proportion of permuted gamete 

distributions that were less probable then the observed gamete distribution under the 

null hypothesis of independence [421]. 

4.3.3 Markers localization and homology to known genes 

SSR markers associated with drought tolerance related traits in this study were 

physically localized by BLAST either in http://www.phytozome.net/sorghum or 

http://www.plantgdp.org/SbGDB or http://www.gramene.org/. Markers previously 

identified as linked to known genes were localized to the genome-based sequence 

information provided in the Map viewer of NCBI website 

(http://www.ncbi.nlm.nih.gov/mapview/). The sequences with maximum matching 

were then used to search in Map viewer and if the position was not given in the Map 

viewer, the primer sequences were then used to search the genome database in 

in http://www.phytozome.net/sorghum. Protein sequences of genes were also used to 

search by BlastP and the homologous sorghum genes were identified in 

http://www.plantgdp.org/SbGDB/. 

http://www.phytozome.net/sorghum
http://www.plantgdp.org/SbGDB
http://www.gramene.org/
http://www.ncbi.nlm.nih.gov/mapview/
http://www.plantgdp.org/SbGDB/
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4.4 Results 

4.4.1 Morphological traits 

All the morphological traits, which were measured in this study reported in previous 

section (Table 3.2), were used for QTLs analysis. 

4.4.2 Linkage disequilibrium (LD) plot 

In this germplasm, a short to medium range of LD (i.e., LD across chromosomes) was 

observed. The triangle plot for pair wise LD between marker sites in a hypothetical 

genome fragment, where pair wise LD values of polymorphic sites were plotted on 

both the X- and Y-axis; above the diagonal displays r
2 

values and below the diagonal 

displays the corresponding p-values from rapid 1000 shuffle permutation test (Fig. 

4.1). Each cell represents the relationship between two markers with the color codes 

indicating the significance of LD. Maximum number of SSR markers with highly 

significant LD (P<0.0001) were situated on linkage groups A and B (marker index 1-

41). On the other hand, a short range of LD between markers closely locating on the 

chromosomes was not obvious.  

4.4.3 QTL mapping by association analysis 

A total of 98 SSR markers were used for the detection of QTLs by association 

mapping. Two different models, General linear model (GLM) and mixed linear model 

(MLM) were used for single QTL method. A large number of significant markers 

associations with different threshold were detected for various traits under well water 

and drought stress conditions. The minimum threshold values for a significant locus 

were considered 2.5 in both drought-stress and well-water conditions. 

4.4.4 Detection of QTLs by GLM under well-water condition 

In GLM, two models were used, Naïve model and Q model. Naive model had no 

control on false positive i.e. population structure (type I error) and false negative i.e. 

familial relatedness (type II error) so it detect large number of QTLs in both well- 

water and drought-stress traits as compared to other models. A total of 80 significant 

SSR loci were identified with LOD score ranged from 2.5 to 10.6 associated with 17 

different traits under well-water conditions. Whereas the Q model had control on type 
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Figure 4.1: LD plot generated by SSR markers. Each cell represents the comparison 

of two pairs of marker sites with the color codes for the presence of significant LD. 

Colored bar code for the significance threshold levels indicating the significance of 

LD. (P<0.0001) indicate highly significant p-value between two markers. 
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I error resolved only 17 SSR loci with LOD score ranged from 2.5 to 7.6 strongly 

associated at P ≤ 0.001 with 12 different traits explained phenotypic variance 9.5 to 

57.5% under well-water conditions (Table 4.1 & Fig 4.2a). Among them Xtxp32 on 

SBI-01 and Xtxp1 on SBI-02 were associated with DTH (LOD score =3.2 and 2.5) 

and explained phenotypic variance 18.5% and 24% of the total variability. The same 

locus Xtxp32 on SBI-01 was also detected having strong association with DTF (LOD 

score=3.3) and explained phenotypic variance 18.7%, whereas Xtxp58 was associated 

with TNOL (LOD score=2.6) and explained phenotypic variance 13% of the total 

phenotypic variability (Fig 4.3). Similarly Q-model identified two loci for LL one on 

SBI-01 Xtxp229 (LOD score = 2.7) and another Xtxp51 (LOD score=2.6) on SBI-04 

with phenotypic variance 12.5% and 9.5% (Table 4.1). The loci for DTH, DTF and 

LL were identified only in well-water conditions. 

Another important locus Xtxp58 (LOD score=3) on SBI -01 was strongly associated 

with PH and this region explain 20% phenotypic variability and the same marker 

associated with panicle exertion in naïve model. This region associated with PH 

detected only in well-water conditions. Multiple loci Xtxp340 (LOD score=3.7) on 

SBI-01, Xtxp315 (LOD score=3.4) on SBI-02, and Xtxp20 (LOD score=2.8) on SBI-

10 were identified in strong association with PL and explained phenotypic variance 

21%, 23.7 and 22.3% of the total variability. The two loci Xtxp56 (LOD score=2.7, % 

explanation=18) and Xtxp8 (LOD score=7.6, % explanation=57.5) on SBI-02 were 

associated with PWI and NOP (Fig 4.3). The locus associated with PWI was also 

detected in well-water conditions. Other loci Xtxp51 (LOD score=3.1, % 

explanation=16) on SBI-04 and Xtxp321 (LOD score=2.9, % explanation=22.6) on 

SBI-08 were strongly associated with POFE and 100GW. These regions were only 

detected under well-water condition. Beside these two loci Xtxp8 (LOD score=2.7, % 

explanation=28) on SBI-02 and Xtxp27 (LOD score=2.7, % explanation=22.3) on SBI

-04 were associated with NOT (Table 4.1, Fig 4.2a & Fig 4.3). The locus Xtxp8 on 

SBI-02 which detect one major QTL for NOP with greater effect (57.5%) and highest 

(LOD score=7.6) and another minor QTL for NOT indicates the likely pleiotropic 

effects of a single genomic region on multiple traits. 
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Table 4.1: Significant SSR loci associated with different traits under well-water and 

drought-stress. 

a
Location of SSRs on linkage map as reported [127, 128, 308]. 

b
Markers with bold face shows significant association with traits as resolved by Q and 

Q+K models. 
c 
-Log10 of P-values determined for Q and Q+K models with 2.5 as threshold value for 

significant association. 
d
Chromosome numbers according to (Kim et al. 2005). 

 

 

  

QTLs under well-water conditions    QTLs under drought-stress conditions   

Trait Model 

Chrom- 

Locationa Markerb Log10(P)c 

  

Trait Model 

Chrom- 

Locationa Markerb Log10(P)c 

 

osomed R2  % osomed R2  % 

DTH Q 1 107.1 Xtxp32 3.2 18.5 CD Q 1 86.7 Xtxp335 2.8 10.8 

  2 119.2 Xtxp1 2.5 24  Q+K 1 86.7 Xtxp335 3 9 

 Q+K 1 107.1 Xtxp32 3.2 18.7        

  2 119.2 Xtxp1 2.5 21.6 TNOL Q 3 154 Xtxp228 3.2 26.8 

         Q+K 3 154 Xtxp228 3.2 26.8 

DTF Q 1 107.1 Xtxp32 3.3 18.7        

 Q+K 1 107.1 Xtxp32 3.3 18.7 LDS Q 1 119.8 Xtxp149 2.5 20 

         Q+K 1 119.8 Xtxp149 2.5 18.6 

TNOL Q 1 68.7 Xtxp58 2.6 13        

        PEX Q 1 59 Xtxp279 2.7 18.3 

LL Q 1 53.1 Xtxp229 2.7 12.5   10 55.5 PepC 3.5 61.2 

  4 113.2 Xtxp51 2.6 9.5  Q+K 1 59 Xtxp279 2.7 18.7 
 Q+K 1 53.1 Xtxp229 2.7 12.4   10 55.5 PepC 3.5 61.2 

  4 113.2 Xtxp51 2.6 9.5        

LW Q+K 9 93.4 Xtxp258 2.7 10.8 PL Q 2 148.7 Xtxp315 3.4 22.5 

         Q+K 2 148.7 Xtxp315 3.4 22.5 

PH Q 1 68.7 Xtxp58 3 20        

 Q+K 1 68.7 Xtxp58 3 20.2 NOP Q+K 10 52.5 Xtxp270 2.5 9.6 

PL Q 1 22.5 Xtxp340 3.7 21 FLL Q 1 107.1 Xtxp32 2.8 19 

  2 148.7 Xtxp315 3.4 23.7  Q+K 1 107.1 Xtxp32 2.6 12 

  10 51.5 Xtxp20 2.8 22.4        
 Q+K 1 22.5 Xtxp340 3.7 21 NOT Q 2 26 Xtxp25 2.6 11.9 

  2 148.7 Xtxp315 3.5 23.7  Q+K 2 26 Xtxp25 2.6 11.8 

  10 51.5 Xtxp20 2.8 22.4        
PWI Q 2 122.9 Xtxp56 2.7 18.2        

  2 132.4 Xtxp286 2.6 14        

 Q+K 2 84 Xtxp19 2.6 11        
  2 122.9 Xtxp56 2.5 14        

NOP Q 2 196.8 Xtxp8 7.6 57.5        

 Q+K 2 196.8 Xtxp8 7.6 57.5        
POFE Q 4 113.2 Xtxp51 3.1 16.3        

 Q+K 4 113.2 Xtxp51 3.1 16        

NOT Q 2 196.8 Xtxp8 2.7 28        
  4 133.5 Xtxp27 2.7 22.3        

 Q+K 2 196.8 Xtxp8 2.7 17         

  4 133.5 Xtxp27 2.7 16        

100GW Q 8 98.3 Xtxp321 2.9 22.6        

  Q+K 8 98.3 Xtxp321 2.9 22.6              
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Figure 4.2a: Association analysis of SSR markers and morphological traits. 

Association analysis of 98 SSR markers and 23 morphological traits by using Q and 

Q+K model for 107 sorghum accessions under well-water conditions. 

 

 

Traits 
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Figure 4.2b: Association analysis of SSR markers and morphological traits. 

aAssociation analysis of 98 SSR markers and 23 morphological traits by using Q and 

Q+K model for 107 sorghum accessions under drought stress conditions. DTH (Days 

to heading), DTF (Days to flowering), CD (Culm diameter), TNOL (Total number of 

leaf), LL (Leaf length), LW (Leaf width), PH (Plant height), PEX (Panicle exertion), 

PL (Panicle length), PWI (Panicle width), NOP (Number of panicle), PW (Panicle 

weight), POFE (Pollen fertility), GWP (Grain weight/Panicle), GNOP (Grain number/ 

Panicle/Plant), FLL (Flag leaf length), FLWI (Flag leaf width), NOT (Number of 

tiller), 100GW (Weight of 100 grain). 2.5 is the minimum threshold of p- value  for 

the significant Quantitative trait loci. 

Traits 
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Figure 4.3: Sorghum   genetic map of SSR markers indicated on the right side. Blue 

coloured symbols indicate QTLs in well-water conditions whereas Brown coloured 

symbols indicate QTLs in drought-stress conditions. Symbols showing different traits 

are indicated below.   

 
PL   , C D   , DTF  , DTH   , NOP  , PEX  , LDS , 100GW  , PWI  ,  

FLL  , TNOL  , PH   , POFE  , LL  , NOT  , LW              
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4.4.5 Detection of QTLs by GLM under drought-stress  

Under drought-stress Naïve model identified 63 significant SSR loci with LOD score 

ranged from 2.5 to 9.7 associated with 12 different traits, whereas Q model identified 

8 significant SSR loci explained phenotypic variance 10.8 to 61.2% with LOD score 

ranged from 2.5 to 3.5 had strong association with 7 different traits (Table 4.1 & Fig 

4.2b). A single locus Xtxp340 on SBI-01 had strong association with DEF by naïve 

model only while no QTL were detected for DTH and DTF by these two models. 

Similarly Xtxp335 (LOD score=2.8), Xtxp149 (LOD score=2.5) on SBI-01 were 

strongly associated with CD, LDS and explained 10.8 and 20% phenotypic variance 

of the total phenotypic variability. These regions were detected only under drought-

stress conditions, which showed that these traits expressed only under stress 

conditions. Another region Xtxp228 (LOD score=3.2, % explanation=26.8) on SBI-03 

was strongly associated with TNOL (Fig 4.3). Two loci Xtxp279 (LOD score=2.7) on 

SBI-01 and PepC on SBI-10 were detected for PEX, which explained 18.3% and 

61.2% phenotypic variation of the total phenotypic variability. These genomic regions 

were only detected in drought-stress conditions. Another locus Xtxp315 (LOD 

score=3.4, % explanation=22.5) on SBI-02 associated with PL. This same locus was 

detected in well-water condition associated with the same trait. The region, which 

expressed in multiple environments showed the stability of that region controlling the 

trait. Other loci Xtxp32 (LOD score=2.8, % explanation= 19) on SBI-01 and Xtxp25 

(LOD score=2.6, % explanation=11.9) on SBI-02 were detected showed strong 

association with, FLL and NOT respectively (Table 4.1, Fig 4.2b & 4.3). The QTL for 

FLL was detected only in drought-stress conditions, this locus is the same that were 

associated with DTH, and DTF in well-water condition showed the pleiotropic effect 

of this genomic region.  

4.4.6 Detection of QTLs by MLM under well water condition  

In MLM, two models were used, K model which takes into consideration relatedness 

between each pair of genotype-phenotype in a sample and Q+K model which consider 

both population structure and relatedness. Under well-water conditions K model 

detect 34 significant loci at P ≤ 0.001 with LOD score ranged from 2.5 to 19.4 

associated with 17 different traits, whereas Q+K model detect 17 significant loci at 
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Table 4.2: QTLs identified on different linkage groups in the present study and corresponding stay-green 

and related QTLs mapped in other studies under drought stress. 

  Linkage group    Reference 

A
a
 B C G 

 CD, LDS & FLL
b
 NOT

b
 TNOL

b
 PEX & NOP

b
 QTLs identified in this paper 

stg-F
c
 stg & Yst- B

c
 stg-G

c
 

 

Tuinstra et al.  [12] 

stg & mat-G
c
 stg & mat-D

c
 stg-A

c
 stg-B

c
 Crasta et al.  [43] 

stg , Ldg , Prf, Flr & Pht-G
c
 stg-D

c
 

 

stg-B
c
 Kebede  et al. [10] 

 

stg-D
c
 stg-A

c
 

 

Xu et al. [44] 

stg-A
c
 

  

stg-G
c
 Haussmann et al. [47] 

 

stg-B
c
 

 

stg-I
c
 Tao et al. [45] 

          
a
 Linkage groups reported in these studies [127, 128, 308] 

b
 QTLs identified in this study 

   c 
 QTLs with linkage groups  identified in different studies 
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P ≤ 0.001 with LOD score ranged from 2.5 to 7.6 associated with 12 different traits 

with phenotypic variance 9.5 to 57.5% (Table 4.1 & Fig 4.2a). In well-water condition 

a single locus Xtxp32 (LOD score=3.2 & 3.3) on SBI-01 was detected for DTH and 

DTF explained phenotypic variation 18.7 for both of these traits by Q+K but K model 

detect other loci also for these traits Xtxp149, Xtxp59, Xtxp51 on SBI-01, SBI-03 and 

SBI-04. Similarly as in (Fig 4.3) another locus Xtxp1 (LOD score=2.5, % 

explanation=21.6) was also associated with DTH. Two loci Xtxp229 (LOD score= 

2.7) and Xtxp58 (LOD score=3) on SBI-01 were strongly associated with LL and PH, 

explained phenotypic variance 12.4% and 20% of the total phenotypic variability. 

Another locus Xtxp51 (LOD score=2.6, % explanation=9.5) on SBI-04 was found had 

strong association with LL. 

Another locus Xtxp258 (LOD score=2.7, % explanation=10.8) on SBI-09 was 

strongly associated with LW which was only detected by Q+K-model in well-water 

conditions (Table 4.1). Multiple loci Xtxp340 (LOD score=3.7), Xtxp315(LOD 

score=3.5), Xtxp20 (LOD score=2.8)on SBI-01, SBI-02, SBI-10 were strongly 

associated with PL and explained 21%, 23.7% and 22.4% phenotypic variation of the 

total variability. Two loci Xtxp19(LOD score=2.6, % explanation=11) and Xtxp56 

(LOD score=2.5, % explanation=14) on SBI-02 were detected for PWI (Fig 4.3). A 

single locus Xtxp8 (LOD score=7.6) on SBI-02 was strongly associated with NOP and 

explained 57.5% phenotypic variation of the total phenotypic variability. Other loci 

Xtxp51 (LOD score=3.1, % explanation=16) on SBI-04 and Xtxp321 (LOD score=2.9, 

% explanation=22.6) on SBI-08 were strongly associated with POFE and 100GW. 

These traits were detected only in well-water conditions. Two loci Xtxp8 (LOD 

score=2.7) and Xtxp27 (LOD score=2.7) on SBI-02 and SBI-04 were strongly 

associated with NOT and explained 17% and 16% phenotypic variation (Table 4.1 & 

Fig 4.3). 

4.4.7 Detection of QTLs by MLM under drought-stress condition 

Under drought stress conditions K model resolved large number of significant loci 

after naïve model, Q+K model detect almost the same loci, which were detected by Q 

model. K model identified a total of 23 significant loci at P ≤ 0.001 with LOD score 

ranged from 2.2 to 7.6 associated with 13 different traits, while Q+K model identified 

9 significant loci at P ≤ 0.001 with LOD score ranged from 2.5 to 3.5 associated with 
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8 different traits explained phenotypic variance from 9 to 61.2% (Table 4.1 & Fig 

4.2b). For most of the traits, the range of LOD score were less than those detected 

under well-water conditions. Both models detect no QTL for DTH and DTF while K 

model identified a single locus Xtxp340 on SBI-01 associated with DEF. A single 

locus Xtxp335 (LOD score=3, % explanation= 9) on SBI-01 was associated with CD, 

the same locus was identified by K model on two chromosomes SBI-01 and SBI-03 

associated with the same trait. This region was detected only in drought-stress 

conditions. Among other loci Xtxp149 (LOD score=2.5, % explanation= 20) on SBI-

01, Xtxp315 (LOD score=3.4, % explanation= 22.5) on SBI-02 and Xtxp228 (LOD 

score=3.2, % explanation= 26.8) on SBI-03 were strongly associated with LDS, PL 

and TNOL. Two loci Xtxp279 (LOD score=2.7, % explanation= 18.3) on SBI-01 and 

PepC (LOD score=3.5, % explanation= 61.2) on SBI-10 were detected had strong 

association with PEX (Fig 4.3). Other loci detected in drought-stress includes Xtxp270 

(LOD score=2.5) on SBI-10, Xtxp32 (LOD score=2.6) on SBI-01 and Xtxp25 (LOD 

score=2.6) on SBI-02 were strongly associated with NOP, FLL and NOT respectively. 

These loci were explained 9.6%, 12% and 11.8% phenotypic variance of the total 

variability (Table 4.1 & Fig 4.3).   

4.4.8 Comparison between GLM and MLM 

One of the major concerns of association mapping is the statistical power of the 

association testing and the accuracy of the identified association due to false positive 

and false negative errors. Taken in consideration these types of errors and to check the 

accuracy in mapped QTLs by GLM and MLM, the two models were evaluated and 

compared. For this purpose, observed p-values were plotted against expected p-values 

as described by Stich et al.  [337]. Naive model detect the maximum number of 

significant loci in both well-water and drought-stress conditions but showed deviation 

from y=x, indicate that the result may be because of type I and type II errors (Fig. 

4.4). K model was the second after naïve model detect maximum number of SSR loci 

in both conditions (well-water and drought-stressed) but still showed deviation from 

y=x. The results of different traits showed that both Q and Q+K models were uniform 

for all traits under both environments (Fig. 4.4). In comparisons with naïve and K 

model these two models detect less number but almost the same loci showed that 

these models had strong control over statistical errors.



106 

 

 

 

 

 

 



107 

 

 

 

Figure 4.4: Comparison among association models for the ability to control false 

positives and false negative types of errors (type I and type II) in different traits under 

well-water and drought-stress conditions. Observed versus expected P-value. 

Different colors indicate models used in association mapping; Deviation from y = x, 

indicate that the result may be because of type I and type II errors. The uniformity of 

the y = x showed control over these statistical errors. 
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A combination of population structure and kinship (Q+K model) appear to be the 

most powerful model for population mapping studies reported in maize [422]. 

However, Q model were also consider better which reduce the number of false 

positive associations with flowering time traits in maize by almost five folds [341]. 

Casa et al. [64] were also reported that the association models that accounted for both 

population structure and kinship performed better than those that did not. 

In this study as in (Table 4.1) Q and Q+K models detect almost the same QTLs in 

well-water as well as in drought-stressed, keeping this in view and because of the 

statistical accuracy in association testing these models were taken in to consideration 

for QTLs (Fig. 4.4). Under well-water conditions the same significant loci were 

detected for DTH (Xtxp32 and Xtxp1) and DTF (Xtxp32), PH (Xtxp58), PL (Xtxp340, 

Xtxp315 and Xtxp20), NOP (Xtxp8), POFE (Xtxp51), NOT (Xtxp8 and Xtxp27) and 

100GW (Xtxp321) by Q and Q+K models, whereas for PWI four loci Xtxp56 

(common in both), Xtxp286 and Xtxp19 on SBI-02 were identified by Q and Q+ K 

(Table 4.1 & Fig 4.3). The percentage of phenotypic variance explained by individual 

marker ranged from 9.5 to 57.5% in well-water conditions (Table 4.1). 

Under drought-stress conditions all the identified loci had strong association with 

different traits i.e. Xtxp335, Xtxp149, Xtxp32, Xtxp279, Xtxp315, Xtxp25, Xtxp228 and 

PepC explained 10.8%, 20%, 12%, 18.3%, 22.5%, 11.9%, 26.8% and 61.2% 

phenotypic variation on SBI-01, SBI- 02, SBI-03 and SBI-10 were the same except 

for NOP Q+K detect Xtxp270 on SBI-10 with phenotypic variance 9.6%, whereas no 

loci were detected by Q model (Table 4.1 & Fig. 4.4). 

In this study, two loci were detected with significant QTL·E interaction. One was for 

NOP (Xtxp8-196.8cM) on SBI-02 showing Q·E interaction (=57.5%) under well-

watered condition (Table 4.1 & Fig 4.3). The other was for PEX (PepC-55.5cM) on 

SBI-10, which can explain 61.5% of total variance for PEX under drought-stress 

conditions (Table 4.1 & Fig 4.3). 

4.4.9 Physical localization with known genes 

To validate the results, markers were physically localized with previously mapped 

QTLs on sorghum chromosomes. Tuinstra et al. [12] identified QTLs for stay green 

on linkage groups (B, F and G) and yield stability on LGs ( B and G) under drought- 
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stress are in accordance with our findings (LGs A, B and C) suggesting a positive 

relationship of LDS with stay green and yield traits under drought-stress (Table 4.2). 

A QTL (SbAGB03) identified in this study was physically localized on chr-2 at 

58,128,106 bp homologous to a protein coding gene SB02G024110 with molecular 

function of binding DNA or protein. Similarly Xtxp8 (LG B) located on chr-2 at 

64824875 found to be within sequence of the gene Sb02g029730. It plays an 

important role in ATP binding and protein tyrosine kinase activity. 

4.5 Discussion 

Drought is one of the abiotic factor, which causes serious agronomic problem, 

limiting sorghum biomass and seed production in almost all areas where it is grown. 

Sorghum is one of the most drought tolerant crop species and also because of C4 

nature and genome size it is considered an important model system for studying 

physiological and molecular mechanisms underlying drought tolerance [33, 35, 140, 

265]. In sorghum productivity under drought, conditions have been associated with 

morphological, physiological and molecular responses to water deficits. To 

identifying genes and genomic regions for complex traits, including drought tolerance 

genetic mapping has been an important approach. Linkage disequilibrium (LD) 

mapping, also known as association mapping, has been used in quantitative trait locus 

(QTL) mapping for plants [64, 338, 341, 423-425]. LD-based genetic association 

studies offer a potential approach for mapping causal genes with modest effect [426]. 

It is a powerful tool for fine mapping of quantitative traits and is dependent on the 

structure of linkage disequilibrium of alleles at different loci [56].  

Association analysis is strongly affected by two types of error .i.e. false positives 

(addition of same subpopulation in population structure) and false negatives 

(statistical power in detecting QTLs). For the control of these errors QK mixed-model 

approach, which proposed by Yu et al. [334] that promises to correct for linkage 

disequilibrium (LD) caused by population structure and relatedness relationship. 

Association mapping are more powerful in identifying the allelic variations, because it 

explore the results of many generations of recombination and selection [427]. 

Furthermore, Association mapping is performed in different crops like maize, barley, 

wheat, rice, lettuce and sorghum. Sorghum is well suited to genome-wide association 
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studies because it is largely self-pollinating crop; it is expected to have higher level of 

LD and homozygosity, both of which facilitate LD-mapping [428]. According to the 

results, a high level of LD was found between markers (Fig 4.1). In association 

studies, Population structure is a strong confounding factor especially with respect to 

traits that are important in local adaptation or diversifying selection and familial 

relatedness associated with recent co-ancestry [429]. Thus, without considering 

population structure spurious associations have been reported frequently, [373]. In 

this study population, structure was used in GLM to avoid spurious associations.  

In GLM, there were two models .i.e. Naïve model and Q model as Naive model have 

no control on population structure detected large number of loci than the Q model, 

which take into consideration the population structure. For example, in this study 

naive model were detected 80 significant loci, Q model were detected only 17 

significant loci for 12 different traits in well-water conditions, whereas in drought 

stress Naïve model reveled 63 significant loci and Q model detected 8 significant loci 

which showed the importance of population structure in association analysis. 

Beside these individuals that are related by descent (kin) or which are belonging to the 

same subpopulations, are more likely to both resemble each other phenotypically and 

share common alleles, independently of these alleles being linked or not to the causal 

polymorphism (leading to spurious associations). Therefore, in association mapping 

knowledge of population structure and kinship is critical. In maize (Zea mays L) Yu et 

al. [334] have recently shown that controlling for such demographic factors can lead 

to a significant reduction in the number of spurious associations. Therefore, taking 

into consideration of these two factors in association analysis another model .i.e. 

MLM is used in a number of association mapping studies. This approach was shown 

to be superior to more conventional linear models in association analyses [334]. In 

MLM, two models were used: (i) K model (the model that accounted for familial 

relatedness between accessions) and (ii) Q+K model (the model that takes into 

account both the population structure and the familial relationship). In Q + K, model 

random markers are used to estimate Q and a relative kinship matrix (K), which are 

then fit into a mixed model framework to test for marker-trait associations. According 

to Zhao et al. [336], Q+K-model approach crosses the boundary between family-

based and population-based samples; it provides a powerful complement to currently 
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available methods for association mapping. Recently GWAM has been conducted in 

sorghum also support that mixed model with K matrix was the best model for marker 

trait association [363].  

As the results clearly indicates that K- model detected 34 significant loci at P ≤ 0.001 

with LOD score ranged from 2.5 to 19.4 associated with 17 different traits, whereas 

Q+K model detect 17 significant loci at P ≤ 0.001 with LOD score ranged from 2.5 to 

7.6 associated with 12 different traits with phenotypic variance 9.5 to 57.5% in well- 

water conditions (Table 4.1). Furthermore, in drought stress K-model detected 23 

significant loci, while Q+K-model reveled only 9 significant loci associated with 8 

different traits indicates the accuracy of this model. Furthermore, the relative 

performance of each model was also evaluated for the simulations of type I and type 

II errors for almost all traits. The results revealed that both Q and Q+K models 

showed a uniform distribution of p-values in well-water as well as in drought-stress 

conditions for most of the traits as shown in Fig 4.4. Based on the results these two 

models were selected in this study for significant loci detected in well-water and 

drought-stress conditions (Table 4.1). 

4.5.1 QTLs under well-water conditions 

The goal of this study is to understand the genetic basis of different traits associated 

with drought tolerance and to identify genetic loci that contribute to this trait in 

sorghum genotypes. A number of QTLs were found by four models of association 

mapping in well-water as well as in drought-stress conditions. In well-water 

conditions,  a total of 17 QTLs were found by both Q and Q+K models on six 

chromosomes SBI- (01, 02, 04, 08, 09 and 10) while no QTLs were identified on SBI- 

03, 05, 06 and 07 (Fig 4.3). Under well-water conditions, most of the QTLs were 

found on SBI-1 in which QTL for PH and TNOL were co-located on the same region 

at (68.7cM) which showed strong association of these traits, however, no phenotypic 

correlation was observed between these two traits. In our study QTLs identified for 

PH are not supported by the previously reported QTL studies for this trait in sorghum   

but are in accordance with the results in rice [197, 430]. However, many studies of 

linkage mapping have reported that sorghum height is controlled by few major QTLs 

[431]. In sorghum for plant height and maturity about 32 markers were identified that 
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can be physically localized on sorghum chromosomes [10, 358, 359, 432-434]. Using 

association mapping QTLs for plant height on chromosome 2, 6 and 9 in sorghum   

[435, 436]. Upadhyaya et al. [361] also identified QTLs for plant height on chr-6 and 

9 by genome wide association analysis. Using association mapping on sorghum   

chromosome 9 a dwarfing (dw3) QTL was also reported by [357]. 

A single QTL was found for DTH and DTF on the same chromosome (SBI-1) at 

107.1 cM whereas another QTL for DTH were found on SBI-2. For the same 

accessions, El Mannai. et al. [66] also reported QTL for DTF under well-water 

conditions on SBI-1 at different locus. The detection of QTL for the same trait in the 

same chromosome in multiple independent studies provides strong evidence for the 

validity of that QTL. In sorghum QTLs for DTF on SBI-04 and SBI-06 having 

phenotypic variance were reported [434]. Furthermore, in other studies QTL for the 

same trait were reported in sorghum on SBI-06 and SBI-07 [361, 437]. As the result 

of different loci for the same trait in this study as well as in previous studies indicates 

that many genes control flowering time. 

In chickpea QTL for DTF on LG1 had also been identified by Rehman et al. [438]. 

The study identified two QTLs for LL on SBI-1 and SBI-04 (53.1cM and 113.2 cM) 

and one QTL for LWI on SBI-9 (93.4 cM). One QTL for LL and LWI on chr-4 and 6 

had also identified by Feltus et al.  [359]. Three QTLs for PL were found on SBI-01 

(22.5 cM), SBI-02 (148.7cM) and on SBI-10 (51.5cM). In sorghum  QTL for PL on 

chr-2 had also reported by Rami. [327] and on SBI-01 reported by Shehzad. et al.  

[65]. These results showed that QTLs controlled PL are strongly persistent across 

different studies. QTLs for NOT and NOP on SBI-02 were co-existed on the same 

locus Xtxp8 (196.8cM) which showed strong association of these traits. In sorghum 

for NOT several QTLs were reported on chr-01, 05, 06, 07 and 09 by Feltus et al. 

[359]. Under well-water condition QTL for NOP on SBI-02 explaining 57.5% 

phenotypic variation with LOD score 7.6 which can be consider as a major QTL in 

sorghum in this study (Table 1.4).  The QTLs reported for number of basal tiller per 

basal with heads per plant reported [328]. The results suggested that the genetic basis 

of tillering was partly overlapping in the divergent species.  

The study also identified QTLs for POFE on SBI-04, under well water conditions.  

Furthermore, QTL of POFE overlapped on the same locus with LL, showed strong 
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dependence of these traits upon each other. Besufekad et al. [437] reported two QTL 

for grain yield in sorghum on SBI-07 and on SBI-06 by Srinivas et al.  [326]. In rice 

QTLs for spikelet sterility were found on chromosome 4 while for spikelets 

number/panicle on chromosome 1, 4, 7 and 9 by Jearakongman et al.  [395]. Pollen 

fertility restoration gene has been reported in sorghum SBI-08 and SBI-02 [439, 440]. 

As the QTL for POFE in sorghum under well-water conditions was first time 

identified in this study. So this gives an opportunity to look within this genomic 

region to explore whether specific genes present in these region. If so, this 

information can be utilized in the breeding program for further selection process. 

Since, the map location of these QTLs for POFE and other was based on data for only 

one year; the utility of the loci identified will depend on the level of expression in 

multiple environments and different genetic backgrounds. Mace et al. [53] reported 

QTL for nodal root angle on SBI-08 within 104 cM which shows close association 

with our result for 100GW on SBI-08 within 98.3cM. The results indicate a possible 

association of these two traits on the chromosomes. Our results were also supported 

by Feltus et al. [359] who reported QTL for kernel weight on SBI-08 in sorghum. In 

maize an association between a major QTL affecting root traits and leaf ABA 

concentrations, root-ABA1, and grain yield and other agronomic traits has been 

identified [441, 442], which the authors postulate is likely due to pleiotropic effects.  

4.5.2 QTLs under drought-stress conditions 

The goal of this study to evaluate sorghum under drought stress at panicle initiation 

stage and mapped chromosomal regions. As previous reports indicates that in 

sorghum post flowering drought stress especially stay green trait has been extensively 

studied [10, 43-48, 51, 52, 326, 443]. In sorghum pre-flowering drought stress is more 

common than post-flowering [75]. Therefore, the present study was conducted 

especially to take into consideration this specific stage of sorghum under drought 

stress. For pre-flowering drought tolerance in sorghum, two other studies have 

identified QTL. Using RIL obtained from a cross between Tx7078 X B35, which are 

tolerant and susceptible parents to pre-flower drought, six regions of the genome 

specifically associated with pre-flowering drought tolerance in sorghum either with 

yield per se or stability of yield, seed set or height were identified on linkage groups 

D, F and M respectively [11]. These regions were not detected under fully irrigated 
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conditions, indicating that these QTLs were only expressed under drought stress.  

Compared with earlier studies conducted on drought stress in sorghum, in this study 

several unique quantitative trait loci (QTLs) were identified that affected various traits 

under drought-stress at developmental stage such as CD ,TNOL, LDS, PEX, PL, NOP 

, FLL and NOT (Fig 4.4 & Table 4.1). In stress conditions, QTLs were identified on 

four chromosomes SBI- (01, 02, 03 and 10). No QTL were identified on SBI- (04, 05, 

06, 07, 08 and 09). Due to the low genome coverage of these chromosomes, it is 

possible that there are additional QTLs controlling traits under drought-stress that 

were unable to detect in the present study. Similarly, there were some QTLs common 

for both stress and well-water conditions. However, QTLs such as LDS, PEX, and 

FLL, which did not identify under well-water conditions. This indicates the 

preponderance of QTLs x environment interaction, and thus the genetic control of 

quantitative traits under drought-stress conditions could be constructed as complex. 

Panicle exertion showed strong correlation with biological yield under drought-stress 

indicates the importance of exertion of panicle in determining the yield under 

drought-stress. QTLs for PEX and CD were not identified under well-water 

conditions while two QTLs for PEX on SBI-01 and SBI-10 (59.0cM, 55.5cM) were 

identified under drought-stress conditions. QTL for PEX on SBI-10 contributed 

61.2% phenotypic variation, which indicates the major effect of this trait under 

drought-stress condition (Table 4.1). QTL for panicle exertion in sorghum were also 

reported on SBI-03 and on SBI-07 [359, 437]. QTL for nodal root angle which has 

been reported on SBI-10 [53], indicates a putative association with trait. In another 

study Mace et al. [433] also reported a significant or suggestive marker–trait 

association for stay-green and nodal root angle QTL regions in six of the seven NAM 

populations of sorghum. 

In rice QTLs for panicle exertion were identified under drought-stress on chr-1 and 

chr-8 [444] and on chr-1, 8, 10 and 11 [445]. In sorghum in normal condition, QTL 

for PEX had reported on chr-3  [359]. The observed highest phenotypic variation and 

significant positive phenotypic correlation between panicle exsertion and yield traits 

such as POFE and biological yields under stress situations indicated the importance of 

exsertion of panicle in determining the yield under stress.  

A single locus Xtxp335 was detected for CD on SBI-1 (86.7cM) under drought- stress 
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condition. Sorghum biomass productivity is positively correlated with stem height and 

thickness and stem is the most important organ for cellulose production and is a 

strong sink for soluble sugars in sorghum [30, 330]. Also Murray et al. [435] has 

reported QTL for brix (stem sugar) on SBI-01 in sorghum. Recently in sorghum QTL 

for stem diameter was also identified on SBI-04 and SBI-06 under contrasting 

photoperiods by Zou. [323]. These QTLs were only detected in drought stress 

conditions this indicated that SBI-01 harboring these QTLs either contained genes 

that had pleiotropic effect on several traits, or had gene rich regions, which were 

involved in drought resistance in sorghum under drought-stress conditions. Another 

interesting result pertaining to a possible confounding effect of phenology-related 

QTLs were found for FLL and LDS on SBI-01 (107.1cM and 119.8cM). Under 

drought condition no QTL had been reported in sorghum for LDS and FLL, whereas 

QTL for FLL had been reported in wheat on the short arm of chr-2D [446]. Moreover, 

the QTLs which have been reported in sorghum for stay green trait on LG-A by 

Tuinstra. [12, 47], stay green and maturity by Crasta. [43] show close association of 

this traits with LDS and FLL as identified in this study. Hence, Feltus. [359] reported 

QTL for leaf senescence in sorghum on SBI-02. Interestingly the results of these 

QTLs showed homology with those which have been reported for pre-flowering 

drought stress sorghum by Kebede et al. [10]. The study reported QTLs for stay 

green, lodging resistance, flowering time and plant height in sorghum LG-A, which 

clearly indicates the association of these traits with LDS, FLL, PEX and CD that have 

also been identified in this study on chromosome SBI-01 under drought-stress 

conditions. 

In rice QTLs for FLL were identified on chr-2 and 3 under drought stress [447]. Our 

results for LDS are in accordance with the findings of QTL in rice chr-1 by Yue et al.  

[215] and Zhang et al. [448]. QTLs for leaf rolling were identified in rice on chr- 1, 3, 

8 and 9 [444]. Hence leaf drying and leaf rolling might play a similar role in 

maintaining internal plant water status. However Tuinstra et al. [12] identified QTLs 

for stay green on linkage groups (B, F and G) and yield stability on LGs (B and of G) 

under drought-stress condition, the results are similar to our SBI-(01, 02 and 03) 

suggesting a positive relationship of LDS with stay green and yield traits under 

drought- stress condition. A single QTL Xtxp315 (LOD score=3.4, % 

explanation=22.5) for PL were found on the same locus of SBI-02 (148.7cM) as in 
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well-water conditions. If the QTLs identified in one environment for a given trait 

often are mapped at the same place as QTLs affecting other traits in the same or other 

environment, and can strengthen the coherence of the overall pattern. In addition, the 

persistence of this QTL in multiple environments showed that this would be one of 

the valuable candidates in MAB.  

In drought-stress conditions, a single locus Xtxp228 for TNOL was also identified on 

chromosome SBI-03 (154.0cM and LOD score=3.2) which explains phenotypic 

variation of 26.8% of the total phenotypic variability. The LOD score and phenotypic 

variation of this trait increases under drought- stress conditions reveled that drought 

stress enhances the expression of some traits. QTLs for total leaf area and nodal root 

angle have been reported in sorghum SBI-08 [53]. Furthermore, the results of the 

present study indicate homology with the results of Mace et al. [53] that reported 

association between nodal root angle, leaf number, leaf area and yield performance 

under drought stress conditions in sorghum, provides further support for the putative 

genetic association between these traits. Other QTLs in drought- stress condition were 

identified for NOT, and NOP on SBI-02, and 10 (26.0cM, and 52.5cM) respectively. 

Feltus. [359] have reported various QTLs for number of tiller on SBI-(01, 05, 06 and 

07), revealed that many genes present control this trait across the genome. The results 

of NOT also suggested that the genetic basis of tillering is partly overlapping in the 

divergent species. In rice QTL for NOT were identified on chr-4 and 6 under drought 

stress [444]. 

Another significant locus is NOP on SBI-10 which is supported by the results of Mace 

et al. [53], which has identified QTL for nodal root angle on SBI-10 and reported the 

association between yield traits and stay-green trait under drought- stress in sorghum  

. Under drought- stress condition, QTL for PH was identified on the same locus 

Xtxp58 but with lower LOD score (2.3); although a strong phenotypic correlation was 

observed between PH and various yield traits. Such differences in the QTL landscape 

may be due to the environmental sensitivity of genes, However other factors such as 

sampling error due to population size, phenotypic evaluation, and errors in detection 

(e.g. the use of differing statistical thresholds to infer QTL), can also contribute to the 

lack of congruency between studies, both in terms of estimated genomic location and 

the magnitude of genetic effects.  
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Due to the low genome coverage of some chromosomes, in particularly on SBI (04, 

05, 06, 07 and 08), it is possible that there are additional QTL controlling these traits 

under drought-stress that was unable to be detected in present study. On the physical 

genome sequence, localization of QTLs and its homology to DNA and ATP binding 

proteins predict the closest relationship of these genes with drought stress. 

Characterization of QTLs for drought resistance in this study provides insight into an 

understanding of the mode of drought resistance in sorghum. 

4.5.3 Homology with stay green and other QTLs 

A survey of published mapped QTLs on stay green and yield related traits identified 

in sorghum under drought- stress condition enabled comparison with QTLs identified 

in this study. The research specifically focused on the QTLs that previously mapped 

on SBI- (01, 02, 03 and 10) under drought- stress (T able 4.2). The results presented 

here are supported by the QTLs that have been reported for stay-green traits under 

post anthesis drought stress in most of the studies [10, 12, 43-45, 47, 53, 359] as in 

Table 4.2. An observation of putative association of these QTLs and the QTLs 

identified in our study revealed that water deficit at developmental stage has direct 

association with post anthesis drought- stress. Therefore, to improve the future 

sorghum cultivars to withstand drought at different stages of the crop growth 

incorporation of genes for both stay green and pre-flowering drought tolerance will be 

useful for pyramiding of favorable alleles through marker-assisted selection. 

Furthermore, these results also indicate some hidden genetic variability and close 

association of these traits that could be exploited by breeders, where the traits prove to 

be useful. 

4.5.4 Conclusions 

In the present study, a genome-wide association study was carried out on sorghum   

core collection and mapped new QTLs.  A number of QTLs were identified that 

showed association with  CD, LDS, PEX and FLL on SBI-01, PL and NOT on SBI-

02, TNOL on SBI-03 and PEX and NOP on SBI-10 with LOD score ranging from 

2.5-3.5 which explained phenotypic variance 9%-61.2% of the total phenotypic 

variability under drought-stress conditions. Also under well-water conditions, a 

number of QTLs  were  identified that were  associated with DTH, DTF, TNOL, LL, 
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PH and PL on SBI-01, DTH, PL, PWI, NOP and NOT on SBI-02, LL, POFE and 

NOT on SBI-04, 100GW on SBI-08, LW on SBI-09 and PL on SBI-10.  The LOD 

score ranged from 2.5-7.6 which accounted for 9.5% - 57.5% of the phenotypic 

variation. This gives an opportunity to look within genomic regions on SBI-(03, 04, 

05, 06 and 07) in well-water conditions and SBI-(04, 05, 06, 07, 08 and 09) under 

drought-stress to explore whether specific genes present in these region, which are 

already associated with specific physiological mechanisms. If so, this information can 

be utilised to promote selection process in the breeding program. Since, the QTLs for 

drought tolerance was based on data for only one year, the utility of the loci identified 

will depend on the level of expression in multiple environments and different genetic 

backgrounds. However, to our knowledge this is the first report on mapping of QTLs 

influencing traits related to pre-flower drought tolerance in sorghum. In the present 

study, QTLs were identified on SBI-1, SBI-2, SBI-3 and SBI-10 indicating that there 

are still big gaps due to the low genome coverage of some chromosomes. It is 

expected that additional studies using more markers will bring more information to 

molecular breeding strategies for the improvement of drought tolerance in sorghum.  
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Chapter 5  

Screening of sorghum (Sorghum bicolor L. Moench) 

accessions at seedling stage in Polyethylene Glycol 

5.1 Summary 

Eight accessions of Sorghum bicolor differing in response to drought tolerance at 

developmental stage were exposed to osmotic stress simulated by non-ionic water-

soluble polymer polyethylene glycol of molecular weight 6000 in the laboratory after 

14 days of sowing. Data were recorded for easily measurable seedling traits as shoot 

length (SL), root length (RL), fresh shoot weight (FSW), dry shoot weight (DSW), 

fresh root weight (FRW) and dry root weight (DRW) under well-watered and 

drought-stress conditions after 21 days of sowing.  Significant differences were 

observed among accessions for various seedling straits. However, shoot related traits 

such as SL, SFW and SDW were more sensitive to water stress than root traits. The 

mean value of RL was increases for accession 01 and 04, whereas RDW also 

increases for accession 01, 04, 05 and 08  under drought-stress, indicating that root 

traits was least effected by drought-stress among all the seedling traits. Under stress 

conditions all traits showed significant positive association with each other except 

SDW showed negative association with SL , RL and RDW (-0.276, -0.216 and -

0.359 ),while other traits such as RL, SFW, RFW and RDW showed positive 

association with SL (0.439, 0.485, 0.219 and 0.555) respectively. The most promising 

drought tolerant accessions were accession (01, 04, 05 and 08) based on RL and 

RDW. Furthermore, no polymorphism was found among accessions for different 

genes primers at genomic level revealed that these genes expressed only under stress 

conditions. It is needed to further investigate the expression of these genes for 

determining the functional and biological importance in sorghum drought tolerance. 

5.2 Introduction 

Throughout the world, the shortage of water resource is becoming a serious constraint 

in the development of agriculture. Plant growth and productivity is greatly affected by 

environmental stresses such as high salinity, low temperature, and drought [449]. 
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Drought is one of the most important abiotic stress factors, which affects almost every 

aspect of plant growth [450, 451]. Therefore, the development of new varieties with 

drought tolerance not only saves a large amount of water but also helps to increase 

and stabilize yield of crops. Hence, it is very important to study genetic basis of 

drought tolerance as well as to explore new resources of drought tolerance in 

sorghum. 

Sorghum is one of the most important crops in the world. In most countries like 

Pakistan sorghum primarily serves as fodder for animals, but in Africa and India it is 

used as human feed where it is stable food for millions of people [452]. It is also a 

major crop of temperate areas, which have the ability of high tolerance against 

drought. However, the demand for water is tremendous during growth, which makes 

sorghum production a great challenge. Furthermore, identification and understanding 

the mechanisms of drought tolerance in sorghum include prolific root system, ability 

to maintain stomatal opening at low levels of leaf water potential and high osmotic 

adjustment have been major goals of plant physiologists and breeders [213, 453, 454]. 

In this connection, in breeding program numerous drought screening methods have 

been identified [455]. Furthermore, with regard to environmental stresses such as 

drought presence of different lines of sorghum is a valuable source for screening and 

identifying the tolerant genotypes. 

Generally drought stress affects almost every developmental stage but the damaging 

effects of this type of stress was more pronounced when it coincided with growth 

stages such as germination; seedling and flowering stage [456, 457]. Among the other 

growth stages, water stress induced during seedling stage has been exploited in 

various crop species to screen germplasm or breeders populations i.e. sorghum [458-

460]. The first critical and most sensitive stage in the life cycle of plants is seed 

sowing in which seeds are frequently exposed to unfavorable environmental 

conditions that may compromise the establishment of seedling [461]. According to 

[235, 236, 462], water stress at seedling stage might lead to higher dry root weights, 

longer roots, coleoptiles and higher root/shoot ratios which could be exploited as 

selection criteria for stress tolerance in crop plants at very early stage of growth.  

Besides these plant physiologists and breeders also have been used prolific root 

system, ability to maintain stomatal opening at low levels of leaf water potential, high 
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osmotic adjustment and various seedling parameters for the identification and 

understanding the mechanisms of drought tolerance in sorghum [463]. A number of 

studies have been reported the importance of root traits such as root length in general, 

variety with longer root growth has resistant ability for drought [464, 465]. Similarly, 

the osmotic membrane stability of the leaf segment was the most important trait, 

followed by root-to-shoot ratio and root length based on their relationships with other 

traits for drought tolerance, which has been reported by Dhanda et al. [235]. Several 

benefits of screening genotypes at seedling stages such as low cost, ease of handling, 

less laborious and getting rid of susceptible genotypes at earliest stage  has been 

reported by Rauf. [457]. Furthermore, with additive type of genetic variance within 

and over environments seedling traits have also shown moderate to high heritability 

[466]. Haussmann et al. [467] has also reported that indirect selection traits are easy, 

cheap, and quick to measure, so that high selection intensities can be realized in early 

generation testing.  

Due to significant environmental or drought interactions with other abiotic stresses 

field experiments related to water stress has been difficult to handle [457]. To induce 

water stress through polyethylene glycol (PEG) solutions is an alternative approach, 

which is used for screening of the germplasm [463, 468-470]. The molecular mass of 

Polyethylene glycols (PEG) 6000 and above are non-ionic, water-soluble polymers 

which are not penetrate to intact plant tissues rapidly. Furthermore, due to reduction 

of osmotic potential this solution interferes with the roots to absorb water [471, 472]. 

Therefore, selecting superior genotype out of a large population an artificially created 

water stress environment is used to provide the opportunity in breeding programmed.  

Moreover, drought induced the expression of many genes and their gene products 

function directly in stress tolerance and regulation of gene expression and signal 

transduction in stress responses [267]. Stress inducible genes are those that directly 

protect the plant against environmental stress: osmoprotectants, chaperones, and 

detoxification enzymes. Besides these others also include transcription factors and 

protein kinases that regulate gene expression and signal transduction during the stress 

responses [473]. The function and activity of these genes and their products have been 

predicted from sequence homology with known proteins. Candidate genes (CGs) are 

the genes with known biological functions and sequence associated with the 
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manifestation of the trait. Biotic and abiotic stress factors responsible for affecting 

drought related traits have been successfully identified using this approach in crops 

such as rice, maize and wheat [270-272]. Sorghum also has a complement of genes 

and alleles that help the plant to response to available water supply [34], mediate 

osmotic adjustment [36, 157]. Genome resources enabling analysis of sorghum   

quantitative trait loci and gene expression have been developed to facilitate the 

identification and isolation of sorghum genes involved in adaptation to adverse 

environments [38, 40, 265]. As this approach has been used successfully in  crops like 

rice [269], sugarcane [474], chickpea and Fragaria [475], but in sorghum it did not 

applied yet, therefore there is need to study drought controlling genes using this 

approach. 

Several studies have reported that sorghum possesses genetic variation for many 

traits, including seedling traits related to drought tolerance. However, selection for 

drought tolerance in artificially created environment while maintaining better growth 

of shoot and root traits for  high productivity has been a great challenge. Furthermore, 

there is also limited progress in developing drought tolerant germplasm by an 

incomplete understanding of the genetic potential of genotype and physiological 

mechanisms that condition its expression. Therefore based on available literature, 

experiment was carried out to evaluate tolerant/sensitive accessions selected from our 

previous study at seedling stage by providing PEG solution to create conditions 

similar to water stress with the objectives (i) to select suitable accession for drought 

tolerance based on various seedling traits and (ii) to check polymorphisms for selected 

drought controlling genes between tolerant and sensitive accessions. These results 

would be helpful for cloning and utilizing the genes related to drought tolerance of 

sorghum. 

5.3 Materials and Methods 

5.3.1 Plant materials 

Eight accessions, differing in response to drought stress at developmental stage, were 

selected for evaluation of various traits at the seedling stage under laboratory 

conditions (Table 5.1). The experiment was conducted at the Department of Botany, 

Kohat University of Science & Technology, during 2013. The data were recorded for 
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various seedling characters. 

5.3.2 Germination and Seedling characters 

Seeds were initially treated with a 1.5 per cent solution of sodium hypochlorite for 15 

minutes followed by thorough washing of seeds with distilled water. Ten seeds were 

placed on two layers of Whatman no. 2 filter paper of 25 mm diameter. To induce 

osmotic stress a polyethylene glycol solution (PEG-6000) as suggested by Michael 

and Kaufman [476] were used and replicated three times. To compensate for losses 

through evaporation 5 ml of distilled water was added to each Petri dish under normal 

conditions every 2 days. At the same time, 5 ml of PEG solution was added to each 

petri dish under osmotic stress conditions after 14 days of sowing. All the petri dishes 

were placed at random in a growth chamber for 10 days, at average temperature of 

day and night of 22 ± 20C and at 50% relative humidity. Data for root length, shoot 

length were obtained from 10 seedlings in each replication after 21 days of sowing.  

Fresh shoot or root weight was measured on digital analytical balance while dry shoot 

and root weight was measured by putting shoots and roots in kraft paper bags 

separately and dried in the oven at 70ºC for constant dry weight [465]. The average 

dry shoot and root weight was then calculated. 

5.3.3 Gnomic DNA isolation 

Leaves from two weeks old seedlings were cut and then subjected to vacuum freeze-

drying method for dehydration. Genomic DNA was extracted from leaf tissues using 

the CTAB method described by Murray and Thompson. [477] with some 

modification. The quality and quantity of extracted DNA was checked on 0.8% 

agarose gel. 

5.3.4 Identification of abiotic stress responsive genes 

Sequence similarity approach was adopted for the identification of drought responsive 

genes. Four known genes .i.e. NAC1, WRKY11, DHN1, BADH were selected based on 

prior information about their involvement in drought tolerance mechanism in sorghum 

as well as in other crop species. nBLAST of the respective genes was carried out to 

identify similarities across species. Gene sequence available in NCBI database 

(www.ncbi.nlm.nih.gov/dbEST/) for abiotic stresses was used for sequence selection. 
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These were then located physically on the annotated chromosome using the sorghum   

genome database (www.phytozome.net). The forward and reverse primers of the 

respective genes for the study were designed using primer3 software. The detail 

sequences of the primers are shown in Table 5.2.  

5.3.5 PCR conditions and electrophoresis 

PCR amplification were performed in 10 μL reaction mixture containing 10 ng DNA 

template, 10 x PCR buffer (Mg
2+

 concentration: 20 mM), 2 mM dNTPs, 25 ng of each 

primer and 0.02 U of Blend Taq Plus polymerase (Toyobo Co., LTD. Japan) enzyme 

in either Eppendorf Master cycler or Applied Biosystems 9700 or 2700 PCR system 

Applied Biosystems 2720 thermal cycler. Annealing temperature was determined for 

all primers by using Eppendorf Master Cycler ep. gradient S. The annealing 

temperature 60°C was optimized for all pairs of primers. Thermal cycler protocol was 

set as denaturation at 98°C for 3 min, 35 cycles of 98°C (10s), 60°C (30s), and 72°C 

(30s), followed by extension for 7 min at 72°C and then cooling at 4°C. PCR products 

were run on 10% polyacrylamide gel (10 cm in size) with constant supply of 200V 

power, 500mA current from 70 min to 120 min depending upon the size of PCR 

product. 10 x TBE buffer was used in making the gel while 1x Tris Glycine Buffer 

was subjected to the tank. Gel was stained in ethidium bromide solution and 

photograph was taken by using Kodak Digital Science EDAS 290 ver. 3.6 with Kodak 

ID Image analysis software ver. 3.5. To see polymorphism different bands of the same 

gene primer were compared with 50 bp DNA size marker ladder. 

5.3.6 Statistical analysis 

Data were analyzed statistically using excel (2007). Mean trait values of a subset of 

accessions were calculated for each trait and were tested by paired t-test for 

significant differences. The Pearson’s correlation coefficients (r) between the traits 

under well-water and drought-stress conditions were calculated. To see polymorphism 

different bands of the same gene primer were compared with 50 bp DNA size marker 

ladder using gel documentation system.
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Table. 5.1: Tolerant and sensitive sorghum accessions selected for PEG treatment and gene 

screening. 

Origin/Group Accession number Susceptibility scale on the basis of LDS 

Tolerant Accessions 

Israel/S.W.A  66 1 

India/S.A  65 2 

Sudan/Africa  70 2 

Japan/E.A  23 2 

Sensitive  Accessions 

Pak/S.A  45 6 

Pak/S.A  49 7 

Korea/E.A  81 9 

Ethiopia/Africa  84 9 

Table 5.2: Sequence of forward and reverse primers for selected drought controlling genes. 

Sequence of Gene primer Genes  

Forward  Reverse    

ATGGGATTGCCGGTGATGAG  CGTTTGGGTACTTGCGGTCC  NAC1  

ACGAGTGGGAGAAGATGCAG  AGCTAAGGTCCACGAACAGG  NAC1  

AGGACTTCTTCTCCTCGCTCTT  CTACCGTCTTCTGCGTTGAAAG  NAC1 

AGCATGGAGTACGGTCAGCA  AGCATGAAGCAGCAGGTAGC  DHN1  

TCAACCAAGTCTGAGGACGA  CACGGACGATTAGTGCTGTC  DHN1 

TCAGGGACAGGAAAGGGTGT  TTGAGGCACCAGGTTAATGG  WRKY11  

ACTCCAACTTCACCGTCTTC  GGTGATCTCCTTGATGAACC  WRKY11  

CGCAGACAATGTGAACCGTGG  TTGACCACCTTCTGCCCGTAC  WRKY11  

AGCTCTGATGGTGCTCAGTG  ACTTCCACTAGCCGTGTTCC  WRKY11  

ATGCTATGAACCAGCGACCATG  ACCCAGAGAATTGACCACAACC  BADH  

ATGCAAGAAGAGGTAAGCTGGAG  ATTCTGATAGCACGCTTCTGGTC  BADH 
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5.4 Results 

5.4.1 Variability among accessions under drought-stress 

The results showed significant reduction in seedling traits as shown in Table 5.3. The 

mean value indicated the presence of considerable amount of genetic variability 

among accessions for all the characters under well-water and drought-stress 

conditions (Table 5.3). Compare with well-watered, drought stress significantly 

reduced the mean value of SL (6.193), SFW (.103), RFW (.032), SDW (.018), 

whereas for RL (6.154) and RDW (.009) there were no significant reductions as 

shown in Table (5.3). SL, SFW, RFW and SDW was lower under drought-stress 

ranged from 6.86-5.28, .139-.055, .07-.011 and .024-.011 as compare to well-water 

conditions as in Table 5.3. The RL and RDW showed no significant decrease, which 

ranged from 10.48-3.62 and .016-.002 in comparison with well-water conditions 

which ranged from 8.84-4 and .014-.005 as in Table 5.3. 

The expression of mean performance of individual accessions for all seedling traits 

.i.e. SL (Fig 5.2), FSW (Fig 5.4), DSW (Fig 5.7) and FRW (Fig 5.5) significantly 

decreased, whereas RL (Fig 5.1 & Fig 5.3)  increases significantly for accession (01) 

and accession (04) and DRW (Fig 5.7) was also increase for accessions (01, 04, 05 

and 08) under drought- stress simulated by PEG as compared with well-watered 

conditions. In relation to RL and RDW these accessions were the best performing 

accessions under stress conditions. The results suggested that RL and DRW was least 

effected in some accessions by drought stress compared with other seedling traits 

indicates that RL was the highest contributor towards drought stress. However, SL, 

FSW, FRW and DSW were most affected by the drought stress as maximum 

reduction was observed in these traits. The differential performance of accessions 

indicated a great deal of variability in sorghum for drought tolerance at seedling stage. 

Significant interaction of accessions with treatments supported the differential 

behavior of various accessions under water stress. 
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Table 5.3: Mean, maximum, minimum range and variance of the traits under well 

water and drought stress conditions.  

 

*: Significance at ** P≤ 0.01 and * P≤ 0.05, probability level, NS= non significant respectively. 

 

 

Table 5.4b: Pearson correlation coefficient (r) calculated between 06 pairs of trait 

under well-watered (WW) conditions in sorghum accessions. 

  SL RL SFW RFW SDW RDW 

SL 1 

     RL 0.066
 ns 

1 

    SFW 0.016
 ns 

0.539
 ٭٭

1 

   RFW 0.093
 ns 

0.758
 ٭٭

0.805
 ٭٭

1 

  SDW 0.045
ns 

-0.495
 ٭

0.087
 ns 

-0.286
 ٭

1 

 RDW -0.134
 ٭

0.725
 ٭٭

0.776
 ٭

0.683
 ٭

-0.357
 ٭

1 

 

Abbreviations: SL (Shoot length), RL (Root length), SFW (Shoot fresh weight), RFW 

(Root fresh weight), SDW (Shoot dry weight), RDW (Root dry weight).  

 

TRAIT MEAN RANGE(MAX-MIN) VARAIANCE 

 

 

WW DS WW DS WW DS t-test 

SL(cm) 7.478 6.193 8.46-6.99 6.86-5.28 0.214 0.245 ٭ 

RL(cm) 6.889 6.154 8.84-4 10.48-3.62 2.421 5.033 NS 

SFW(gm) 0.236 0.103 0.341-.098 0.139-.055 0.006 0.0008 ٭ 

RFW(gm) 0.073 0.032 0.136-.017 0.07-.011 0.002 0.0004 ٭ 

SDW(gm) 0.026 0.018 0.032-.019 0.024-.011 2.08 2.54 ٭ 

RDW(gm) 0.011 0.009 0.014-.005 0.016-.002 1.03 2.67 NS 

 

Table 5.4a: Pearson's correlation coefficient (r) calculated between 06 pairs of 

traits under drought stress (DS) conditions in sorghum accessions 

     SL   RL  SFW RFW SDW RDW 

SL 1 

     RL 0.439
 ٭٭

1 

    SFW 0.485
 ٭٭

0.233
 ٭

1 

   RFW 0.219
 ٭

0.402
 ٭٭

0.604
 ٭٭

1 

  SDW -0.276
 ٭

-0.216
 ٭

0.593
 ٭٭

0.203
 ٭

1 

 RDW 0.555
 ٭٭

0.677
 ٭٭

0.227
 ٭

0.702
 ٭٭

-0.359
 ٭٭

1 
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Figure 5.1: Accessions under control and PEG treated conditions. The images of 

different accession showed root length (RL) and shoot length (SL) in control and poly 

ethylene glycol treated conditions; the arrows indicate that accession 1 and 4 have 

greater root length under PEG treated conditions. DS = Drought stress, WW = Well 

water. 

WW    DS     WW               DS       WW            DS           WW              DS      DS       WW 
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Figure 5.2: Shoot length (SLcm) in 08 sorghum accessions under well watered and 

drought stress conditions. The error bars indicate (+/-) standard deviation of the mean. 

Each data point represents the mean value under well water and drought stress 

conditions. The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 0.05). 
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Figure 5.3: Root length (RL cm) of 08 sorghum accessions under well water and 

drought stress conditions. The error bars indicate (+/-) standard deviation of the mean. 

Each data point represents the mean value under well water and drought stress 

conditions. Accession 1 and 4 showed greater root length under stress conditions. The 

significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 0.05). 
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Figure 5.4: Shoot Fresh Weight (SFW gm) of 08 sorghum accessions under well 

water and drought stress conditions. The error bars indicate (+/-) standard deviation of 

the mean. Each data point represents the mean value under well-water and drought-

stress conditions. The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 

0.05). 
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Figure 5.5: Root Fresh Weight (RFW gm) of 08 sorghum accessions under well 

water and drought stress conditions. The error bars indicate (+/-) standard deviation of 

the mean. Each data point represents the mean value under well water and drought 

stress conditions. The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 

0.05). 
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Figure 5.6: Shoot Dry Weight (SDW gm) of 08 sorghum accessions under well water 

and drought stress conditions. The error bars indicate (+/-) standard deviation of the 

mean. Each data point represents the mean value under well water and drought stress 

conditions. The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 0.05). 

. 

 



134 

 

 

 

Figure 5.7: Root Dry Weight (RDW gm) of sorghum accessions under well water and 

drought stress conditions. The error bars indicate (+/-) standard deviation of the mean. 

Each data point represents the mean value under well water and drought stress 

conditions. The significance of traits was tested by t-test (** P≤ 0.01 and * P≤ 0.05). 
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Simple correlation coefficient among traits revealed a lot of significant associations 

under stress conditions (Table 5.4a). Under stress conditions all traits showed 

significant positive association with each other except SDW showed negative 

association with SL , RL and RDW (-0.276, 0.216 and 0.359 ). Moreover, other traits 

such as RL, SFW, RFW and RDW showed positive association with SL (0.439, 

0.485, 0.219 and 0.555) respectively (Table 5.4a). 

Under well-water conditions, most of the traits showed no significant association with 

each other. However, RDW showed negative association with SL and SDW (-0.134 

and -0.357) while showed positive association with RL, SFW and RFW (0.725, 

0.776 and 0.683) as in (Table 5.4b). Similarly, RFW showed strong positive 

association with RL and SFW (0.758, 0.805) whereas, SDW showed negative 

association with RL (0.495) and RFW (-0.286) respectively (Table 5.4b). 

5.4.2 Identification of Polymorphism among accessions for selected genes 

Total 11 primers were designed for 04 different genes as shown in Table 5.2. Three 

primers were designed for NAC1, two for DHN1, four for WRKY11 and two primers 

for BADH gene which almost cover the whole gene sequence as in Table 5.2. PCR 

analysis was performed to screen a subset of 08 accessions, which showed different 

response at developmental as well as seedling stage drought stress. However, 

polymorphism between genotypes was not found with 11 primers pairs as shown in 

(Fig 5.8a-k). These results clearly indicate that the expression of these genes is 

regulated by drought stress conditions. Furthermore, it was concluded that these genes 

were not directly involved to control any trait .i.e. leaf drying, spiklets fertility or root 

length but the expression of these traits under drought stress. 
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Figure 5.8a: Primer NAC1 (242bp)  Figure 5.8b: Primer NAC1 (309bp  

 

 

Figure 5.8c: Primer NAC1 (301bp)

M     1      2      3     4     5    6      7     8       1     2      3     4    M    1     2     3     4     

      M        1         2           3         4          5          6           7         8        
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Figure 5.8d: Primer DHN1 (270bp)            Figure 5.8e: Primer DHN1 (246bp) 

 

 

  

 Figure 5.8f: Primer WRKY11 (205bp)       Figure 5.8g: Primer WRKY11 (287bp)

M   1    2    3    4    5    6    7    8      M    1    2    3    4    5    6  7  8     

 

M   1   2   3   4   5   6   7   8     M    1    2    3    4    5       6    7    8     
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 Figure 5.8h: Primer WRKY11 (172bp)  Figure 5.8i. Primer WRKY11 (262bp) 

 

 

 

 Figure 5.8j.  Primer BADH(228bp)     Figure 5.8k. Primer BADH (221bp)  

Figure 5.8: Different gel images for different gene primers. a-k represents different 

gel images for different gene primers. M represent size marker, Numbers 1-4 

represent tolerant accessions, whereas 5-8 represent sensitive accessions. 

 M   1    2     3    4    5    6    7     8     M    1     2     3     4     5    6    7   8     

 

     M   1  2   3  4   5  6  7  8  M 1  2   3  4  5  6  7   8  M 1  2   3  4  5  6  7   8      
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5.5 Discussion 

Artificially created water-stress environments have provided the opportunity in 

selecting superior genotype out of a large population. Similarly, to induce plant 

dehydration 20% PEG-8000 has been used previously [478] and this treatment caused 

pronounced leaf wilting and inhibition of root and shoot growth. As the results 

indicates drought stress reduced the phenotypic expression of all seedling traits SL, 

RL, FSW, DSW, FRW, and DRW as clear from figures (5.2-5.7). The same results 

were reported in previous studies [227, 460, 479]. Most of the morphological and 

physiological characters at seedling stage are affected by water stress in sorghum as 

reported by Bibi et al. [460]. Our results were supported by the results of other 

scientist [460, 480-482] which has been reported that drought stress suppressed shoot 

growth more than root growth and in certain cases root growth increased. According 

to Kramer [483] reduction in seedling growth is the result of restricted cell division 

and enlargement, as drought stress directly reduces growth by decreasing cell division 

and elongation. As the results indicate that root length increases for accession 01 and 

04 under drought stress compared to well watered conditions (Fig 5.1 & Fig 5.3). The 

same result has been reported by Dhanda et al. [484], where continued growth of 

roots in drying soil is particularly important to avoid drought. Moreover, as the 

efficiency of soil water uptake is dependent on root system it is therefore a key factor 

in determining the rate of transpiration and tolerance to drought. Therefore, the 

accessions, which have longer roots under drought-stress can be, consider drought 

tolerant at seedling stage. More interestingly, these accessions were also showed 

tolerance to drought at developmental stage, which showed there must be some 

association of root length and tolerance to drought.  

Furthermore, in some cultivars of sorghum, wheat, maize and sunflower drought has 

drastically affected fresh shoot and root weight. In this study, the mean value of some 

accessions (01, 04, 05 and 08) showed increase in root dry weight under stress that 

may be attributed to the accumulation of organic and inorganic solutes and due to the 

higher growth because of osmotic adjustment. Under water stress conditions the 

increase in dry root weight could be due to the fact that roots become increased in 

search of water and increased weight may be due to the accumulation of different 

solutes. Moreover, as root growth is relatively less affected by water stress and longer 
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root is the characteristic of a drought tolerant variety. So, according to Dhanda et al. 

[235] the differences of genotypes based on mean values were better indicating 

suppression of variability under moisture stress conditions. 

Fresh and dry root weight was also decreased due to water stress in sorghum. Similar 

results were reported by Shiralipour and West [485]. Dry and fresh weights of roots 

were decreased during the drought period, as their leaf size remained small to 

minimize transpiration, ultimately plant dry weight also reduced. Many plant breeders 

have utilized dry root weight (DRW) as a selection criterion for drought tolerance. 

Water uptake by the root is a complex parameter that depends on root structure, root 

anatomy, and the pattern by which different parts of the root contribute to overall 

water transport [486]. Previous studies have shown that in sorghum under water stress 

shoot fresh weight decreases more than root fresh and dry weight. Also the same 

results were reported in previous studies [487, 488] that FW reduced as a result of 

reduced water absorption. The FW increase of seedlings in well-watered conditions 

was mainly due to an increase in tissue water content, which is clearly reflected on 

water potential and RWC. This DW increase in well watered conditions is associated 

with cell division and new material synthesis [489]. 

The present findings are in agreement with previous reports which indicating that 

drought stress severely reduces the growth and biomass of the plant at seedling stage. 

But the varieties having genetic potential to maintain higher growth under stress 

conditions are drought tolerant. Furthermore, sorghum showed different response to 

drought stress at different stages of growth .i.e. the variety which are tolerant to 

seedling stage or pre flowering drought stress may be sensitive to post-flowering 

drought stress [75]. As the present results indicates that accession (01, 02, 03 and 04) 

was tolerant and (05, 06, 07 and 08) were sensitive to drought stress at developmental 

stage but at seedling stage their response were different for various traits as shown in 

(Fig 5.2-5.7).  The results of the present study was clearly indicates that the variation 

of genotypes over the environments could provide scope for breeding for seedling 

characters, along with yield and its components, under drought stress conditions.  

Root length at seedling stage provides a fair estimate about the root growth in field 

[463, 490]. Similarly, in plants roots are the organ to sense and respond to the stress 

condition and plays an important role in water stress tolerance by reduction in leaf 
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expansion and promotion of root growth because roots are the place where plants first 

encounter water stress [470, 491]. On the basis of the results of this study, accession 

(01 and 04) can be consider the best performing accessions under drought conditions 

especially for their root length and root dry weight and accession (05 and 08) for root 

dry weight, whereas the other accessions (02, 03,06,  and 07) can be consider the 

sensitive one. It is also concluded that variation among accessions for seedling traits 

was found to be a reliable indicator of drought tolerance in sorghum. 

As 08 different accessions including tolerant and sensitive to developmental stage as 

well as at seedling stage drought stress were screened for 04 gene primers (Fig 5.8a-

k). The results indicate that there was no polymorphism at the genomic DNA between 

tolerant and sensitive accessions for all genes primers as shown in (Fig 5.7a-k). The 

findings of the present study were supported by the facts that plants utilize multiple 

chains of signaling molecules at the molecular level, (e.g. abscisic acid; ABA), which 

regulate different sets of stress responsive genes to initiate the synthesis of various 

classes of proteins; including transcription factors (TFs), enzymes, and molecular 

chaperones [492]. These proteins perform different functions accordingly to enhance 

plants’ tolerance through various processes such as vegetative growth attenuation, 

osmoprotectant accumulation, and transpiration reduction. To control plants’ 

responses to abiotic stresses hundreds of genes and their related signaling pathways 

have been identified [29, 243, 493, 494]. Abscisic acid (ABA) has controlled many 

abiotic stress inducible genes, but some are not, which indicates that both ABA-

dependent and ABA-independent regulatory systems are involved in stress responsive 

gene expression. 

For self-protection or stress adaptation, environmental stresses on plants often induce 

the expression of numerous transcriptional regulators, which, in turn, up-regulate a 

series of downstream genes. As the results of the present study indicates that there 

were no polymorphisms observed among sorghum accessions at the genomic level for 

various gene primers. Our results are supported by the results of Hu et al. [249], who 

reported that SNAC1 is also specifically induced in guard cells by drought and 

SNAC1-overexpressing rice showed significant reduction in stomatal aperture. Hu et 

al. [249] also reported that under drought stress SNAC1-transgenic rice exhibited 17–

22% higher spikelet fertility and 22–34% higher seed setting rate than non-transgenic 
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plants, whereas in well irrigated field conditions, transgenic plants performed 

similarly to wild-type plants. Furthermore, other TFs which are best known for their 

involvement in the regulation of plant growth and development in response to biotic 

stresses are TFs containing conserved WRKY domain [250]. Many studies focused on 

the involvement of WRKYs on disease-induced responses, but relatively little is 

known about their roles in abiotic response. WRKY11 was selected in this study to 

screen the tolerant and sensitive accession (as shown in Fig 5.8f-i). The same results 

were obtained as for NAC1 that there were no polymorphisms among accessions. As 

the results in rice revealed that OsWRKY11, rendered transgenic rice significantly heat 

and drought tolerant compared to controls, as indicated by slower leaf wilting in 

potted soil [251]. The results for other genes primers .i.e. DHN1 and BADH were also 

indicate that there was no polymorphism at the genomic level (Fig 5.8d, e & j, k). As 

Wood et al. [36] investigated in leaves of pre-flowering sorghum and observed that 

BADHl and BADH15 mRNA were both induced by water deficit and their expression 

coincided with the observed glycine betaine accumulation. Besides these in response 

to environmental stresses, another family of genes is dehydrins or late embryogenesis 

abundant (LEA) proteins, which usually accumulate in plants during late 

embryogenesis. Wood et al. [36] has characterized the expression of DHN1 gene in 

sorghum which revealed that mRNA of DHN1 gene increased in water stress 

sorghum. Therefore, to identify polymorphism among tolerant and sensitive 

accessions there is needs to study the expression and sequences of these genes.  

5.5.1 Conclusions 

The present study was conducted to evaluate the genetic variation among 08 sorghum   

accessions through artificially created water stress by PEG of molecular weight 6000 

in laboratory conditions followed by selection of accession based on easily 

measurable and inherited seedling traits contributing to drought tolerance. Based on 

root length and root dry weight the accessions 01, 04, 05 and 08 were tolerant and 

might be productive in further breeding program for drought tolerance. Based on the 

observations it is also concluded that root length play very important role in drought 

stress. To screen a large population for drought stress selection can be made based on 

these characters at early growth stage. The results presented here also suggest that a 

number of metabolic pathways are induced in sorghum   to cope with water deficiency 
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stress in sorghum. The absence of polymorphisms at the genomic level suggests that 

these genes need to be further investigated to determine their function. This can be 

done by over-expression and knockout studies to determine their biological role to 

better understand their importance in conferring drought stress in sorghum. 
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Chapter 6  

General discussion 

The present study was conducted to evaluate sorghum core collection under drought 

stress at developmental stage and to identify QTLs by association analysis. As the 

major environmental factors limiting plant, growth and crop productivity are drought, 

high or cool temperatures, and high salinity. To contend with these adverse 

environmental factors and feeding the ever-increasing world population, in efforts 

geared towards all agricultural research advances. The impacts of drought stress on 

crop depend on the severity, duration and frequency of the stress as well as on growth 

and developmental stage of the crop at which it experiences the stress. Moreover, 

drought stress is being ranked as the most important environmental factor, limiting 

global crop productivity [139, 204].  

In many crops, the reproductive stage is most sensitive to drought [7]. In many cases, 

after germination of seeds and establishment of the seedling, the reproductive 

development especially panicle initiation and flowering occurs at the same time as 

drought stress characterized by higher transpiration rates and low moisture level. The 

reproductive developments as well as success of plants are also compromised as the 

development of the male and female gametophyte is affected. This developmental 

disruption prevents fertilization and/or induce premature abortion of the fertilized 

ovules [8, 9, 144, 210, 495]. In corn and rice, drought stress during flowering caused 

the highest reduction in yield when compared to other stages of development [496, 

497]. This sensitivity to drought stress during reproductive processes can be explain 

that vegetative processes such as photosynthesis can acclimate to stress through the 

production of osmolytes and heat shock proteins as well as regulation of growth. 

However, these heat shock proteins or osmolytes that can be used for protection or 

acclimation, the reproductive organs mainly pollen and stigma do not have the ability 

to produce. 

Even though sorghum is relatively drought tolerant as compared to other crops, but 

sorghum which grown in arid and semi-arid regions of the world is often exposed to 

drought stress during reproductive development phase and this leads to yield losses, 
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so there is potential for improvement. An understanding various traits related to 

drought stress during the reproductive phase will provide useful information that can 

be used in developing cultivars and strategies for addressing abiotic stress tolerance in 

sorghum. As the results of this study revealed that improved grain yield under 

drought, stress was associated with LDS, POFE and DSI (Chapter 3). Furthermore, 

LDS was associated with various important yield traits such as PH, POFE, PL, PEX, 

PW, GWP and GNOP respectively. A strong interaction of plant phenology with the 

expression of drought tolerance and yield potential was reported by Ludlow. [35]. 

Accessions showed moderate to high sensitivity to drought stress based on LDS scale 

and other yield traits. This agrees with the findings of Blum [391] who reported that 

drought tolerance could only be detected if it causes a yield reduction. Higher grain 

yield was also associated with pollen fertility (POFE). Furthermore, Leaf drying score 

(LDS) was associated with various important traits including grain number, grain 

weight, panicle exsertion, panicle length and plant height. Sellamuthu et al. [197] has 

also reported 83 %yield reduction in rice at reproductive stage drought stress. Based 

on strong negative association of LDS with yield traits in the present study as shown 

in path coefficient analysis (Fig 3.8) it is suggested that this trait can be used as one of 

the direct criteria in the selection of sorghum for drought tolerance. On the basis of 

LDS two accessions (81 and 84) from Asia and Africa were extremely susceptible 

(susceptibility score 9) had 81%decrease in grains along with significant decrease in 

all tested traits while one accession (66) from Israel was extremely tolerant. 

This study also reported the pollen fertility (POFE) and drought susceptibility index 

(DSI) as criteria for the evaluation of sorghum accessions as shown in chapter 3. Both 

of these could be used to assess sorghum under drought stress. The results revealed 

that among genotypes high variation was observed in POFE (Fig 3.8) showed that in 

sorghum water deficit at panicle initiation affects pollen development and cause 

pollen sterility and is also supported previously [14, 230, 400, 401]. The results of 

DSI in (Table 3.7) revealed the significant positive association between DSI and LDS 

explain the effect of dry leaves on yield. The negative associations of DSI with yield 

traits were supported by previous studies in sorghum, cotton and maize by [404, 405, 

407]. 

The overall results indicated that leaf drying score, pollen fertility and drought 
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susceptibility index could be used to assess plant drought stress and to screen for 

drought tolerant genotypes. Use of these three traits for selection under field 

conditions is not simple, because all these traits are environmentally sensitive (see 

chapter 3). A possible solution to this problem is the identification of QTL associated 

with these traits for use in future breeding for drought tolerance. 

Understanding plant response to water stress and screening of germplasm for key 

drought stress traits and QTL identification are of prime importance for future drought 

stress breeding programs. Breeding for drought tolerance is a complex process, 

especially under particular environment; some physiological or metabolic processes 

can be modified through breeding, either as single traits or as a combination of traits. 

Conventional breeding programs to a large extent depends on field trials of 

populations and progeny, and the accuracy in phenotypic scoring for drought 

tolerance trait in the field is usually laborious and difficult [498]. In consequence, to 

refine gene location estimates association studies based on more complex trait 

populations such as core collections, natural or selection populations are applied in 

various crops. This strategy has been applied in various crops (as cited in chapter 2) 

preferentially in sorghum that is autogamous and annual crop. Moreover, under 

drought stress for better production and improved productivity in crops identification 

of QTLs associated with key traits could be helpful in accelerating the process of 

pyramiding of favorable alleles into adapted genotypes. Furthermore, in sorghum   

[64, 357, 381, 435] studies have shown that SSRs are the most common and widely 

used marker system for association mapping. Although for a number of model crop 

plants such as maize and rice, the more abundant SNP markers have been developed 

due to the high development/detection cost of SNPs, SSRs remain an attractive 

marker system for sorghum   [494]. 

Stich et al. [499] reported that the possibility of detecting LD between marker alleles 

and alleles affecting the expression of the phenotypic traits ensures success of 

association mapping. This is because that in linkage analysis population structure is 

seen as a second major cause of marker–trait associations [56, 335, 500]. The study 

also identified a wide-range of LD, which ranged over chromosomes as shown in 

(chapter 4), whereas a short-range of LD between markers closely locating on the 

same chromosome was not obvious. Beside these, one of the major concerns of 
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association mapping is the statistical power of the association testing and the accuracy 

of the identified QTLs.  Therefore, the two models, GLM and MLM need to be 

evaluated and compared to identify the main types of errors .i.e. false positive and 

false negative and to check the accuracy in mapped QTLs. For the evaluation of these 

models, observed p-values were plotted against expected p-values as described by 

Stich et al.  [337]. Based on the results of different traits showed that both Q and Q+K 

models were uniform for all traits under both environments (see chapter 4). This 

indicates that a combination of population structure and kinship (Q+K model) appear 

to be the most powerful model for population mapping studies as reported in maize 

[422]. However, Q model were also consider better for association mapping reported 

by Thornsberry. [341]. Casa et al. [64] were also reported that the association models 

that accounted for both population structure and kinship performed better than those 

that did not. Therefore, in this study, Q and Q+K model for significant loci or QTL 

has been considered as shown in chapter 4. 

The primary objective of the current study was to map genetic loci associated with 

traits related to drought tolerance in sorghum core collection. A total of 17 QTLs were 

found  on six chromosomes SBI- (01, 02, 04, 08, 09 and 10) under well water 

conditions ,while no QTLs were identified on SBI- 03, 05, 06 and 07 in the current 

study (chapter 4). However, under drought stress 9 QTLs were identified on four 

chromosomes SBI- (01, 02, 03 and 10), whereas no QTL were identified on SBI- (04, 

05, 06, 07, 08 and 09) see chapter 4.  Furthermore, the majority of these regions were 

detected on SBI-01 as compared to the other chromosomes, likely due to the low 

genome coverage of these chromosomes, so it is possible that there are additional 

QTLs controlling traits under drought stress that were unable to detect in the present 

study. Some of these genomic regions showed pleiotropic effect on multiple traits .i.e. 

QTLs on SBI-01 such as CD, FLL, LDS, TNOL, PEX, DTH and DTF etc. This was 

also supported by the analysis of phenotypic data where these traits were found to be 

strongly correlated to each other (chapter 3).  Based on previous literature on drought 

stress in sorghum, this study  identified several unique quantitative trait loci (QTLs) 

for various traits under drought stress at developmental stage such as CD ,TNOL, 

LDS, PEX, PL, NOP , FLL and NOT (Fig 4.4 & Table 4.1). Furthermore, some QTLs 

such as LDS, PEX, and FLL were only identified under drought stress conditions 

(chapter 4). This clearly indicates that the preponderance of QTLs x environment 
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interaction in this study was significant, and thus the genetic control of quantitative 

traits under stress conditions could be constructed as complex. In this study two QTLs 

were of particular importance .i.e. one was QTL for PEX on SBI-10 which 

contributed 61.2% phenotypic variation indicates the major effect of this trait under 

drought stress condition and the other was QTL for NOP on SBI-02 explaining 57.5% 

phenotypic variation with LOD score 7.6 under well water condition which can be 

consider as a major QTLs in sorghum identified in this study (see chapter 4). Also in 

the present results, the physical genome sequence localization of QTLs and its 

homology to DNA and ATP binding proteins predict the closest relationship of these 

genes with drought stress. These findings will help in the further development and 

future use of MAS in incorporating drought tolerance into sorghum. 

Furthermore, in the current study selected tolerant and sensitive accessions at seedling 

stage were evaluated using artificially provided stress environment .i.e. PEG 

(polyethylene glycol) with the objective to know the response of accessions for 

various seedling characters (see chapter 5). In this procedure, various factors such as 

temperature, illumination, moisture and concentration of PEG solution, could be 

controlled exactly and easily. Therefore, it was concluded that this method was 

suitable for large-scale screening of drought tolerance. As earlier studies [35, 501, 

502] suggesting a positive role of deeper and/or larger root system in higher grain 

yield in crops, some accessions (01 and 04) having the largest root system under 

stress conditions as compared to the other accessions (chapter 5). The results of this 

study indicate that shoot traits were more sensitive to drought stress than roots traits 

because there was significant difference for all traits except root length and root dry 

weight (see results of chapter 5). Furthermore, root dry weight (RDW) for some 

accessions was also increased under stress as compared to well water conditions. 

Therefore, this study concluded that sorghum genotypes differed in their capacity to 

respond to water deficits at different stages of growth (chapter 5) and can be exploited 

for developing drought tolerant genotypes. The same accessions were also screened 

for selected drought controlling genes. The results indicate that among accessions 

there was no polymorphism at the genomic level (chapter 5). Therefore, it was 

concluded, that most of the drought controlling genes were expressed only under 

stress conditions. In light of these results, the use of these genes as candidate genes in 

marker assisted selection needs to explore its expressions pattern in tolerant and 
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sensitive accessions of sorghum under drought stress. Furthermore, differed in their 

capacity to respond to water deficits the accessions, which have potential to high yield 

under drought stress (chapter 3), can be exploited for developing drought tolerant 

breeding lines and can be used to enhance drought tolerance of the existing sorghum   

varieties. 

6.1 Conclusion 

In this study, a core collection of 107 sorghum varieties was successfully evaluated 

under drought stress at developmental stage. In addition, tolerant and sensitive 

accessions were selected that will be available for the researcher for development of 

breeding lines. In this study different traits were used for the evaluation of accessions 

.i.e. leaf drying score (LDS), pollen fertility (POFE) and drought susceptibility index 

(DSI) and suggested that the breeders should take in to account the mentioned traits as 

selection criterion for the screening of sorghum genotypes under drought stress. 

Quantitative trait loci (QTLs) controlling important agronomic traits were also 

identified under drought and well water conditions using SSR markers through 

different models of association mapping. The results identified a number of QTLs 

controlling important agronomic traits in sorghum under drought stress. Furthermore, 

the selected accessions were also evaluated at artificially created environment .i.e. 

PEG (polyethylene glycol) at seedling stage for easily measurable seedling traits. 

Based on these results it was concluded that shoot traits were more affected as 

compare to root traits under stress and the accessions which showed greater root 

length have more ability to tolerate drought. A number of genes were also selected 

based on the homology search in various related crops and primers were designed to 

screen the tolerant/sensitive accessions. The results indicated the absence of 

polymorphism at the genomic DNA. Further expression studies of the candidate genes 

will help identify the functional importance of these genes in sorghum during drought 

tolerance. 

6.2 Future perspectives 

The main strategy of crop breeders is to develop stress tolerant cultivars to reduce the 

volatile nature of productivity due to stresses. Drought tolerance is a complex 

mechanism and can be achieved with the accumulation of favorable genes controlling 
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traits important for higher productivity under drought stress. Various traits related to 

drought tolerance mechanisms can be considered as target depends on the stage of 

development of the plant. As the affect of drought stress on sorghum productivity was 

more pronounced at panicle initiation stage than any other stage so the traits such leaf 

drying score, pollen fertility , drought susceptibility index and other yield related traits 

could be useful to select for sorghum cultivars for regions where the crop generally 

grows on stored moisture and progressive drought stress conditions. Hence, cultivars 

can be developed or selected based on lower LDS, higher POFE and DSI under 

drought stress conditions. These traits, which mentioned in this study, should be used 

as a criterion for the evaluation of sorghum in multiple environments. Furthermore, 

various QTLs identified in this research for traits related to drought stress could have 

important implications on accelerating the process of pyramiding of favorable genes 

into adapted genotypes and on future marker-assisted breeding for drought prone 

areas. The accessions used in this study were tested only in one environment. These 

accessions can also be tested in additional environments to study if QTLs detected in 

this study are also important in other environments. In this study, low LD in a short 

range may indicate that marker density is not enough for detecting QTLs in a genome-

wide manner. Thus, many QTLs might be missed because of the low density of 

markers used in the study, although some markers still captured the signal of QTL 

even in this density. For the genome-wide association study with sorghum 

germplasms, the number of markers should be increased in the future. This research 

also provides the evidence about the association of root traits and drought tolerance 

under stress at seedling stage. This suggested that genotypes selected based on these 

traits, if tested in multiple drought environments, should provide better stability of 

grain yield. In this study the tolerant/sensitive genotypes, which showed no 

polymorphisms, suggested the expression study in the future for the screening of 

sorghum accessions. 



151 

 

References 

[1] T. Sasaki and B. A. Antonio, (2009), ''Plant genomics: Sorghum in sequence'', Nature, 

457, 547-8 

[2] D. Murty and K. Kumar, (1995), ''Traditional uses of sorghum and millets'', Sorghum and 

millets: Chemistry and technology, 185-221 

[3] D. Hillel and C. Rosenzweig, (2002), ''Desertification in Relation to Climate Variability 

and Change'' in Advances in Agronomy, L.S. Donald, Editor. 2002, Academic Press. 

p. 1-38 

[4] A. Blum, (1979), ''Genetic improvement of drought resistance in crop plants: a case for 

sorghum'',  

[5] P. J. Kramer and J. S. Boyer, (1995), ''Water relations of plants and soils''. 1995: 

Academic press 

[6] K. Miyashita, S. Tanakamaru, T. Maitani, and K. Kimura, (2005), ''Recovery responses of 

photosynthesis, transpiration, and stomatal conductance in kidney bean following 

drought stress'', Environmental and Experimental Botany, 53, 205-214 

[7] P. J. Salter and J. E. Goode, (1967), ''Crop responses to water at different stages of 

growth'', Crop Responses to Water at Different Stages of Growth.,  

[8] H. S. SAINI and D. ASPINALL, (1981), ''Effect of Water Deficit on Sporogenesis in 

Wheat (Triticum aestivum L.)'', Annals of Botany, 48, 623-633 

[9] I. Sheoran and H. Saini, (1996), ''Drought-induced male sterility in rice: Changes in 

carbohydrate levels and enzyme activities associated with the inhibition of starch 

accumulation in pollen'', Sexual Plant Reproduction, 9, 161-169 

[10] H. Kebede, P. K. Subudhi, D. T. Rosenow, and H. T. Nguyen, (2001), ''Quantitative trait 

loci influencing drought tolerance in grain sorghum (Sorghum bicolor L. Moench)'', 

Theoretical and Applied Genetics, 103, 266-276 

[11] M. R. Tuinstra, E. M. Grote, P. B. Goldsbrough, and G. Ejeta, (1996), ''Identification of 

quantitative trait loci associated with pre-flowering drought tolerance in sorghum'', 

Crop Science, 36, 1337-1344 

[12] M. R. Tuinstra, E. M. Grote, P. B. Goldsbrough, and G. Ejeta, (1997), ''Genetic analysis 

of post-flowering drought tolerance and components of grain development in 

Sorghum bicolor (L.) Moench'', Molecular Breeding, 3, 439-448 

[13] X. M. Ji, M. Raveendran, R. Oane, A. Ismail, R. Lafitte, R. Bruskiewich, et al., (2005), 

''Tissue-specific expression and drought responsiveness of cell-wall invertase genes of 

rice at flowering'', Plant Molecular Biology, 59, 945-964 

[14] H. S. Saini and M. E. Westgate, (1999), ''Reproductive Development in Grain Crops 

during Drought'' in Advances in Agronomy, L.S. Donald, Editor. 1999, Academic 

Press. p. 59-96 



152 

 

[15] A. Blum, (1988), ''Plant breeding for stress environments''. 1988: CRC Press, Inc. 

[16] R. A. Richards, (1996), ''Defining selection criteria to improve yield under drought'', 

Plant Growth Regulation, 20, 157-166 

[17] S. Salvi and R. Tuberosa, (2005), ''To clone or not to clone plant QTLs: present and 

future challenges'', Trends Plant Sci, 10, 297-304 

[18] Y. Q. Wu and Y. Huang, (2007), ''An SSR genetic map of Sorghum bicolor (L.) Moench 

and its comparison to a published genetic map'', Genome, 50, 84-9 

[19] E. S. Mace, L. Xia, D. R. Jordan, K. Halloran, D. K. Parh, E. Huttner, et al., (2008), 

''DArT markers: diversity analyses and mapping in Sorghum bicolor'', BMC 

Genomics, 9, 26 

[20] A. H. Paterson, J. E. Bowers, R. Bruggmann, I. Dubchak, J. Grimwood, H. Gundlach, et 

al., (2009), ''The Sorghum bicolor genome and the diversification of grasses'', Nature, 

457, 551-556 

[21] E. A. Bray, (1993), ''Molecular Responses to Water-Deficit'', Plant Physiology, 103, 

1035-1040 

[22] M. Seki, M. Narusaka, J. Ishida, T. Nanjo, M. Fujita, Y. Oono, et al., (2002), 

''Monitoring the expression profiles of 7000 Arabidopsis genes under drought, cold 

and high-salinity stresses using a full-length cDNA microarray'', Plant Journal, 31, 

279-292 

[23] Y. H. Cheong, K. N. Kim, G. K. Pandey, R. Gupta, J. J. Grant, and S. Luan, (2003), 

''CBL1, a calcium sensor that differentially regulates salt, drought, and cold responses 

in Arabidopsis'', Plant Cell, 15, 1833-1845 

[24] X. N. Liu and W. V. Baird, (2004), ''Identification of a novel gene, HaABRC5, from 

Helianthus annuus (Asteraceae) that is upregulated in response to drought, salinity, 

and abscisic acid'', American Journal of Botany, 91, 184-191 

[25] S. P. Hazen, T. F. Schultz, J. L. Pruneda-Paz, J. O. Borevitz, J. R. Ecker, and S. A. Kay, 

(2005), ''LUX ARRHYTHMO encodes a Myb domain protein essential for circadian 

rhythms'', Proceedings of the National Academy of Sciences of the United States of 

America, 102, 10387-10392 

[26] V. Talame, N. Z. Ozturk, H. J. Bohnert, and R. Tuberosa, (2007), ''Barley transcript 

profiles under dehydration shock and drought stress treatments: a comparative 

analysis'', J Exp Bot, 58, 229-40 

[27] W. K. Zhang, Y. J. Wang, G. Z. Luo, J. S. Zhang, C. Y. He, X. L. Wu, et al., (2004), 

''QTL mapping of ten agronomic traits on the soybean ( Glycine max L. Merr.) 

genetic map and their association with EST markers'', Theoretical and Applied 

Genetics, 108, 1131-9 

[28] K. Nakashima and K. Yamaguchi-Shinozaki, (2006), ''Regulons involved in osmotic 

stress-responsive and cold stress-responsive gene expression in plants'', Physiologia 

Plantarum, 126, 62-71 



153 

 

[29] T. Umezawa, M. Fujita, Y. Fujita, K. Yamaguchi-Shinozaki, and K. Shinozaki, (2006), 

''Engineering drought tolerance in plants: discovering and tailoring genes to unlock 

the future'', Curr Opin Biotechnol, 17, 113-22 

[30] M. Zhao and S. W. Running, (2010), ''Drought-induced reduction in global terrestrial net 

primary production from 2000 through 2009'', Science, 329, 940-3 

[31] V. Chinnusamy, J. Zhu, and J. K. Zhu, (2007), ''Cold stress regulation of gene expression 

in plants'', Trends Plant Sci, 12, 444-51 

[32] K. Shinozaki and K. Yamaguchi-Shinozaki, (2007), ''Gene networks involved in drought 

stress response and tolerance'', J Exp Bot, 58, 221-227 

[33] H. Doggett, (1988), ''Sorghum''. 1988, Essex England: Longman Scientific and 

Technical 

[34] P. W. Morgan, S. A. Finlayson, K. L. Childs, J. E. Mullet, and W. L. Rooney, (2002), 

''Opportunities to improve adaptability and yield in grasses'', Crop Science, 42, 1791-

1799 

[35] M. M. Ludlow and R. C. Muchow, (1990), ''A Critical-Evaluation of Traits for 

Improving Crop Yields in Water-Limited Environments'', Advances in Agronomy, 43, 

107-153 

[36] A. J. Wood, H. Saneoka, D. Rhodes, R. J. Joly, and P. B. Goldsbrough, (1996), ''Betaine 

aldehyde dehydrogenase in sorghum (molecular cloning and expression of two related 

genes)'', Plant Physiology, 110, 1301-1308 

[37] R. R. Klein, R. Rodriguez-Herrera, J. A. Schlueter, P. E. Klein, Z. H. Yu, and W. L. 

Rooney, (2001), ''Identification of genomic regions that affect grain-mould incidence 

and other traits of agronomic importance in sorghum'', Theoretical and Applied 

Genetics, 102, 307-319 

[38] P. E. Klein, R. R. Klein, J. Vrebalov, and J. E. Mullet, (2003), ''Sequence-based 

alignment of sorghum chromosome 3 and rice chromosome 1 reveals extensive 

conservation of gene order and one major chromosomal rearrangement'', Plant 

Journal, 34, 605-21 

[39] M. A. Menz, R. R. Klein, J. E. Mullet, J. A. Obert, N. C. Unruh, and P. E. Klein, (2002), 

''A high-density genetic map of Sorghum bicolor (L.) Moench based on 2926 AFLP 

(R), RFLP and SSR markers'', Plant Molecular Biology, 48, 483-499 

[40] P. E. Klein, R. R. Klein, S. W. Cartinhour, P. E. Ulanch, J. Dong, J. A. Obert, et al., 

(2000), ''A high-throughput AFLP-based method for constructing integrated genetic 

and physical maps: progress toward a sorghum genome map'', Genome Res, 10, 789-

807 

[41] R. Ming, S. C. Liu, Y. R. Lin, J. da Silva, W. Wilson, D. Braga, et al., (1998), ''Detailed 

alignment of Saccharum and Sorghum chromosomes: Comparative organization of 

closely related diploid and polyploid genomes'', Genetics, 150, 1663-1682 

[42] X. Draye, Y.-R. Lin, X.-y. Qian, J. E. Bowers, G. B. Burow, P. L. Morrell, et al., (2001), 

''Toward Integration of Comparative Genetic, Physical, Diversity, and Cytomolecular 



154 

 

Maps for Grasses and Grains, Using the Sorghum Genome as a Foundation'', Plant 

Physiology, 125, 1325-1341 

[43] O. R. Crasta, W. W. Xu, D. T. Rosenow, J. Mullet, and H. T. Nguyen, (1999), ''Mapping 

of post-flowering drought resistance traits in grain sorghum: association between 

QTLs influencing premature senescence and maturity'', Molecular and General 

Genetics, 262, 579-588 

[44] W. Xu, P. K. Subudhi, O. R. Crasta, D. T. Rosenow, J. E. Mullet, and H. T. Nguyen, 

(2000), ''Molecular mapping of QTLs conferring stay-green in grain sorghum 

(Sorghum bicolor L. Moench)'', Genome, 43, 461-9 

[45] Y. Z. Tao, R. G. Henzell, D. R. Jordan, D. G. Butler, A. M. Kelly, and C. L. McIntyre, 

(2000), ''Identification of genomic regions associated with stay green in sorghum by 

testing RILs in multiple environments'', Theoretical and Applied Genetics, 100, 1225-

1232 

[46] P. K. Subudhi, D. T. Rosenow, and H. T. Nguyen, (2000), ''Quantitative trait loci for the 

stay green trait in sorghum (Sorghum bicolor L. Moench): consistency across genetic 

backgrounds and environments'', Theoretical and Applied Genetics, 101, 733-741 

[47] B. I. Haussmann, V. Mahalakshmi, B. V. Reddy, N. Seetharama, C. T. Hash, and H. H. 

Geiger, (2002), ''QTL mapping of stay-green in two sorghum recombinant inbred 

populations'', Theoretical and Applied Genetics, 106, 133-42 

[48] E. Habyarimana, C. Lorenzoni, and M. Busconi, (2010), ''Search for New Stay-Green 

Sources in Sorghum Bicolor (L.) Moench'', Maydica, 55, 187-194 

[49] A. K. Borrell, G. L. Hammer, and R. G. Henzell, (2000a), ''Does Maintaining Green 

Leaf Area in Sorghum Improve Yield under Drought? II. Dry Matter Production and 

Yield'', Crop Sci., 40, 1037-1048 

[50] D. R. Jordan, Y. Tao, I. D. Godwin, R. G. Henzell, M. Cooper, and C. L. McIntyre, 

(2003), ''Prediction of hybrid performance in grain sorghum using RFLP markers'', 

Theoretical and Applied Genetics, 106, 559-67 

[51] B. Kassahun, F. R. Bidinger, C. T. Hash, and M. S. Kuruvinashetti, (2010), ''Stay-green 

expression in early generation sorghum [Sorghum bicolor (L.) Moench] QTL 

introgression lines'', Euphytica, 172, 351-362 

[52] P. K. Sabadin, M. Malosetti, M. P. Boer, F. D. Tardin, F. G. Santos, C. T. Guimaraes, et 

al., (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, 1389-402 

[53] E. S. Mace, V. Singh, E. J. Van Oosterom, G. L. Hammer, C. H. Hunt, and D. R. Jordan, 

(2012), ''QTL for nodal root angle in sorghum (Sorghum bicolor L. Moench) co-

locate with QTL for traits associated with drought adaptation'', Theoretical and 

Applied Genetics, 124, 97-109 

[54] M. Ashraf, (2010), ''Inducing drought tolerance in plants: recent advances'', Biotechnol 

Adv, 28, 169-83 



155 

 

[55] I. Mackay and W. Powell, (2007), ''Methods for linkage disequilibrium mapping in 

crops'', Trends Plant Sci, 12, 57-63 

[56] S. A. Flint-Garcia, J. M. Thornsberry, and E. S. Buckler, (2003), ''Structure of linkage 

disequilibrium in plants'', Annual Review of Plant Biology, 54, 357-374 

[57] P. K. Gupta, S. Rustgi, and P. L. Kulwal, (2005), ''Linkage disequilibrium and 

association studies in higher plants: present status and future prospects'', Plant 

Molecular Biology, 57, 461-85 

[58] B. Stich, H. Maurer, A. Melchinger, M. Frisch, M. Heckenberger, J. van der Voort, et 

al., (2006), ''Comparison of Linkage Disequilibrium in Elite European Maize Inbred 

Lines using AFLP and SSR Markers'', Molecular Breeding, 17, 217-226 

[59] J. Ross-Ibarra, P. L. Morrell, and B. S. Gaut, (2007), ''Plant domestication, a unique 

opportunity to identify the genetic basis of adaptation'', Proc Natl Acad Sci U S A, 104 

Suppl 1, 8641-8 

[60] H. M. Kang, N. A. Zaitlen, C. M. Wade, A. Kirby, D. Heckerman, M. J. Daly, et al., 

(2008), ''Efficient control of population structure in model organism association 

mapping'', Genetics, 178, 1709-23 

[61] A. T. W. Kraakman, F. Martínez, B. Mussiraliev, F. A. van Eeuwijk, and R. E. Niks, 

(2006), ''Linkage Disequilibrium Mapping of Morphological, Resistance, and Other 

Agronomically Relevant Traits in Modern Spring Barley Cultivars'', Molecular 

Breeding, 17, 41-58 

[62] A. T. W. Kraakman, R. E. Niks, P. M. M. M. Van den Berg, P. Stam, and F. A. Van 

Eeuwijk, (2004), ''Linkage Disequilibrium Mapping of Yield and Yield Stability in 

Modern Spring Barley Cultivars'', Genetics, 168, 435-446 

[63] M. T. Hamblin, M. G. S. Fernandez, A. M. Casa, S. E. Mitchell, A. H. Paterson, and S. 

Kresovich, (2005), ''Equilibrium processes cannot explain high levels of short- and 

medium-range linkage disequilibrium in the domesticated grass Sorghum bicolor'', 

Genetics, 171, 1247-1256 

[64] A. M. Casa, G. Pressoir, P. J. Brown, S. E. Mitchell, W. L. Rooney, M. R. Tuinstra, et 

al., (2008), ''Community resources and strategies for association mapping in 

sorghum'', Crop Science, 48, 30-40 

[65] T. Shehzad, H. Iwata, and K. Okuno, (2009b), ''Genome-wide association mapping of 

quantitative traits in sorghum (Sorghum bicolor (L.) Moench) by using multiple 

models'', Breeding Science, 59, 217-227 

[66] Y. El Mannai, T. Shehzad, and K. Okuno, (2011), ''Variation in flowering time in 

sorghum core collection and mapping of QTLs controlling flowering time by 

association analysis'', Genetic Resources and Crop Evolution, 58, 983-989 

[67] A. P. Morris, B. F. Voight, T. M. Teslovich, T. Ferreira, A. V. Segre, V. Steinthorsdottir, 

et al., (2012), ''Large-scale association analysis provides insights into the genetic 

architecture and pathophysiology of type 2 diabetes'', Nat Genet, 44, 981-90 

[68] D. R. Krieg, F. S. Girma, and S. Peng, (1992), ''No Evidence of Cytoplasmic Male-



156 

 

Sterility Systems Influencing Gas Exchange Rate of Sorghum Leaves'', Crop Sci., 32, 

1342-1344 

[69] S. P. Kidambi, D. R. Krieg, and D. T. Rosenow, (1990), ''Genetic-Variation for Gas-

Exchange Rates in Grain-Sorghum'', Plant Physiology, 92, 1211-1214 

[70] S. B. Peng, D. R. Krieg, and F. S. Girma, (1991), ''Leaf Photosynthetic Rate Is 

Correlated with Biomass and Grain Production in Grain-Sorghum Lines'', 

Photosynthesis Research, 28, 1-7 

[71] S. Pflieger, V. Lefebvre, and M. Causse, (2001), ''The candidate gene approach in plant 

genetics: a review'', Molecular Breeding, 7, 275-291 

[72] A. Krieg, (1975), ''Photoprotection against Inactivation of Bacillus-Thuringiensis Spores 

by Ultraviolet Rays'', Journal of Invertebrate Pathology, 25, 267-268 

[73] M. Balota, W. A. Payne, W. Rooney, and D. Rosenow, (2008), ''Gas Exchange and 

Transpiration Ratio in Sorghum'', Crop Sci., 48, 2361-2371 

[74] D. T. Rosenow, J. E. Quisenberry, C. W. Wendt, and L. E. Clark, (1983), ''Drought 

tolerant sorghum and cotton germplasm'', Agricultural Water Management, 7, 207-

222 

[75] D. Rosenow, G. Ejeta, L. Clark, M. Gilbert, R. Henzell, A. Borrell, et al., (Year), 

''Breeding for pre-and post-flowering drought stress resistance in sorghum'', in 

''Proceedings of the international conference on genetic improvement of sorghum 

and pearl millet (Lubbock, TX, 22–27 September 1996), ICRISAT, Lubbock, 

India''. 1996.  

[76] G. E. Edwards, V. R. Franceschi, and E. V. Voznesenskaya, (2004), ''Single-cell C(4) 

photosynthesis versus the dual-cell (Kranz) paradigm'', Annual Review of Plant 

Biology, 55, 173-96 

[77] H. J. Price, S. L. Dillon, G. Hodnett, W. L. Rooney, L. Ross, and J. S. Johnston, (2005), 

''Genome evolution in the genus Sorghum (Poaceae)'', Ann Bot, 95, 219-27 

[78] Y. Dje, M. Heuertz, C. Lefebvre, and X. Vekemans, (2000), ''Assessment of genetic 

diversity within and among germplasm accessions in cultivated sorghum using 

microsatellite markers'', Theoretical and Applied Genetics, 100, 918-925 

[79] M. A. Menz, R. R. Klein, N. C. Unruh, W. L. Rooney, P. E. Klein, and J. E. Mullet, 

(2004), ''Genetic diversity of public inbreds of sorghum determined by mapped AFLP 

and SSR markers'', Crop Science, 44, 1236-1244 

[80] A. M. Casa, S. E. Mitchell, M. T. Hamblin, H. Sun, J. E. Bowers, A. H. Paterson, et al., 

(2005), ''Diversity and selection in sorghum: simultaneous analyses using simple 

sequence repeats'', Theoretical and Applied Genetics, 111, 23-30 

[81] G. Ejeta and J. Knoll, (2007), ''Marker-Assisted Selection in Sorghum'' in Genomics-

Assisted Crop Improvement, R. Varshney and R. Tuberosa, Editors. 2007, Springer 

Netherlands. p. 187-205 

[82] Q. Ali, M. Ahsan, B. Hussain, M. Elahi, N. H. Khan, F. Ali, et al., (2011a), ''Genetic 



157 

 

evaluation of maize (Zea mays L.) accessions under drought stress'', Int. Res. J. 

Microbiol, 2, 437-441 

[83] V. Bhavsar and S. Borikar, (2002), ''Combining ability studies in sorghum involving 

diverse cytosteriles'', JOURNAL-MAHARASHTRA AGRICULTURAL 

UNIVERSITIES, 27, 35-37 

[84] R. Kumar and R. Kujur, (2003), ''Role of secondary traits in improving the drought 

tolerance during flowering stage in rice'', Indian journal of plant physiology, 8, 236-

240 

[85] R. B. Matthews, S. N. Azam-Ali, and J. M. Peacock, (1990), ''Response of four sorghum 

lines to mid-season drought. II. Leaf characteristics'', Field Crops Research, 25, 297-

308 

[86] S. Ramazanzadeh and M. R. Asgharipour, (2011), ''Physiological Growth Responses of 

Sorghum Genotypes to Impairment of Plant Photosynthesis Using Potassium Iodide'', 

Journal of Applied Sciences Research, 5, 1884-1890 

[87] J. De Wet, (1978), ''Systematics and evolution of Sorghum sect. Sorghum (Gramineae)'', 

American Journal of Botany, 477-484 

[88] W. Clayton and S. Renoize, (1986),''Genera Graminum Grasses of the world Kew 

Bulletin Additional Series XIII. Royal Botanical Gardens, Kew,''. 1986, Her 

Majesty’s Stationery Office, London, UK 

[89] J. R. Harlan and J. M. J. de Wet, (1972), ''A Simplified Classification of Cultivated 

Sorghum1'', Crop Sci., 12, 172-176 

[90] J. W. Purseglove, (1972), ''Tropical crops. Chapter 1: monocotyledons''. 1972: Longman 

Group, London, United Kingdom 

[91] S. Wright, (1931), ''Evolution in Mendelian Populations'', Genetics, 16, 97-159 

[92] H. Doggett, (1970), ''Sorghum''. 1970: London, UK, Longman, Green and Co. Ltd 

[93] J. M. Poehlman and D. A. Sleper, (1995), ''Breeding Field Crops'',  

[94] J. S. C. Smith, S. Kresovich, M. S. Hopkins, S. E. Mitchell, R. E. Dean, W. L. 

Woodman, et al., (2000), ''Genetic Diversity among Elite Sorghum Inbred Lines 

Assessed with Simple Sequence Repeats'', Crop Sci., 40, 226-232 

[95] A. M. Zulfiqar and M. Asim, (2002), ''Fodder yield and quality evaluation of the 

sorghum varieties'', Journal of Agronomy, 1, 60-63 

[96] S. Asante, (1995), ''Sorghum quality and utilization'', African Crop Science Journal, 3, 

231-240 

[97] (2007), ''Industrial utilization of sorghum in India'', ICRISAT, India,  

[98] (2010), ''Sorghum'', United States Grain Council, 19, 2011 

[99] P. V. V. Prasad, S. R. Pisipati, R. N. Mutava, and M. R. Tuinstra, (2008), ''Sensitivity of 

Grain Sorghum to High Temperature Stress during Reproductive Development '', 



158 

 

Crop Sci., 48, 1911-1917 

[100] D. Rosenow and L. Clark, (Year), ''Drought and lodging resistance for a quality 

sorghum crop'', in ''Proceedings of the 5th annual corn and sorghum industry 

research conference (Chicago, IL, 6-7 December 1995), American Seed Trade 

Association, Chicago, IL''. 1995.  

[101] D. T. Rosenow and L. Clark, (Year), ''Drought tolerance in sorghum [through 

breeding]'', in ''Proceedings of the... annual corn and sorghum industry research 

conference-American Seed Trade Association, Corn and Sorghum Division, 

Corn and Sorghum Research Conference (USA)''. 1982.  

[102] F. Sung and D. Krieg, (1978), ''Genotypic differences in photosynthate partitioning of 

sorghum as affected by water stress'', Agron. Abstracts, Amer. Soc. Agron,  

[103] C. W. Smith and R. A. Frederiksen, (2000), ''Sorghum: Origin, history, technology, and 

production''. Vol. 2. 2000: John Wiley & Sons 

[104] U. N. Food and Agriculture Organization, (2003),''Unlocking the water potential of 

agriculture,''. 2003 

[105] R. Vanderlip, (1993), ''How a sorghum plant develops''. 1993, Kansas State University, 

Manhattan, Kansas: Cooperative Extension Service 

[106] C. Ciacci, L. Maiuri, N. Caporaso, C. Bucci, L. Del Giudice, D. Rita Massardo, et al., 

(2007), ''Celiac disease: in vitro and in vivo safety and palatability of wheat-free 

sorghum food products'', Clin Nutr, 26, 799-805 

[107] R. D. Waniska, (Year), ''Structure, phenolic compounds, and antifungal proteins of 

sorghum caryopses'', in ''Technical and institutional options for sorghum grain 

mold management: proceedings of an international consultation''. 2000. 

ICRISAT, Patancheru, India 

[108] J. M. Awika and L. W. Rooney, (2004), ''Sorghum phytochemicals and their potential 

impact on human health'', Phytochemistry, 65, 1199-1221 

[109] J. M. Awika, L. W. Rooney, X. Wu, R. L. Prior, and L. Cisneros-Zevallos, (2003), 

''Screening Methods To Measure Antioxidant Activity of Sorghum (Sorghum bicolor) 

and Sorghum Products'', Journal of Agricultural and Food Chemistry, 51, 6657-6662 

[110] A. E. Hagerman, K. M. Riedl, G. A. Jones, K. N. Sovik, N. T. Ritchard, P. W. 

Hartzfeld, et al., (1998), ''High molecular weight plant polyphenolics (tannins) as 

biological antioxidants'', Journal of Agricultural and Food Chemistry, 46, 1887-1892 

[111] L. Dykes and L. W. Rooney, (2006), ''Sorghum and millet phenols and antioxidants'', 

Journal of Cereal Science, 44, 236-251 

[112] L. W. Rooney and R. D. Waniska, (2000), ''Sorghum food and industrial utilization'', 

Sorghum: Origin, History, Technology, and Production. Wiley, New York, 689-729 

[113] L. R. House, (1985), ''A guide to sorghum breeding''. 1985: International Crops 

Research Institute for the Semi-Arid Tropics Patancheru,, India 



159 

 

[114] U. N. Food and Agriculture Organization, (2005),''Statistical Databases,''. 2005: Rome 

[115] J. Berenji and V. Sikora, (2002a), ''Trends and achievements in broomcorn breeding'', 

Cereal Research Communications, 30, 81-88 

[116] J. Berenji and V. Sikora, (2002b), ''Utilization of hybrid vigor in broomcorn, Sorghum 

bicolor (L.) Moench'', Cereal Research Communications, 30, 89-94 

[117] J. Berenji, J. Dahlberg, V. Sikora, and D. Latkovic, (2011), ''Origin, History, 

Morphology, Production, Improvement, and Utilization of Broomcorn [Sorghum 

bicolor (L.) Moench] in Serbia'', Economic Botany, 65, 190-208 

[118] C. Petrini, L. Casalboni, R. Bazzacchi, and R. Casamenti, (1993), ''The sorghum from 

fiber'', Agricultural, Luglio-Agosto, 34-36 

[119] E. Rajki-Siklósi, (Year), ''Examination of sorghum fibre and sugar content in Hungary'', 

in ''European Seminar on Sorghum for Energy and Industry''. 1996.  

[120] A. H. Paterson, K. F. Schertz, Y. R. Lin, S. C. Liu, and Y. L. Chang, (1995b), ''The 

weediness of wild plants: molecular analysis of genes influencing dispersal and 

persistence of johnsongrass, Sorghum halepense (L.) Pers'', Proc Natl Acad Sci U S A, 

92, 6127-31 

[121] F. Y. Hu, D. Y. Tao, E. Sacks, B. Y. Fu, P. Xu, J. Li, et al., (2003), ''Convergent 

evolution of perenniality in rice and sorghum'', Proc Natl Acad Sci U S A, 100, 4050-4 

[122] A. E. Farrell, (2006), ''Ethanol can contribute to energy and environmental goals (vol 

311, pg 506, 2006)'', Science, 312, 1748-1748 

[123] J. Dahlberg, J. Berenji, V. Sikora, and D. Latkovic, (2011), ''Assessing sorghum 

[Sorghum bicolor (L) Moench] germplasm for new traits: food, fuels & unique uses'', 

Maydica, 56, 85-92 

[124] K. Arumuganathan and E. D. Earle, (1991), ''Nuclear DNA content of some important 

plant species'', Plant Molecular Biology Reporter, 9, 208-218 

[125] A. H. Paterson, J. E. Bowers, and B. A. Chapman, (2004), ''Ancient polyploidization 

predating divergence of the cereals, and its consequences for comparative genomics'', 

Proc Natl Acad Sci U S A, 101, 9903-8 

[126] G. W. Xu, C. W. Magill, K. F. Schertz, and G. E. Hart, (1994), ''A Rflp Linkage Map 

of Sorghum-Bicolor (L) Moench'', Theoretical and Applied Genetics, 89, 139-145 

[127] L. Kong, J. Dong, and G. E. Hart, (2000), ''Characteristics, linkage-map positions, and 

allelic differentiation of Sorghum bicolor (L.) Moench DNA simple-sequence repeats 

(SSRs)'', Theoretical and Applied Genetics, 101, 438-448 

[128] G. Taramino, R. Tarchini, S. Ferrario, M. Lee, and M. E. Pe, (1997), ''Characterization 

and mapping of simple sequence repeats (SSRs) in Sorghum bicolor'', Theoretical and 

Applied Genetics, 95, 66-72 

[129] J. Bowers, K. Schertz, C. Abbey, S. Anderson, C. Chang, L. Chittenden, et al., (Year), 

''A high-density 2399-locus genetic map of Sorghum'', in ''Plant Anim. Genome VIII 



160 

 

Conf''. 2000.  

[130] J. Mitra, (2001), ''Genetics and genetic improvement of drought resistance in crop 

plants'', CURRENT SCIENCE-BANGALORE-, 80, 758-763 

[131] R. Serraj, F. Bidinger, Y. Chauhan, N. Seetharama, S. Nigam, and N. Saxena, (2003), 

''Management of drought in ICRISAT cereal and legume mandate crops'', Water 

Productivity in Agriculture: Limits and Opportunities for improvement, CABI 

Publishing, Wallingford, UK, 127œ144 

[132] N. Turner, (1997), ''Further progress in crop water relations'', Advances in Agronomy, 

58, 293-338 

[133] M. M. Chaves, J. P. Maroco, and J. S. Pereira, (2003), ''Understanding plant responses 

to drought - from genes to the whole plant'', Functional Plant Biology, 30, 239-264 

[134] T. J. Close, (1997), ''Dehydrins: A commonality in the response of plants to 

dehydration and low temperature'', Physiologia Plantarum, 100, 291-296 

[135] L. A. Bravo, J. Gallardo, A. Navarrete, N. Olave, J. Martinez, M. Alberdi, et al., 

(2003), ''Cryoprotective activity of a cold-induced dehydrin purified from barley'', 

Physiologia Plantarum, 118, 262-269 

[136] M. Hara, S. Terashima, and T. Kuboi, (2001), ''Characterization and cryoprotective 

activity of cold-responsive dehydrin from Citrus unshiu'', Journal of Plant 

Physiology, 158, 1333-1339 

[137] M. Pierce and K. Raschke, (1980), ''Correlation between Loss of Turgor and 

Accumulation of Abscisic-Acid in Detached Leaves'', Planta, 148, 174-182 

[138] R. A. Creelman and J. A. Zeevaart, (1985), ''Abscisic Acid accumulation in spinach 

leaf slices in the presence of penetrating and nonpenetrating solutes'', Plant 

Physiology, 77, 25-8 

[139] J. S. Boyer, (1982), ''Plant productivity and environment'', Science, 218, 443-448 

[140] A. C. Sanchez, P. K. Subudhi, D. T. Rosenow, and H. T. Nguyen, (2002), ''Mapping 

QTLs associated with drought resistance in sorghum (Sorghum bicolor L. Moench)'', 

Plant Molecular Biology, 48, 713-726 

[141] A. Blum, J. Mayer, G. Golan, and B. Sinmena, (1999), ''Drought tolerance of a 

doubled-haploid line population of rice in the field'', Genetic improvement of rice for 

water limited environments. Ito, O. et al, 319-330 

[142] W. R. Jordan, R. L. Monk, F. R. Miller, D. T. Rosenow, L. E. Clark, and P. J. Shouse, 

(1983), ''Environmental Physiology of Sorghum. I. Environmental and Genetic 

Control of Epicuticular Wax Load1'', Crop Sci., 23, 552-558 

[143] W. R. Jordan, P. J. Shouse, A. Blum, F. R. Miller, and R. L. Monk, (1984), 

''Environmental Physiology of Sorghum. II. Epicuticular Wax Load and Cuticular 

Transpiration1'', Crop Sci., 24, 1168-1173 

[144] J. C. O'Toole and O. S. Namuco, (1983), ''Role of Panicle Exsertion in Water Stress 



161 

 

Induced Sterility1'', Crop Sci., 23, 1093-1097 

[145] F. S. Girma and D. R. Krieg, (1992), ''Osmotic adjustment in sorghum: I. Mechanisms 

of diurnal osmotic potential changes'', Plant Physiology, 99, 577-82 

[146] B. D. McKersie and Y. Y. Leshem, (1994), ''Stress and stress coping in cultivated 

plants''. 1994: Kluwer Academic Publishers 

[147] D. Bartels and F. Salamini, (2001), ''Desiccation Tolerance in the Resurrection 

PlantCraterostigma plantagineum. A Contribution to the Study of Drought Tolerance 

at the Molecular Level'', Plant Physiology, 127, 1346-1353 

[148] J. X. Zhang and M. B. Kirkham, (1996), ''Enzymatic responses of the ascorbate-

glutathione cycle to drought in sorghum and sunflower plants'', Plant Science, 113, 

139-147 

[149] J. O'toole and T. Chang, (1979), ''Drought resistance in cereals: rice, a case study''. 

1979 

[150] I. J. EKANAYAKE, S. K. D. DATTA, and P. L. STEPONKUS, (1989), ''Spikelet 

Sterility and Flowering Response of Rice to Water Stress at Anthesis'', Annals of 

Botany, 63, 257-264 

[151] E. Yambao and K. Ingram, (1988), ''Drought stress index for rice'', Philippine Journal 

of Crop Science, 13, 105-111 

[152] H. Boonjung and S. Fukai, (1996), ''Effects of soil water deficit at different growth 

stages on rice growth and yield under upland conditions. 2. Phenology, biomass 

production and yield'', Field Crops Research, 48, 47-55 

[153] M. C. S. Wopereis, M. J. Kropff, A. R. Maligaya, and T. P. Tuong, (1996), ''Drought-

stress responses of two lowland rice cultivars to soil water status'', Field Crops 

Research, 46, 21-39 

[154] I. J. Ekanayake, P. L. Steponkus, and S. K. De Datta, (1990), ''Sensitivity of Pollination 

to Water Deficits at Anthesis in Upland Rice'', Crop Sci., 30, 310-315 

[155] G. Pantuwan, S. Fukai, M. Cooper, S. Rajatasereekul, and J. C. O'Toole, (2002b), 

''Yield response of rice (Oryza sativa L.) genotypes to different types of drought under 

rainfed lowlands - Part 1. Grain yield and yield components'', Field Crops Research, 

73, 153-168 

[156] R. C. Babu, B. D. Nguyen, V. Chamarerk, P. Shanmugasundaram, P. Chezhian, P. 

Jeyaprakash, et al., (2003), ''Genetic analysis of drought resistance in rice by 

molecular markers'', Crop Science, 43, 1457-1469 

[157] M. M. Ludlow, (Year), ''Strategies of response to water stress'', in ''Structural and 

functional responses to environmental stresses''. 1989. The Hague: SPB Academic 

Publishers 

[158] G. R. Squire, (1990), ''The physiology of tropical crop production''. 1990: CAB 

International 



162 

 

[159] H. V. Eck and J. T. Musick, (1979), ''Plant Water Stress Effects on Irrigated Grain 

Sorghum. I. Effects on Yield1'', Crop Sci., 19, 589-592 

[160] H. R. Lafitte, A. H. Price, and B. Courtois, (2004), ''Yield response to water deficit in 

an upland rice mapping population: associations among traits and genetic markers'', 

Theoretical and Applied Genetics, 109, 1237-46 

[161] M. Hirayama, Y. Wada, and H. Nemoto, (2006), ''Estimation of drought tolerance 

based on leaf temperature in upland rice breeding'', Breeding Science, 56, 47-54 

[162] R. R. Duncan, A. J. Bockholt, and F. R. Miller, (1981), ''Descriptive Comparison of 

Senescent and Non-Senescent Sorghum Genotypes'', Agronomy Journal, 73, 849-853 

[163] S. Sutro and S. Tirtoutom, (1989), ''Effect of water stress on vegetative growth of corn 

and sorghum and their recovery'', Penelian Pertanium (Indonesia), 9, 148-151 

[164] A. Menkir and G. Ejeta, (2003), ''Selection For Grain Yield In Sorghum Under 

Moisture And Nutrient Stress Environments'', African Crop Science Journal, 11, 55-

64 

[165] A. Kamoshita, R. Rodriguez, A. Yamauchi, and L. J. Wade, (2004), ''Genotypic 

variation in response of rainfed lowland rice to prolonged drought and rewatering'', 

Plant Production Science, 7, 406-420 

[166] E. Habyarimana, D. Laureti, A. De Ninno, and C. Lorenzoni, (2004), ''Performances of 

biomass sorghum [Sorghum bicolor (L.) Moench] under different water regimes in 

Mediterranean region'', Industrial Crops and Products, 20, 23-28 

[167] S. Agele, (2003), ''Sunflower responses to weather variations in rainy and dry cropping 

seasons in a tropical rain forest zone'', International Journal of Biotronics, 32, 17-33 

[168] H. Turhan and I. Baser, (2004), ''Callus induction from mature embryo of winter wheat 

(Triticum aestivum L.)'', Asian Journal of Plant Sciences, 3, 17-19 

[169] B. V. S. Reddy, P Sanjana, and B. Ramaiah, (2003), ''Strategies for improving post 

rainy season sorghums: a case study for land race based hybrid breeding approach'', 

Paper presented at the workshop on heterosis in guinea sorghum, Sotaba, Mali, 10-14 

[170] P. Singh, P. Bhaglal, and S. Bhullar, (2000), ''Wheat germ agglutinin (WGA) gene 

expression and ABA accumulation in the developing embryos of wheat (Triticum 

aestivum) in response to drought'', Plant Growth Regulation, 30, 145-150 

[171] H. Rohbakhsh, (2013), ''Alleviating Adverse Effects of Water Stress on Growth and 

Yield of Forage Sorghum by Potassium Application'', Advances in Environmental 

Biology, 7, 40-46 

[172] G. S. Brar and B. A. Stewart, (1994), ''Germination under Controlled Temperature and 

Field Emergence of 13 Sorghum Cultivars'', Crop Science, 34, 1336-1340 

[173] J. Sinaki, E. M. Heravan, A. S. Rad, G. Noormohammadi, and G. Zarei, (2007), ''The 

effects of water deficit during growth stages of canola (Brassica napus L.)'', 

American-Eurasian Journal of Agricultural and Environmental Science, 2, 417-422 



163 

 

[174] M. Tollenaar and T. Daynard, (1978), ''Leaf senescence in short-season maize hybrids'', 

Canadian Journal of Plant Science, 58, 869-874 

[175] D. G. Stout, W. Majak, and M. Reaney, (1980), ''In vivo detection of membrane injury 

at freezing temperatures'', Plant Physiology, 66, 74-7 

[176] H. Thomas and C. J. Howarth, (2000), ''Five ways to stay green'', J Exp Bot, 51 Spec 

No, 329-37 

[177] A. Borrell, F. Bidinger, and K. Sunitha, (1999), ''Stay-green trait associated with yield 

in recombinant inbred sorghum lines varying in rate of leaf senescence'', International 

Sorghum and Millets Newsletter, 40, 31-34 

[178] D. P. Garrity and J. C. O'Toole, (1995), ''Selection for Reproductive Stage Drought 

Avoidance in Rice, Using Infrared Thermometry'', Agron. J., 87, 773-779 

[179] G. Pantuwan, S. Fukai, M. Cooper, S. Rajatasereekul, and J. O’Toole, (2002a), ''Yield 

response of rice (Oryza sativa L.) genotypes to drought under rainfed lowland: 3. 

Plant factors contributing to drought resistance'', Field Crops Research, 73, 181-200 

[180] B. Jongdee, S. Fukai, and M. Cooper, (2002), ''Leaf water potential and osmotic 

adjustment as physiological traits to improve drought tolerance in rice'', Field Crops 

Research, 76, 153-163 

[181] J. S. Ebdon and K. L. Kopp, (2004), ''Relationships between Water Use Efficiency, 

Carbon Isotope Discrimination, and Turf Performance in Genotypes of Kentucky 

Bluegrass during Drought'', Crop Sci., 44, 1754-1762 

[182] A. Kamoshita, R. C. Babu, N. M. Boopathi, and S. Fukai, (2008), ''Phenotypic and 

genotypic analysis of drought-resistance traits for development of rice cultivars 

adapted to rainfed environments'', Field Crops Research, 109, 1-23 

[183] Y. Kato, A. Kamoshita, J. Yamagishi, H. Imoto, and J. Abe, (2007), ''Growth of Rice 

(Oryza sativa L.) Cultivars under Upland Conditions with Different Levels of Water 

Supply : 3. Root System Development, Soil Moisture Change and Plant Water 

Status(Crop Physiology and Ecology)'', Plant Production Science, 10, 3-13 

[184] J. L. ARAUS, G. A. SLAFER, M. P. REYNOLDS, and C. ROYO, (2002), ''Plant 

Breeding and Drought in C3 Cereals: What Should We Breed For?'', Annals of 

Botany, 89, 925-940 

[185] C. C. Fan, X. Q. Yu, Y. Z. Xing, C. G. Xu, L. J. Luo, and Q. Zhang, (2005), ''The main 

effects, epistatic effects and environmental interactions of QTLs on the cooking and 

eating quality of rice in a doubled-haploid line population'', Theoretical and Applied 

Genetics, 110, 1445-52 

[186] B. Jongdee, G. Pantuwan, S. Fukai, and K. Fischer, (2006), ''Improving drought 

tolerance in rainfed lowland rice: An example from Thailand'', Agricultural Water 

Management, 80, 225-240 

[187] S. Fukai, G. Pantuwan, B. Jongdee, and M. Cooper, (1999), ''Screening for drought 

resistance in rainfed lowland rice'', Field Crops Research, 64, 61-74 



164 

 

[188] M. Ouk, J. Basnayake, M. Tsubo, S. Fukai, K. S. Fischer, M. Cooper, et al., (2006), 

''Use of drought response index for identification of drought tolerant genotypes in 

rainfed lowland rice'', Field Crops Research, 99, 48-58 

[189] G.-H. Zou, H.-Y. Liu, H.-W. Mei, G.-L. Liu, X.-Q. Yu, M.-S. Li, et al., (2007), 

''Screening for Drought Resistance of Rice Recombinant Inbred Populations in the 

Field'', Journal of Integrative Plant Biology, 49, 1508-1516 

[190] D. S. Selote and R. Khanna-Chopra, (2004), ''Drought-induced spikelet sterility is 

associated with an inefficient antioxidant defence in rice panicles'', Physiologia 

Plantarum, 121, 462-471 

[191] R. Then, J. L. Siangliw, A. Vanavichit, P. Kasemsap, S. Fukai, and T. Toojinda, 

(2011), ''Effects of drought tolerant quantitative trait loci on flowering traits, panicle 

exsertion rate, spikelet sterility and grain yield of rice under rainfed lowland 

conditions'', Kasetsart Journal-Natural Science, 45, 101-109 

[192] T. Hsiao, (1982), ''soil-plant-atmosphere continuum in relation to drought and crop 

production'', Drought resistance in crops with emphasis on rice, 39-52 

[193] X. Q. Liu, X. Q. Bai, X. J. Wang, and C. C. Chu, (2007), ''OsWRKY71, a rice 

transcription factor, is involved in rice defense response'', Journal of Plant 

Physiology, 164, 969-979 

[194] P. V. Prasad, P. Craufurd, and R. Summerfield, (1999), ''Fruit number in relation to 

pollen production and viability in groundnut exposed to short episodes of heat stress'', 

Annals of Botany, 84, 381-386 

[195] J. R. Schussler and M. E. Westgate, (1995), ''Assimilate Flux Determines Kernel Set at 

Low Water Potential in Maize'', Crop Sci., 35, 1074-1080 

[196] P. C. Agboma, M. G. K. Jones, P. Peltonen-Sainio, H. Rita, and E. Pehu, (1997), 

''Exogenous Glycinebetaine Enhances Grain Yield of Maize, Sorghum and Wheat 

Grown Under Two Supplementary Watering Regimes'', Journal of Agronomy and 

Crop Science, 178, 29-37 

[197] R. Sellamuthu, G. F. Liu, C. B. Ranganathan, and R. Serraj, (2011), ''Genetic analysis 

and validation of quantitative trait loci associated with reproductive-growth traits and 

grain yield under drought stress in a doubled haploid line population of rice (Oryza 

sativa L.)'', Field Crops Research, 124, 46-58 

[198] M. L. Praba, J. E. Cairns, R. C. Babu, and H. R. Lafitte, (2009), ''Identification of 

Physiological Traits Underlying Cultivar Differences in Drought Tolerance in Rice 

and Wheat'', Journal of Agronomy and Crop Science, 195, 30-46 

[199] M. Baldini and G. P. Vannozzi, (1999), ''Yield relationships under drought in sunflower 

genotypes obtained from a wild population and cultivated sunflowers in rain-out 

shelter in large pots and field experiments'', Helia, 22, 81-96 

[200] C. Aruna and S. Audilakshmi, (2008), ''A strategy to identify potential germplasm for 

improving yield attributes using diversity analysis in sorghum'', Plant Genetic 

Resources, 6, 187-194 



165 

 

[201] G. N. Nguyen, D. L. Hailstones, M. Wilkes, and B. G. Sutton, (2009), ''Drought-

Induced Oxidative Conditions in Rice Anthers Leading to a Programmed Cell Death 

and Pollen Abortion*'', Journal of Agronomy and Crop Science, 195, 157-164 

[202] R. Ahmad, S. Qadir, N. Ahmad, and K. H. Shah, (2003), ''Yield potential and stability 

of nine wheat varieties under water stress conditions'', Int. J. Agric. Biol, 5, 7-9 

[203] S. Rao and R. Saxena, (1999), ''Correlation and regression analysis in upland rice'', 

Oryza, 36, 82-84 

[204] R. Fischer and R. Maurer, (1978), ''Drought resistance in spring wheat cultivars. I. 

Grain yield responses'', Australian Journal of Agricultural Research, 29, 897-912 

[205] I. Langer, K. J. Frey, and T. Bailey, (1979), ''Associations among productivity, 

production response, and stability indexes in oat varieties'', Euphytica, 28, 17-24 

[206] J. M. Clarke and T. F. Townley-Smith, (1986), ''Heritability and Relationship to Yield 

of Excised-Leaf Water Retention in Durum Wheat1'', Crop Sci., 26, 289-292 

[207] P. J. Pinter Jr, G. Zipoli, R. J. Reginato, R. D. Jackson, S. B. Idso, and J. P. Hohman, 

(1990), ''Canopy temperature as an indicator of differential water use and yield 

performance among wheat cultivars'', Agricultural Water Management, 18, 35-48 

[208] S. A. Wells and S. Dubetz, (1966), ''Reaction of barley varieties to soil water stress'', 

Canadian Journal of Plant Science, 46, 507-512 

[209] S. Dubetz and J. B. Bole, (1973), ''Effects of moisture stress at early heading and of 

nitrogen fertilizer on three spring wheat cultivars'', Canadian Journal of Plant 

Science, 53, 1-5 

[210] J. C. O'Toole and T. B. Moya, (1981), ''Water deficits and yield in upland rice'', Field 

Crops Research, 4, 247-259 

[211] V. Mahalakshmi, F. R. Bidinger, and D. S. Raju, (1987), ''Effect of timing of water 

deficit on pearl millet (Pennisetum americanum)'', Field Crops Research, 15, 327-339 

[212] P. Q. Craufurd, D. J. Flower, and J. M. Peacock, (1993), ''Effect of Heat and Drought 

Stress on Sorghum ( Sorghum Bicolor). I. Panicle Development and Leaf 

Appearance'', Experimental Agriculture, 29, 61-76 

[213] N. C. Turner, (1974), ''Stomatal Behavior and Water Status of Maize, Sorghum, and 

Tobacco under Field Conditions: II. At Low Soil Water Potential'', Plant Physiology, 

53, 360-5 

[214] M. E. Westgate and C. M. Peterson, (1993), ''Flower and Pod Development in Water-

Deficient Soybeans (Glycine-Max L Merr)'', J Exp Bot, 44, 109-117 

[215] B. Yue, L. Xiong, W. Xue, Y. Xing, L. Luo, and C. Xu, (2005), ''Genetic analysis for 

drought resistance of rice at reproductive stage in field with different types of soil'', 

Theoretical and Applied Genetics, 111, 1127-1136 

[216] A. K. Borrell, D. Jordan, J. Mullet, K. R. Klein, R. Klein, H. Nguyen, et al., (2004), 

''Discovering stay-green drought tolerance genes in sorghum: A multidisciplinary 



166 

 

approach'', New directions for a diverse planet,  

[217] D. R. Krieg and R. B. Hutmacher, (1986), ''Photosynthetic Rate Control in Sorghum: 

Stomatal and Nonstomatal Factors'', Crop Sci., 26, 112-117 

[218] S. B. Peng and D. R. Krieg, (1992), ''Gas-Exchange Traits and Their Relationship to 

Water-Use Efficiency of Grain-Sorghum'', Crop Science, 32, 386-391 

[219] S. Bhargava and S. Paranjpe, (2004), ''Genotypic variation in the photosynthetic 

competence of Sorghum bicolor seedlings subjected to polyethylene glycol-mediated 

drought stress'', Journal of Plant Physiology, 161, 125-9 

[220] S. M. Hammer, K. E. Squires, M. D. Hughes, J. M. Grimes, L. M. Demeter, J. S. 

Currier, et al., (1997), ''A controlled trial of two nucleoside analogues plus indinavir 

in persons with human immunodeficiency virus infection and CD4 cell counts of 200 

per cubic millimeter or less. AIDS Clinical Trials Group 320 Study Team'', N Engl J 

Med, 337, 725-33 

[221] S. Henderson, S. Von Caemmerer, G. Farquhar, L. Wade, and G. Hammer, (1998), 

''Correlation between carbon isotope discrimination and transpiration efficiency in 

lines of the C4 species Sorghum bicolor in the glasshouse and the field'', Functional 

Plant Biology, 25, 111-123 

[222] M. Y. Mortlock and G. L. Hammer, (1999), ''Genotype and Water Limitation Effects 

on Transpiration Efficiency in Sorghum'', Journal of Crop Production, 2, 265-286 

[223] M. Donatelli, G. L. Hammer, and R. L. Vanderlip, (1992), ''Genotype and Water 

Limitation Effects on Phenology, Growth, and Transpiration Efficiency in Grain-

Sorghum'', Crop Science, 32, 781-786 

[224] S. Assefa, C. M. Taliaferro, M. P. Anderson, B. G. de los Reyes, and R. M. Edwards, 

(1999), ''Diversity among Cynodon accessions and taxa based on DNA amplification 

fingerprinting'', Genome, 42, 465-474 

[225] S. Sato, M. Kamiyama, T. Iwata, N. Makita, H. Furukawa, and H. Ikeda, (2006), 

''Moderate increase of mean daily temperature adversely affects fruit set of 

Lycopersicon esculentum by disrupting specific physiological processes in male 

reproductive development'', Ann Bot, 97, 731-8 

[226] S. Sato, M. M. Peet, and J. F. Thomas, (2002), ''Determining critical pre- and post-

anthesis periods and physiological processes in Lycopersicon esculentum Mill. 

exposed to moderately elevated temperatures'', J Exp Bot, 53, 1187-95 

[227] M. A. Ali, N. N. Nawab, A. Abbas, M. Zulkiffal, and M. Sajjad, (2009), ''Evaluation of 

selection criteria in Cicer arietinum L. using correlation coefficients and path 

analysis'', Australian Journal of Crop Science, 3, 65-70 

[228] M. Bänziger and J.-L. Araus, (2007), ''Recent Advances in Breeding Maize for Drought 

and Salinity Stress Tolerance'' in Advances in Molecular Breeding Toward Drought 

and Salt Tolerant Crops, M. Jenks, P. Hasegawa, and S.M. Jain, Editors. 2007, 

Springer Netherlands. p. 587-601 

[229] H. Basal, C. W. Smith, P. S. Thaxton, and J. K. Hemphill, (2005), ''Seedling drought 



167 

 

tolerance in upland cotton'', Crop Science, 45, 766-771 

[230] R. Lafitte, (2002), ''Relationship between leaf relative water content during 

reproductive stage water deficit and grain formation in rice'', Field Crops Research, 

76, 165-174 

[231] P. Monneveux and J.-M. Ribaut, (2006), ''Secondary traits for drought tolerance 

improvement in cereals'', Drought adaptation in cereals, 97-143 

[232] M. Kapanigowda, W. A. Payne, L. Rooney, and J. E. Mullet, (2012), ''Transpiration 

Ratio in Sorghum [Sorghum bicolor (L.) Moench] for Increased Water-use Efficiency 

and Drought Tolerance'', Journal of Arid Land Studies, 21, 175-178 

[233] M. H. Kapanigowda, R. Perumal, M. Djanaguiraman, R. M. Aiken, T. Tesso, P. V. 

Prasad, et al., (2013), ''Genotypic variation in sorghum [Sorghum bicolor (L.) 

Moench] exotic germplasm collections for drought and disease tolerance'', 

Springerplus, 2, 650 

[234] A. Takele, (2000), ''Seedling emergence and of growth of sorghum genotypes under 

variable soil moisture deficit'', Acta Agronomica Hungarica, 48, 95-102 

[235] S. S. Dhanda, G. S. Sethi, and R. K. Behl, (2004), ''Indices of drought tolerance in 

wheat genotypes at early stages of plant growth'', Journal of Agronomy and Crop 

Science, 190, 6-12 

[236] K. Kashiwagi, I. Tanaka, M. Tamura, H. Sugiyama, T. Okawara, M. Otsuka, et al., 

(2004), ''Anthraquinone polyamines: Novel channel blockers to study N-methyl-D-

aspartate receptors'', Journal of Pharmacology and Experimental Therapeutics, 309, 

884-893 

[237] A. Misra, (1990), ''Seedling vigour and prediction of drought resistance in pearl-millet 

genotypes (Pennisetum americanum L. Leeke)'', Beiträge zur Tropischen 

Landwirtschaft und Veterinärmedizin, 28, 155-159 

[238] A. Misra, (1993), ''Seedling physiology of pearl millet: effect of soil crust on genotypic 

variations in emergences, mortality and growth'', Agrivita, 16, 1-2 

[239] A. Misra, (1994), ''Pearl millet (Pennisetum glaucum LR Br.) seedling establishment 

under variable soil moisture stress'', Acta Physiologiae Plantarum, 16, 101-103 

[240] I. A. Khan, S. Habib, H. A. Sadaqat, and M. H. N. Tahir, (2004), ''Selection criteria 

based on seedling growth parameters in maize varies under normal and water stress 

conditions'', Int. J. Agric. Biol, 6, 252-256 

[241] A. Matsuura, M. Tsukada, Y. Wada, and Y. Ohsumi, (1997), ''Apg1p, a novel protein 

kinase required for the autophagic process in Saccharomyces cerevisiae'', Gene, 192, 

245-250 

[242] S. G. Mundree, B. Baker, S. Mowla, S. Peters, S. Marais, C. Vander Willigen, et al., 

(2002), ''Physiological and molecular insights into drought tolerance'', African Journal 

of Biotechnology, 1, 28-38 

[243] K. Yamaguchi-Shinozaki and K. Shinozaki, (2006), ''Transcriptional regulatory 



168 

 

networks in cellular responses and tolerance to dehydration and cold stresses'', Annual 

Review of Plant Biology, 57, 781-803 

[244] Y. Q. Xiong, T. Y. Liu, C. G. Tian, S. H. Sun, J. Y. Li, and M. S. Chen, (2005), 

''Transcription factors in rice: A genome-wide comparative analysis between 

monocots and eudicots'', Plant Molecular Biology, 59, 191-203 

[245] A. Y. Guo, X. Chen, G. Gao, H. Zhang, Q. H. Zhu, X. C. Liu, et al., (2008), 

''PlantTFDB: a comprehensive plant transcription factor database'', Nucleic Acids Res, 

36, D966-9 

[246] S. K. Palaniswamy, S. James, H. Sun, R. S. Lamb, R. V. Davuluri, and E. Grotewold, 

(2006), ''AGRIS and AtRegNet. A platform to link cis-regulatory elements and 

transcription factors into regulatory networks'', Plant Physiology, 140, 818-829 

[247] D. Bartels and R. Sunkar, (2005), ''Drought and Salt Tolerance in Plants'', Critical 

Reviews in Plant Sciences, 24, 23-58 

[248] S. Yang, B. Vanderbeld, J. Wan, and Y. Huang, (2010), ''Narrowing down the targets: 

towards successful genetic engineering of drought-tolerant crops'', Mol Plant, 3, 469-

90 

[249] H. Hu, M. Dai, J. Yao, B. Xiao, X. Li, Q. Zhang, et al., (2006), ''Overexpressing a 

NAM, ATAF, and CUC (NAC) transcription factor enhances drought resistance and 

salt tolerance in rice'', Proceedings of the National Academy of Sciences, 103, 12987-

12992 

[250] B. Ulker and I. E. Somssich, (2004), ''WRKY transcription factors: from DNA binding 

towards biological function'', Curr Opin Plant Biol, 7, 491-8 

[251] X. Wu, Y. Shiroto, S. Kishitani, Y. Ito, and K. Toriyama, (2009), ''Enhanced heat and 

drought tolerance in transgenic rice seedlings overexpressing OsWRKY11 under the 

control of HSP101 promoter'', Plant Cell Rep, 28, 21-30 

[252] B. Dong, Z. Rengel, and E. Delhaize, (1998), ''Uptake and translocation of phosphate 

by pho2 mutant and wild-type seedlings of Arabidopsis thaliana'', Planta, 205, 251-6 

[253] C. Mare, E. Mazzucotelli, C. Crosatti, E. Francia, A. M. Stanca, and L. Cattivelli, 

(2004), ''Hv-WRKY38: a new transcription factor involved in cold- and drought-

response in barley'', Plant Molecular Biology, 55, 399-416 

[254] S. Fowler and M. F. Thomashow, (2002), ''Arabidopsis transcriptome profiling 

indicates that multiple regulatory pathways are activated during cold acclimation in 

addition to the CBF cold response pathway'', Plant Cell, 14, 1675-90 

[255] T. Eulgem, P. J. Rushton, S. Robatzek, and I. E. Somssich, (2000), ''The WRKY 

superfamily of plant transcription factors'', Trends Plant Sci, 5, 199-206 

[256] W. Yongchun, (2010), ''The expression of dehydrin in wheat leaves under drought 

stress and its relationship with water'', Journal of Northwest Agriculture and Forest 

University, 38, 69-75 

[257] B. Zhu, D. W. Choi, R. Fenton, and T. J. Close, (2000), ''Expression of the barley 



169 

 

dehydrin multigene family and the development of freezing tolerance'', Molecular and 

General Genetics, 264, 145-53 

[258] F. Cellier, G. Conéjéro, and F. Casse, (2000), ''Dehydrin transcript fluctuations during a 

day/night cycle in drought‐stressed sunflower'', J Exp Bot, 51, 299-304 

[259] C. G. Lopez, G. M. Banowetz, C. J. Peterson, and W. E. Kronstad, (2003), ''Dehydrin 

Expression and Drought Tolerance in Seven Wheat Cultivars'', Crop Sci., 43, 577-582 

[260] T. J. Close, (1996), ''Dehydrins: Emergence of a biochemical role of a family of plant 

dehydration proteins'', Physiologia Plantarum, 97, 795-803 

[261] P. Rampino, S. Pataleo, C. Gerardi, G. Mita, and C. Perrotta, (2006), ''Drought stress 

response in wheat: physiological and molecular analysis of resistant and sensitive 

genotypes'', Plant, Cell & Environment, 29, 2143-2152 

[262] S. Lv, A. Yang, K. Zhang, L. Wang, and J. Zhang, (2007), ''Increase of glycinebetaine 

synthesis improves drought tolerance in cotton'', Molecular Breeding, 20, 233-248 

[263] M. Ishitani, T. Nakamura, S. Y. Han, and T. Takabe, (1995), ''Expression of the betaine 

aldehyde dehydrogenase gene in barley in response to osmotic stress and abscisic 

acid'', Plant Molecular Biology, 27, 307-315 

[264] T. B. Su, J. A. Xu, Y. A. Li, L. Lei, L. Zhao, H. L. Yang, et al., (2011), ''Glutathione-

Indole-3-Acetonitrile Is Required for Camalexin Biosynthesis in Arabidopsis 

thaliana'', Plant Cell, 23, 364-380 

[265] J. E. Mullet, R. R. Klein, and P. E. Klein, (2002), ''Sorghum bicolor — an important 

species for comparative grass genomics and a source of beneficial genes for 

agriculture'', Curr Opin Plant Biol, 5, 118-121 

[266] R. Ming, S. Liu, Y. Lin, J. Da Silva, W. Wilson, D. Braga, et al., (1998), ''Alignment of 

the Sorghum and Saccharum chromosomes: Comparative genome organization and 

evolution of a polysomic polyploid genus and its diploid cousin'', Genetics, 150, 

1663-1682 

[267] H. Zhou, H. Hu, and M. Lai, (2010), ''Non-coding RNAs and their epigenetic 

regulatory mechanisms'', Biol Cell, 102, 645-55 

[268] M. Rothschild and M. Soller, (1997), ''Candidate gene analysis to detect genes 

controlling traits of economic importance in domestic livestock'', Probe, 8, 13-20 

[269] M. S. Vinod, N. Sharma, K. Manjunath, A. Kanbar, N. B. Prakash, and H. E. 

Shashidhar, (2006), ''Candidate genes for drought tolerance and improved 

productivity in rice (Oryza sativa L.)'', J Biosci, 31, 69-74 

[270] J. D. Faris, W. L. Li, D. J. Liu, P. D. Chen, and B. S. Gill, (1999), ''Candidate gene 

analysis of quantitative disease resistance in wheat'', Theoretical and Applied 

Genetics, 98, 219-225 

[271] J. Ramalingam, C. M. Vera Cruz, K. Kukreja, J. M. Chittoor, J. L. Wu, S. W. Lee, et 

al., (2003), ''Candidate defense genes from rice, barley, and maize and their 

association with qualitative and quantitative resistance in rice'', Mol Plant Microbe 



170 

 

Interact, 16, 14-24 

[272] B. Zheng, L. Yang, W. Zhang, C. Mao, Y. Wu, K. Yi, et al., (2003), ''Mapping QTLs 

and candidate genes for rice root traits under different water-supply conditions and 

comparative analysis across three populations'', Theoretical and Applied Genetics, 

107, 1505-1515 

[273] R. B. Pratt, F. W. Ewers, M. C. Lawson, A. L. Jacobsen, M. M. Brediger, and S. D. 

Davis, (2005), ''Mechanisms for tolerating freeze-thaw stress of two evergreen 

chaparral species: Rhus ovata and Malosma laurina (Anacardiaceae)'', American 

Journal of Botany, 92, 1102-13 

[274] C. W. Stuber, M. Polacco, and M. L. Senior, (1999), ''Synergy of empirical breeding, 

marker-assisted selection, and genomics to increase crop yield potential'', Crop 

Science, 39, 1571-1583 

[275] G. J. Lee, N. Pokala, and E. Vierling, (1995), ''Structure and in Vitro Molecular 

Chaperone Activity of Cytosolic Small Heat Shock Proteins from Pea'', Journal of 

Biological Chemistry, 270, 10432-10438 

[276] J.-L. Prioul, S. Quarrie, M. Causse, and D. de Vienne, (1997), ''Dissecting complex 

physiological functions through the use of molecular quantitative genetics'', J Exp Bot, 

48, 1151-1163 

[277] M. Yano and T. Sasaki, (1997), ''Genetic and molecular dissection of quantitative traits 

in rice'', Plant Molecular Biology, 35, 145-53 

[278] M. J. Asíns, (2002), ''Present and future of quantitative trait locus analysis in plant 

breeding'', Plant Breeding, 121, 281-291 

[279] M. Morgante and F. Salamini, (2003), ''From plant genomics to breeding practice'', 

Curr Opin Biotechnol, 14, 214-219 

[280] G. Moore, K. M. Devos, Z. Wang, and M. D. Gale, (1995), ''Cereal genome evolution. 

Grasses, line up and form a circle'', Curr Biol, 5, 737-9 

[281] K. M. Devos and M. D. Gale, (1997), ''Comparative genetics in the grasses'', Plant 

Molecular Biology, 35, 3-15 

[282] J. L. Bennetzen and M. Freeling, (1993), ''Grasses as a single genetic system: genome 

composition, collinearity and compatibility'', Trends Genet, 9, 259-61 

[283] A. H. Paterson, Y. R. Lin, Z. Li, K. F. Schertz, J. F. Doebley, S. R. Pinson, et al., 

(1995), ''Convergent domestication of cereal crops by independent mutations at 

corresponding genetic Loci'', Science, 269, 1714-8 

[284] M. Mohan, S. Nair, A. Bhagwat, T. G. Krishna, M. Yano, C. R. Bhatia, et al., (1997), 

''Genome mapping, molecular markers and marker-assisted selection in crop plants'', 

Molecular Breeding, 3, 87-103 

[285] P. K. Gupta and R. K. Varshney, (2000), ''The development and use of microsatellite 

markers for genetic analysis and plant breeding with emphasis on bread wheat'', 

Euphytica, 113, 163-185 



171 

 

[286] D. Botstein, R. L. White, M. Skolnick, and R. W. Davis, (1980), ''Construction of a 

genetic linkage map in man using restriction fragment length polymorphisms'', Am J 

Hum Genet, 32, 314-31 

[287] J. G. Williams, A. R. Kubelik, K. J. Livak, J. A. Rafalski, and S. V. Tingey, (1990), 

''DNA polymorphisms amplified by arbitrary primers are useful as genetic markers'', 

Nucleic Acids Res, 18, 6531-5 

[288] M. Litt and J. A. Luty, (1989), ''A hypervariable microsatellite revealed by in vitro 

amplification of a dinucleotide repeat within the cardiac muscle actin gene'', Am J 

Hum Genet, 44, 397-401 

[289] P. Vos, R. Hogers, M. Bleeker, M. Reijans, T. van de Lee, M. Hornes, et al., (1995), 

''AFLP: a new technique for DNA fingerprinting'', Nucleic Acids Res, 23, 4407-14 

[290] D. G. Wang, J. B. Fan, C. J. Siao, A. Berno, P. Young, R. Sapolsky, et al., (1998), 

''Large-scale identification, mapping, and genotyping of single-nucleotide 

polymorphisms in the human genome'', Science, 280, 1077-82 

[291] V. Kanazin, H. Talbert, D. See, P. DeCamp, E. Nevo, and T. Blake, (2002), ''Discovery 

and assay of single-nucleotide polymorphisms in barley (Hordeum vulgare)'', Plant 

Molecular Biology, 48, 529-37 

[292] J. K. Yu, T. M. Dake, S. Singh, D. Benscher, W. Li, B. Gill, et al., (2004), 

''Development and mapping of EST-derived simple sequence repeat markers for 

hexaploid wheat'', Genome, 47, 805-18 

[293] R. K. Varshney, A. Graner, and M. E. Sorrells, (2005), ''Genomics-assisted breeding 

for crop improvement'', Trends Plant Sci, 10, 621-630 

[294] J. A. Rafalski and S. V. Tingey, (1993), ''Genetic diagnostics in plant breeding: 

RAPDs, microsatellites and machines'', Trends Genet, 9, 275-80 

[295] A. D. Long, S. L. Mullaney, L. A. Reid, J. D. Fry, C. H. Langley, and T. F. C. Mackay, 

(1995), ''High-Resolution Mapping of Genetic-Factors Affecting Abdominal Bristle 

Number in Drosophila-Melanogaster'', Genetics, 139, 1273-1291 

[296] M. Akbari, P. Wenzl, V. Caig, J. Carling, L. Xia, S. Yang, et al., (2006), ''Diversity 

arrays technology (DArT) for high-throughput profiling of the hexaploid wheat 

genome'', Theoretical and Applied Genetics, 113, 1409-20 

[297] M. D. Edwards, C. W. Stuber, and J. F. Wendel, (1987), ''Molecular-Marker-Facilitated 

Investigations of Quantitative-Trait Loci in Maize .1. Numbers, Genomic Distribution 

and Types of Gene-Action'', Genetics, 116, 113-125 

[298] A. H. Paterson, E. S. Lander, J. D. Hewitt, S. Peterson, S. E. Lincoln, and S. D. 

Tanksley, (1988), ''Resolution of quantitative traits into Mendelian factors by using a 

complete linkage map of restriction fragment length polymorphisms'', Nature, 335, 

721-6 

[299] M. G. Pereira, M. Lee, P. Bramel-Cox, W. Woodman, J. Doebley, and R. Whitkus, 

(1994), ''Construction of an RFLP map in sorghum and comparative mapping in 

maize'', Genome, 37, 236-43 



172 

 

[300] P. S. B. Gowda, R. A. Frederiksen, C. W. Magill, and G.-W. Xu, (1995), ''DNA 

markers for downy mildew resistance genes in sorghum'', Genome, 38, 823-826 

[301] M. R. Tuinstra, G. Ejeta, and P. Goldsbrough, (1998), ''Evaluation of Near-Isogenic 

Sorghum Lines Contrasting for QTL Markers Associated with Drought Tolerance'', 

Crop Sci., 38, 835-842 

[302] B. I. Haussmann, D. E. Hess, G. O. Omanya, R. T. Folkertsma, B. V. Reddy, M. 

Kayentao, et al., (2004), ''Genomic regions influencing resistance to the parasitic 

weed Striga hermonthica in two recombinant inbred populations of sorghum'', 

Theoretical and Applied Genetics, 109, 1005-16 

[303] B. Rajkumar, (2004),''Genetic and molecular analysis of charcoal rot resistance in 

sorghum,''. 2004 

[304] R. A. Vierling, Z. Xiang, C. P. Joshi, M. L. Gilbert, and H. T. Nguyen, (1994), 

''Genetic diversity among elite Sorghum lines revealed by restriction fragment length 

polymorphisms and random amplified polymorphic DNAs'', Theoretical and Applied 

Genetics, 87, 816-820 

[305] A. Menkir, P. Goldsbrough, and G. Ejeta, (1997), ''RAPD based assessment of genetic 

diversity in cultivated races of sorghum'', Crop Science, 37, 564-569 

[306] A. H. Magill, J. D. Aber, J. J. Hendricks, R. D. Bowden, J. M. Melillo, and P. A. 

Steudler, (1997), ''BIOGEOCHEMICAL RESPONSE OF FOREST ECOSYSTEMS 

TO SIMULATED CHRONIC NITROGEN DEPOSITION'', Ecological Applications, 

7, 402-415 

[307] S. S. Woo, J. Jiang, B. S. Gill, A. H. Paterson, and R. A. Wing, (1994), ''Construction 

and characterization of a bacterial artificial chromosome library of Sorghum bicolor'', 

Nucleic Acids Res, 22, 4922-31 

[308] D. Bhattramakki, J. Dong, A. K. Chhabra, and G. E. Hart, (2000), ''An integrated SSR 

and RFLP linkage map of Sorghum bicolor (L.) Moench'', Genome, 43, 988-1002 

[309] P. B. Cregan, J. Mudge, E. W. Fickus, L. F. Marek, D. Danesh, R. Denny, et al., 

(1999), ''Targeted isolation of simple sequence repeat markers through the use of 

bacterial artificial chromosomes'', Theoretical and Applied Genetics, 98, 919-928 

[310] J. Rongwen, M. S. Akkaya, A. A. Bhagwat, U. Lavi, and P. B. Cregan, (1995), ''The 

use of microsatellite DNA markers for soybean genotype identification'', Theoretical 

and Applied Genetics, 90, 43-8 

[311] T. E. Young, J. Ling, C. J. Geisler-Lee, R. L. Tanguay, C. Caldwell, and D. R. Gallie, 

(2001), ''Developmental and thermal regulation of the maize heat shock protein, 

HSP101'', Plant Physiology, 127, 777-91 

[312] L. M. Chittenden, K. F. Schertz, Y. R. Lin, R. A. Wing, and A. H. Paterson, (1994), ''A 

Detailed Rflp Map of Sorghum-Bicolor X S-Propinquum, Suitable for High-Density 

Mapping, Suggests Ancestral Duplication of Sorghum Chromosomes or 

Chromosomal Segments'', Theoretical and Applied Genetics, 87, 925-933 

[313] W. A. Wilson, S. E. Harrington, W. L. Woodman, M. Lee, M. E. Sorrells, and S. R. 



173 

 

McCouch, (1999), ''Inferences on the genome structure of progenitor maize through 

comparative analysis of rice, maize and the domesticated panicoids'', Genetics, 153, 

453-473 

[314] S. H. Hulbert, T. E. Richter, J. D. Axtell, and J. L. Bennetzen, (1990), ''Genetic 

mapping and characterization of sorghum and related crops by means of maize DNA 

probes'', Proceedings of the National Academy of Sciences, 87, 4251-4255 

[315] Y. Peng, K. F. Schertz, S. Cartinhour, and G. E. Hart, (1999), ''Comparative genome 

mapping of Sorghum bicolor (L.) Moench using an RFLP map constructed in a 

population of recombinant inbred lines'', Plant Breeding, 118, 225-235 

[316] C. S. Katsar, R. H. Paterson, G. L. Teetes, and G. C. Peterson, (2002), ''Molecular 

analysis of sorghum resistance to the greenbug (Homoptera: Aphididae)'', J Econ 

Entomol, 95, 448-57 

[317] J. O. Pereira, M. L. C. Vieira, and J. L. Azevedo, (1999), ''Endophytic fungi from Musa 

acuminata and their reintroduction into axenic plants'', World Journal of Microbiology 

and Biotechnology, 15, 37-40 

[318] M. G. Pereira and M. Lee, (1995), ''Identification of genomic regions affecting plant 

height in sorghum and maize'', Theoretical and Applied Genetics, 90, 380-8 

[319] K. Boivin, M. Deu, J. F. Rami, G. Trouche, and P. Hamon, (1999), ''Towards a 

saturated sorghum map using RFLP and AFLP markers'', Theoretical and Applied 

Genetics, 98, 320-328 

[320] G. Binelli, L. Gianfranceschi, M. E. Pè, G. Taramino, C. Busso, J. Stenhouse, et al., 

(1992), ''Similarity of maize and sorghum genomes as revealed by maize RFLP 

probes'', Theoretical and Applied Genetics, 84, 10-16 

[321] R. Whitkus, J. Doebley, and M. Lee, (1992), ''Comparative genome mapping of 

Sorghum and maize'', Genetics, 132, 1119-30 

[322] S. M. Brown, M. S. Hopkins, S. E. Mitchell, M. L. Senior, T. Y. Wang, R. R. Duncan, 

et al., (1996), ''Multiple methods for the identification of polymorphic simple 

sequence repeats (SSRs) in sorghum [Sorghum bicolor (L) Moench]'', Theoretical and 

Applied Genetics, 93, 190-198 

[323] G. Zou, G. Zhai, Q. Feng, S. Yan, A. Wang, Q. Zhao, et al., (2012), ''Identification of 

QTLs for eight agronomically important traits using an ultra-high-density map based 

on SNPs generated from high-throughput sequencing in sorghum under contrasting 

photoperiods'', J Exp Bot, 63, 5451-62 

[324] C. T. Hash, A. G. Bhasker Raj, S. Lindup, A. Sharma, C. R. Beniwal, R. T. Folkertsma, 

et al., (2003), ''Opportunities for marker-assisted selection (MAS) to improve the feed 

quality of crop residues in pearl millet and sorghum'', Field Crops Research, 84, 79-

88 

[325] K. Harris, P. K. Subudhi, A. Borrell, D. Jordan, D. Rosenow, H. Nguyen, et al., (2007), 

''Sorghum stay-green QTL individually reduce post-flowering drought-induced leaf 

senescence'', J Exp Bot, 58, 327-338 



174 

 

[326] G. Srinivas, K. Satish, R. Madhusudhana, R. N. Reddy, S. M. Mohan, and N. 

Seetharama, (2009), ''Identification of quantitative trait loci for agronomically 

important traits and their association with genic-microsatellite markers in sorghum'', 

Theoretical and Applied Genetics, 118, 1439-1454 

[327] J. F. Rami, P. Dufour, G. Trouche, G. Fliedel, C. Mestres, F. Davrieux, et al., (1998), 

''Quantitative trait loci for grain quality, productivity, morphological and agronomical 

traits in sorghum (Sorghum bicolor L. Moench)'', Theoretical and Applied Genetics, 

97, 605-616 

[328] G. E. Hart, K. F. Schertz, Y. Peng, and N. H. Syed, (2001), ''Genetic mapping of 

Sorghum bicolor (L.) Moench QTLs that control variation in tillering and other 

morphological characters'', Theoretical and Applied Genetics, 103, 1232-1242 

[329] P. J. Brown, P. E. Klein, E. Bortiri, C. B. Acharya, W. L. Rooney, and S. Kresovich, 

(2006), ''Inheritance of inflorescence architecture in sorghum'', Theoretical and 

Applied Genetics, 113, 931-42 

[330] S. C. Murray, A. Sharma, W. L. Rooney, P. E. Klein, J. E. Mullet, S. E. Mitchell, et al., 

(2008), ''Genetic Improvement of Sorghum as a Biofuel Feedstock: I. QTL for Stem 

Sugar and Grain Nonstructural Carbohydrates '', Crop Sci., 48, 2165-2179 

[331] F. Breseghello and M. E. Sorrells, (2006), ''Association mapping of kernel size and 

milling quality in wheat (Triticum aestivum L.) cultivars'', Genetics, 172, 1165-77 

[332] W. C. Knowler, R. C. Williams, D. J. Pettitt, and A. G. Steinberg, (1988), 

''Gm3;5,13,14 and type 2 diabetes mellitus: an association in American Indians with 

genetic admixture'', Am J Hum Genet, 43, 520-6 

[333] E. S. Lander and N. J. Schork, (1994), ''Genetic dissection of complex traits'', Science, 

265, 2037-48 

[334] J. M. Yu, G. Pressoir, W. H. Briggs, I. V. Bi, M. Yamasaki, J. F. Doebley, et al., 

(2006), ''A unified mixed-model method for association mapping that accounts for 

multiple levels of relatedness'', Nat Genet, 38, 203-208 

[335] J. K. Pritchard, M. Stephens, and P. Donnelly, (2000), ''Inference of population 

structure using multilocus genotype data'', Genetics, 155, 945-59 

[336] K. Y. Zhao, M. J. Aranzana, S. Kim, C. Lister, C. Shindo, C. L. Tang, et al., (2007), 

''An Arabidopsis example of association mapping in structured samples'', Plos 

Genetics, 3, 71-81 

[337] B. Stich, J. Möhring, H.-P. Piepho, M. Heckenberger, E. S. Buckler, and A. E. 

Melchinger, (2008), ''Comparison of mixed-model approaches for association 

mapping'', Genetics, 178, 1745-1754 

[338] C. Zhu, M. Gore, E. S. Buckler, and J. Yu, (2008), ''Status and Prospects of Association 

Mapping in Plants'', Plant Gen., 1, 5-20 

[339] V. Ivandic, C. A. Hackett, Z. J. Zhang, J. E. Staub, E. Nevo, W. T. Thomas, et al., 

(2000), ''Phenotypic responses of wild barley to experimentally imposed water stress'', 

J Exp Bot, 51, 2021-9 



175 

 

[340] M. J. Aranzana, S. Kim, K. Zhao, E. Bakker, M. Horton, K. Jakob, et al., (2005), 

''Genome-wide association mapping in Arabidopsis identifies previously known 

flowering time and pathogen resistance genes'', Plos Genetics, 1, e60 

[341] J. M. Thornsberry, M. M. Goodman, J. Doebley, S. Kresovich, D. Nielsen, and E. S. t. 

Buckler, (2001), ''Dwarf8 polymorphisms associate with variation in flowering time'', 

Nat Genet, 28, 286-9 

[342] D. L. Remington, J. M. Thornsberry, Y. Matsuoka, L. M. Wilson, S. R. Whitt, J. 

Doebley, et al., (2001), ''Structure of linkage disequilibrium and phenotypic 

associations in the maize genome'', Proceedings of the National Academy of Sciences, 

98, 11479-11484 

[343] J. Cockram, J. White, F. J. Leigh, V. J. Lea, E. Chiapparino, D. A. Laurie, et al., 

(2008), ''Association mapping of partitioning loci in barley'', BMC Genet, 9, 16 

[344] C. H. Sneller, D. E. Mather, and S. Crepieux, (2009), ''Analytical Approaches and 

Population Types for Finding and Utilizing QTL in Complex Plant Populations'', 

Crop Sci., 49, 363-380 

[345] S. Atwell, Y. S. Huang, B. J. Vilhjalmsson, G. Willems, M. Horton, Y. Li, et al., 

(2010), ''Genome-wide association study of 107 phenotypes in Arabidopsis thaliana 

inbred lines'', Nature, 465, 627-31 

[346] J. Crossa, J. Burgueño, S. Dreisigacker, M. Vargas, S. A. Herrera-Foessel, M. Lillemo, 

et al., (2007), ''Association Analysis of Historical Bread Wheat Germplasm Using 

Additive Genetic Covariance of Relatives and Population Structure'', Genetics, 177, 

1889-1913 

[347] J. Cockram, J. White, D. L. Zuluaga, D. Smith, J. Comadran, M. Macaulay, et al., 

(2010), ''Genome-wide association mapping to candidate polymorphism resolution in 

the unsequenced barley genome'', Proc Natl Acad Sci U S A, 107, 21611-6 

[348] J. A. Poland, P. J. Bradbury, E. S. Buckler, and R. J. Nelson, (2011), ''Genome-wide 

nested association mapping of quantitative resistance to northern leaf blight in maize'', 

Proc Natl Acad Sci U S A, 108, 6893-8 

[349] T. L. Setter, P. Bhekasut, and H. Greenway, (2010), ''Desiccation of leaves after de-

submergence is one cause for intolerance to complete submergence of the rice cultivar 

IR 42'', Functional Plant Biology, 37, 1096-1104 

[350] Y. L. Lu, J. Xu, Z. M. Yuan, Z. F. Hao, C. X. Xie, X. H. Li, et al., (2012), 

''Comparative LD mapping using single SNPs and haplotypes identifies QTL for plant 

height and biomass as secondary traits of drought tolerance in maize'', Molecular 

Breeding, 30, 407-418 

[351] S. Liu, X. Wang, H. Wang, H. Xin, X. Yang, J. Yan, et al., (2013), ''Genome-wide 

analysis of ZmDREB genes and their association with natural variation in drought 

tolerance at seedling stage of Zea mays L'', Plos Genetics, 9, e1003790 

[352] M. Maccaferri, M. C. Sanguineti, A. Demontis, A. El-Ahmed, L. G. del Moral, F. 

Maalouf, et al., (2011), ''Association mapping in durum wheat grown across a broad 

range of water regimes'', J Exp Bot, 62, 409-438 



176 

 

[353] N. D. Adhikari, J. E. Froehlich, D. D. Strand, S. M. Buck, D. M. Kramer, and R. M. 

Larkin, (2011), ''GUN4-Porphyrin Complexes Bind the ChlH/GUN5 Subunit of Mg-

Chelatase and Promote Chlorophyll Biosynthesis in Arabidopsis'', Plant Cell, 23, 

1449-1467 

[354] J. K. Roy, K. P. Smith, G. J. Muehlbauer, S. Chao, T. J. Close, and B. J. Steffenson, 

(2010), ''Association mapping of spot blotch resistance in wild barley'', Mol Breed, 26, 

243-256 

[355] J.-L. Jannink, H. Iwata, P. R. Bhat, S. Chao, P. Wenzl, and G. J. Muehlbauer, (2009), 

''Marker Imputation in Barley Association Studies'', Plant Gen., 2, 11-22 

[356] J. B. Yan, T. Shah, M. L. Warburton, E. S. Buckler, M. D. McMullen, and J. Crouch, 

(2009), ''Genetic Characterization and Linkage Disequilibrium Estimation of a Global 

Maize Collection Using SNP Markers'', Plos One, 4,  

[357] P. J. Brown, W. L. Rooney, C. Franks, and S. Kresovich, (2008), ''Efficient mapping of 

plant height quantitative trait loci in a sorghum association population with 

introgressed dwarfing genes'', Genetics, 180, 629-37 

[358] Y. R. Lin, K. F. Schertz, and A. H. Paterson, (1995), ''Comparative-Analysis of Qtls 

Affecting Plant Height and Maturity across the Poaceae, in Reference to an 

Interspecific Sorghum Population'', Genetics, 141, 391-411 

[359] F. A. Feltus, G. E. Hart, K. F. Schertz, A. M. Casa, S. Kresovich, S. Abraham, et al., 

(2006), ''Alignment of genetic maps and QTLs between inter- and intra-specific 

sorghum populations'', Theoretical and Applied Genetics, 112, 1295-305 

[360] H. D. Upadhyaya, R. P. S. Pundir, S. L. Dwivedi, C. L. L. Gowda, V. G. Reddy, and S. 

Singh, (2009), ''Developing a Mini Core Collection of Sorghum for Diversified 

Utilization of Germplasm'', Crop Science, 49, 1769-1780 

[361] H. D. Upadhyaya, Y. H. Wang, S. Sharma, and S. Singh, (2012), ''Association mapping 

of height and maturity across five environments using the sorghum mini core 

collection'', Genome, 55, 471-479 

[362] Y. H. Wang, P. Bible, R. Loganantharaj, and H. D. Upadhyaya, (2012), ''Identification 

of SSR markers associated with height using pool-based genome-wide association 

mapping in sorghum'', Molecular Breeding, 30, 281-292 

[363] S. Sukumaran, W. W. Xiang, S. R. Bean, J. F. Pedersen, S. Kresovich, M. R. Tuinstra, 

et al., (2012), ''Association Mapping for Grain Quality in a Diverse Sorghum 

Collection'', Plant Genome, 5, 126-135 

[364] Y. Besufekad and K. Bantte, (2013), ''Evaluation and Association Mapping for Drought 

Tolerance in Sorghum [Sorghum bicolor (L.) Moench]'', GJSFR-D: Agriculture and 

Veterinary, 13,  

[365] I. Y. Abdurakhmonov and A. Abdukarimov, (2008), ''Application of Association 

Mapping to Understanding the Genetic Diversity of Plant Germplasm Resources'', 

International Journal of Plant Genomics, 2008, 18 

[366] M. Tariq, S. I. Awan, and M. Irshad-Ul-Haq, (2007), ''Genetic variability and character 



177 

 

association for harvest index in sorghum under rainfed conditions'', Int. J. Agric. Biol, 

9, 470-472 

[367] X. Yang, J. Yan, T. Shah, M. L. Warburton, Q. Li, L. Li, et al., (2010), ''Genetic 

analysis and characterization of a new maize association mapping panel for 

quantitative trait loci dissection'', Theoretical and Applied Genetics, 121, 417-31 

[368] T. L. Setter, J. Yan, M. Warburton, J.-M. Ribaut, Y. Xu, M. Sawkins, et al., (2010), 

''Genetic association mapping identifies single nucleotide polymorphisms in genes 

that affect abscisic acid levels in maize floral tissues during drought'', J Exp Bot, 

erq308 

[369] J. P. Cook, M. D. McMullen, J. B. Holland, F. Tian, P. Bradbury, J. Ross-Ibarra, et al., 

(2012), ''Genetic Architecture of Maize Kernel Composition in the Nested Association 

Mapping and Inbred Association Panels'', Plant Physiology, 158, 824-834 

[370] T. B. Adhikari, E. W. Jackson, S. Gurung, J. M. Hansen, and J. M. Bonman, (2011), 

''Association Mapping of Quantitative Resistance to Phaeosphaeria nodorum in Spring 

Wheat Landraces from the USDA National Small Grains Collection'', 

Phytopathology, 101, 1301-1310 

[371] M. Wang, N. Jiang, T. Jia, L. Leach, J. Cockram, J. Comadran, et al., (2012), ''Genome-

wide association mapping of agronomic and morphologic traits in highly structured 

populations of barley cultivars'', Theoretical and Applied Genetics, 124, 233-46 

[372] W. G. Yan, Y. Li, H. A. Agrama, D. Luo, F. Gao, X. Lu, et al., (2009), ''Association 

mapping of stigma and spikelet characteristics in rice (Oryza sativa L.)'', Molecular 

Breeding, 24, 277-292 

[373] S. Gupta, A. Gallavotti, G. A. Stryker, R. J. Schmidt, and S. K. Lal, (2005), ''A novel 

class of Helitron-related transposable elements in maize contain portions of multiple 

pseudogenes'', Plant Molecular Biology, 57, 115-27 

[374] J.-L. Jannink and B. Walsh, (2002), ''Association mapping in plant populations'', 

Quantitative genetics, genomics and plant breeding, 59-68 

[375] D. B. Goldstein and M. E. Weale, (2001), ''Population genomics: linkage 

disequilibrium holds the key'', Current Biology, 11, R576-R579 

[376] S. P. Moose and R. H. Mumm, (2008), ''Molecular plant breeding as the foundation for 

21st century crop improvement'', Plant Physiology, 147, 969-977 

[377] V. A. G. Hernández, (1982), ''Sorghum Responses to High Temperature and Water 

Stress Imposed During Panicle Development''. 1982: University of Nebraska--Lincoln 

[378] J. Hultquist, (1973),''Physiologic and morphologic investigations of sorghum (Sorghum 

bicolor L. Moench.) I. Vascularization. II. Response to internal drought stress,''. 1973: 

University of Nebraska, Lincoln 

 

[379] G. Fernandez, (Year), ''CJ., 1992. Effective Selection Criteria for Assessing Plant 

Stress Tolerance'', in ''Adaptation of Food Crop Temperature and Water Stress, 



178 

 

Proceeding of 4thInternational Symposium, Ed. EG Kus. Asian Vegetable 

Research and Department Center, Shanhata, Taiwan''.  

[380] S. Rehman, P. Harris, M. Ashraf, M. Ashraf, and P. Harris, (2005), ''Stress 

environments and their impact on crop production'', Abiotic Stresses: Plant Resistance 

Through Breeding and Molecular Approaches. Haworth Press, New York, 3-18 

[381] T. Shehzad, H. Okuizumi, M. Kawase, and K. Okuno, (2009a), ''Development of SSR-

based sorghum (Sorghum bicolor (L.) Moench) diversity research set of germplasm 

and its evaluation by morphological traits'', Genetic Resources and Crop Evolution, 

56, 809-827 

[382] I. ICRISAT, (1993),''Descriptors for sorghum (Sorghum bicolor (l.) Moench),'', in 

International Crops Research Institute for the Semi-Arid Tropics. 1993, 

IBPGR/ICRISAT 

[383] (1996),''Standard Evaluation System for Rice,'', in International Rice Research Institute 

IRRI. 1996: Philippines 

[384] T. A. Gunawardena, S. Fukai, and F. P. C. Blamey, (2003), ''Low temperature induced 

spikelet sterility in rice. I. Nitrogen fertilisation and sensitive reproductive period'', 

Australian Journal of Agricultural Research, 54, 937-946 

[385] JMP, (2010),''Statistical and graphics guide,''. 2010, SAS Institute Inc: Cary NC, USA 

[386] C. Li, (1956), ''The concept of path coefficient and its impact on population genetics'', 

Biometrics, 12, 190-210 

[387] U. N. Food and Agriculture Organization, (2002),''FAO statistical database,''. 2002 

[388] A. Blum, L. Shpiler, G. Golan, and J. Mayer, (1989), ''Yield stability and canopy 

temperature of wheat genotypes under drought-stress'', Field Crops Research, 22, 

289-296 

[389] A. Ebercon, A. Blum, and W. R. Jordan, (1977), ''A Rapid Colorimetric Method for 

Epicuticular Wax Contest of Sorghum Leaves1'', Crop Sci., 17, 179-180 

[390] M. K. Singh and S. Tsunoda, (1978), ''Photosynthetic and Transpirational Response of 

a Cultivated and a Wild-Species of Triticum to Soil-Moisture and Air Humidity'', 

Photosynthetica, 12, 280-& 

[391] A. Blum, (1993), ''Selection for Sustained Production in Water-Deficit Environments'', 

International Crop Science I, 343-347 

[392] M. Cooper, F. van Eeuwijk, S. C. Chapman, D. W. Podlich, and C. Löffler, (2006), 

''Genotype-by-environment interactions under water limited conditions''. 2006 

[393] M. Ashraf and S. Mehmood, (1996), ''Response of four Brassica species to drought 

stress'', Environmental and Experimental Botany, 30, 93-100 

[394] M. H. N. Tahir and S. S. Mehdi, (2001), ''Evaluation of open pollinated sunflower 

(Helianthus annuus L.) populations under water stress and normal conditions'', Int. J. 

Agric. Biol, 3, 236-238 



179 

 

[395] S. Jearakongman, (2005),''Validation and Discovery of Quantitative Trait Loci for 

Drought Tolerance in Backcross Introgression Lines in Rice (Oryza sativa L.) 

Cultivar IR64,''. 2005, Kasetsar University: Bangkok 

[396] B. Jongdee, S. Fukai, and M. Cooper, (Year), ''Genotypic variation for water relations 

and growth during the vegetative stage among six rice lines contrasting in 

maintenance of high leaf water potential'', in ''ACIAR PROCEEDINGS''. 1997. 

Australian Centre for International Agricultural Research 

[397] V. Mahalakshmi and F. R. Bidinger, (1986), ''Water deficit during panicle development 

in pearl millet: yield compensation by tillers'', The Journal of Agricultural Science, 

106, 113-119 

[398] J. H. Richards and M. M. Caldwell, (1987), ''Hydraulic lift: Substantial nocturnal water 

transport between soil layers by Artemisia tridentata roots'', Oecologia, 73, 486-489 

[399] X. Ji, B. Shiran, J. Wan, D. C. Lewis, C. L. Jenkins, A. G. Condon, et al., (2010), 

''Importance of pre-anthesis anther sink strength for maintenance of grain number 

during reproductive stage water stress in wheat'', Plant Cell Environ, 33, 926-42 

[400] H. S. Saini, (1997), ''Effects of water stress on male gametophyte development in 

plants'', Sexual Plant Reproduction, 10, 67-73 

[401] J. X. Liu, (2003),''Understanding rice sterility induced by drought,''. 2003: Zhejiang 

University, Hangzhou, China 

[402] R. Lafitte, A. Blum, and G. Atlin, (2003), ''Using secondary traits to help identify 

drought-tolerant genotypes'', Breeding rice for drought-prone environments, 37-48 

[403] A. Dabholkar, (1992), ''Elements Of Bio Metrical Genetics''. 1992, New Delhi, India: 

Concept Publishing Company 

[404] M. A. S. Kharrazi and M. R. N. Rad, (2011), ''Evaluation of sorghum genotypes under 

drought stress conditions using some stress tolerance indices'', African Journal of 

Biotechnology, 10, 13086-13089 

[405] M. R. N. Rad, A. Ghasemi, and A. Arjmandinejad, (2010), ''Study of limit irrigation on 

yield of lentil (Lens culinaris) genotypes of national plant gene bank of Iran by 

drought resistance indices'', Amer Eur J Agric Environ Sci, 7, 238-241 

[406] Y. L. Lu, Z. F. Hao, C. X. Xie, J. Crossa, J. L. Araus, S. B. Gao, et al., (2011), ''Large-

scale screening for maize drought resistance using multiple selection criteria 

evaluated under water-stressed and well-watered environments'', Field Crops 

Research, 124, 37-45 

[407] M. Zangi, (2005), ''Correlation between drought resistance indices and cotton yield in 

stress and non-stress conditions'', Asian Journal of Plant Sciences, 4, 106-108 

[408] W. G. Wenzel, (1999), ''Effect of moisture stress on sorghum yield and its 

components'', South African Journal of Plant and Soil, 16, 153-157 

[409] O. T. Denmead and R. H. Shaw, (1960), ''The Effects of Soil Moisture Stress at 

Different Stages of Growth on the Development and Yield of Corn1'', Agron. J., 52, 



180 

 

272-274 

[410] H. G. Mcpherson and J. S. Boyer, (1977), ''Regulation of Grain-Yield by 

Photosynthesis in Maize Subjected to a Water Deficiency'', Agronomy Journal, 69, 

714-718 

[411] A. John, (1990), ''Food crops and drought'', CTA Macmillan Educational Limited. 

London, 133 

[412] J. Bingham, (1966), ''Varietal response in wheat to water supply in the field, and male 

sterility caused by a period of drought in a glasshouse experiment'', Annals of Applied 

Biology, 57, 365-377 

[413] M. J. Guttieri, J. C. Stark, K. O'Brien, and E. Souza, (2001), ''Relative sensitivity of 

spring wheat grain yield and quality parameters to moisture deficit'', Crop Science, 41, 

327-335 

[414] B. Zhang, F.-M. Li, G. Huang, Z.-Y. Cheng, and Y. Zhang, (2006), ''Yield performance 

of spring wheat improved by regulated deficit irrigation in an arid area'', Agricultural 

Water Management, 79, 28-42 

[415] A. Kumar, J. Bernier, S. Verulkar, H. R. Lafitte, and G. N. Atlin, (2008), ''Breeding for 

drought tolerance: Direct selection for yield, response to selection and use of drought-

tolerant donors in upland and lowland-adapted populations'', Field Crops Research, 

107, 221-231 

[416] R. Serraj, A. Kumar, K. L. McNally, I. Slamet-Loedin, R. Bruskiewich, R. Mauleon, et 

al., (2009),''Improvement of Drought Resistance in Rice,''. 2009. p. 41-99 

[417] G. Ahmadi, H. Z. K. Ghah, M. Rostamy, and R. Chogan, (2000), ''The study of drought 

tolerance indices and biplot method in eight corn hybrids'', Iranian Journal of 

Agricultural Sciences, 31, 513-523 

[418] M. Farooq, S. M. A. Basra, A. Wahid, Z. A. Cheema, M. A. Cheema, and A. Khaliq, 

(2008), ''Physiological Role of Exogenously Applied Glycinebetaine to Improve 

Drought Tolerance in Fine Grain Aromatic Rice (Oryza sativa L.)'', Journal of 

Agronomy and Crop Science, 194, 325-333 

[419] P. J. Bradbury, Z. Zhang, D. E. Kroon, T. M. Casstevens, Y. Ramdoss, and E. S. 

Buckler, (2007), ''TASSEL: software for association mapping of complex traits in 

diverse samples'', Bioinformatics, 23, 2633-5 

[420] F. Farnir, W. Coppieters, J. J. Arranz, P. Berzi, N. Cambisano, B. Grisart, et al., (2000), 

''Extensive genome-wide linkage disequilibrium in cattle'', Genome Res, 10, 220-7 

[421] B. S. Weir, (1996),''Intraspecific differentiation,'', in Molecular systematics. 1996: 

Sinauer Associates, Sunderland, MA. p. 385–403 

[422] E. S. Buckler, J. B. Holland, P. J. Bradbury, C. B. Acharya, P. J. Brown, C. Browne, et 

al., (2009), ''The genetic architecture of maize flowering time'', Science, 325, 714-8 

[423] J. Huang, M. Gu, Z. Lai, B. Fan, K. Shi, Y. H. Zhou, et al., (2010), ''Functional analysis 

of the Arabidopsis PAL gene family in plant growth, development, and response to 



181 

 

environmental stress'', Plant Physiology, 153, 1526-38 

[424] M. J. Aranzana, S. Kim, K. Y. Zhao, E. Bakker, M. Horton, K. Jakob, et al., (2005), 

''Genome-wide association mapping in Arabidopsis identifies previously known 

flowering time and pathogen resistance genes'', Plos Genetics, 1, 531-539 

[425] M. Malosetti, C. G. van der Linden, B. Vosman, and F. A. van Eeuwijk, (2007), ''A 

mixed-model approach to association mapping using pedigree information with an 

illustration of resistance to Phytophthora infestans in potato'', Genetics, 175, 879-889 

[426] J. N. Hirschhorn and M. J. Daly, (2005), ''Genome-wide association studies for 

common diseases and complex traits'', Nat Rev Genet, 6, 95-108 

[427] A. C. Syvanen, (2005), ''Toward genome-wide SNP genotyping'', Nat Genet, 37, S5-

S10 

[428] M. Nordborg, J. O. Borevitz, J. Bergelson, C. C. Berry, J. Chory, J. Hagenblad, et al., 

(2002), ''The extent of linkage disequilibrium in Arabidopsis thaliana'', Nat Genet, 30, 

190-3 

[429] M. Nordborg and D. Weigel, (2008), ''Next-generation genetics in plants'', Nature, 456, 

720-723 

[430] K. R. Trijatmiko, (2005),''Comparative analysis of drought resistance genes in 

Arabidopsis and rice,''. 2005, Wageningen Universiteit 

[431] M. G. S. Fernandez, M. T. Hamblin, L. Li, W. L. Rooney, M. R. Tuinstra, and S. 

Kresovich, (2008), ''Quantitative Trait Loci Analysis of Endosperm Color and 

Carotenoid Content in Sorghum Grain'', Crop Sci., 48, 1732-1743 

[432] R. R. Klein, P. E. Klein, A. K. Chhabra, J. Dong, S. Pammi, K. L. Childs, et al., (2001), 

''Molecular mapping of the rf1 gene for pollen fertility restoration in sorghum 

(Sorghum bicolor L.)'', Theoretical and Applied Genetics, 102, 1206-1212 

[433] E. Mace and D. Jordan, (2011), ''Integrating sorghum whole genome sequence 

information with a compendium of sorghum QTL studies reveals uneven distribution 

of QTL and of gene-rich regions with significant implications for crop improvement'', 

Theoretical and Applied Genetics, 123, 169-191 

[434] K. B. Ritter, D. R. Jordan, S. C. Chapman, I. D. Godwin, E. S. Mace, and C. L. 

McIntyre, (2008), ''Identification of QTL for sugar-related traits in a sweet x grain 

sorghum (Sorghum bicolor L. Moench) recombinant inbred population'', Molecular 

Breeding, 22, 367-384 

[435] S. C. Murray, W. L. Rooney, M. T. Hamblin, S. E. Mitchell, and S. Kresovich, (2009), 

''Sweet Sorghum Genetic Diversity and Association Mapping for Brix and Height'', 

Plant Genome, 2, 48-62 

[436] J. F. Weng, C. X. Xie, Z. F. Hao, J. J. Wang, C. L. Liu, M. S. Li, et al., (2011), 

''Genome-Wide Association Study Identifies Candidate Genes That Affect Plant 

Height in Chinese Elite Maize (Zea mays L.) Inbred Lines'', Plos One, 6,  

[437] Y. Besufekad and K. Bantte, (2013), ''Evaluation and Association Mapping for Drought 



182 

 

Tolerance in Sorghum [Sorghum bicolor (L.) Moench]'', Global Journal of Science 

Frontier Research: Agriculture and Veterinary, 13,  

[438] A. U. Rehman, (2009),''Characterization and molecular mapping of drought tolerance 

in kabuli chickpea (Cicer arietinum L.),''. 2009, University of Saskatchewan, 

Saskatoon 

[439] R. R. Klein, P. E. Klein, J. E. Mullet, P. Minx, W. L. Rooney, and K. F. Schertz, 

(2005), ''Fertility restorer locus Rf1 of sorghum (Sorghum bicolor L.) encodes a 

pentatricopeptide repeat protein not present in the colinear region of rice chromosome 

12'', Theoretical and Applied Genetics, 111, 994-1012 

[440] D. R. Jordan, E. S. Mace, R. G. Henzell, P. E. Klein, and R. R. Klein, (2010), 

''Molecular mapping and candidate gene identification of the Rf2 gene for pollen 

fertility restoration in sorghum [Sorghum bicolor (L.) Moench]'', Theoretical and 

Applied Genetics, 120, 1279-87 

[441] P. Landi, M. C. Sanguineti, C. Liu, Y. Li, T. Y. Wang, S. Giuliani, et al., (2007), ''Root-

ABA1 QTL affects root lodging, grain yield, and other agronomic traits in maize 

grown under well-watered and water-stressed conditions'', J Exp Bot, 58, 319-26 

[442] S. Giuliani, M. C. Sanguineti, R. Tuberosa, M. Bellotti, S. Salvi, and P. Landi, (2005), 

''Root-ABA1, a major constitutive QTL, affects maize root architecture and leaf ABA 

concentration at different water regimes'', J Exp Bot, 56, 3061-3070 

[443] R. Patil, R. Patil, B. Ahirwar, and D. Ahirwar, (2011), ''Current status of Indian 

medicinal plants with antidiabetic potential: a review'', Asian Pacific Journal of 

Tropical Biomedicine, 1, S291-S298 

[444] M. Subashri, S. Robin, K. K. Vinod, S. Rajeswari, K. Mohanasundaram, and T. S. 

Raveendran, (2009), ''Trait identification and QTL validation for reproductive stage 

drought resistance in rice using selective genotyping of near flowering RILs'', 

Euphytica, 166, 291-305 

[445] J. M. Yu and E. S. Buckler, (2006), ''Genetic association mapping and genome 

organization of maize'', Curr Opin Biotechnol, 17, 155-160 

[446] V. Verma, M. J. Foulkes, A. J. Worland, R. Sylvester-Bradley, P. D. S. Caligari, and J. 

W. Snape, (2004), ''Mapping quantitative trait loci for flag leaf senescence as a yield 

determinant in winter wheat under optimal and drought-stressed environments'', 

Euphytica, 135, 255-263 

[447] B. Yue, W. Xue, L. Luo, and Y. Xing, (2008), ''Identification of quantitative trait loci 

for four morphologic traits under water stress in rice (Oryza sativa L.)'', Journal of 

Genetics and Genomics, 35, 569-575 

[448] J. Zhang, H. G. Zheng, A. Aarti, G. Pantuwan, T. T. Nguyen, J. N. Tripathy, et al., 

(2001), ''Locating genomic regions associated with components of drought resistance 

in rice: comparative mapping within and across species'', Theoretical and Applied 

Genetics, 103, 19-29 

[449] J. Zheng, J. J. Fu, M. Y. Gou, J. L. Huai, Y. J. Liu, M. Jian, et al., (2010), ''Genome-

wide transcriptome analysis of two maize inbred lines under drought stress'', Plant 



183 

 

Molecular Biology, 72, 407-421 

[450] W. B. Bruce, G. O. Edmeades, and T. C. Barker, (2002), ''Molecular and physiological 

approaches to maize improvement for drought tolerance'', J Exp Bot, 53, 13-25 

[451] J. A. Aslam, V. Pavlu, and E. Yilmaz, (Year), ''A statistical method for system 

evaluation using incomplete judgments'', in ''Proceedings of the 29th annual 

international ACM SIGIR conference on Research and development in 

information retrieval''. 2006. Seattle, Washington, USA 

[452] H. Agrama and M. Tuinstra, (2004), ''Phylogenetic diversity and relationships among 

sorghum accessions using SSRs and RAPDs'', African Journal of Biotechnology, 2, 

334-340 

[453] M. M. Jones and N. C. Turner, (1978), ''Osmotic Adjustment in Leaves of Sorghum in 

Response to Water Deficits'', Plant Physiology, 61, 122-126 

[454] W. Jordan and F. Miller, (1980), ''Genetic variability in sorghum root systems: 

implications for drought tolerance'', Adaptation of Plants to Water and High 

Temperature Stress (NC Turner and PJ Kramer, Editors). . 383-399 

[455] M. P. Reynolds, R. P. Singh, A. Ibrahim, O. A. A. Ageeb, A. Larque-Saavedra, and J. 

S. Quick, (1998), ''Evaluating physiological traits to complement empirical selection 

for wheat in warm environments (Reprinted from Wheat: Prospects for global 

improvement, 1998)'', Euphytica, 100, 85-94 

[456] M. Khayatnezhad, R. Gholamin, S. Jamaati-e-Somarin, and R. Zabihi-e-

Mahmoodabad, (2010), ''Effects of peg stress on corn cultivars (Zea mays L.) at 

germination stage'', World Appl. Sci. J, 11, 504-506 

[457] S. Rauf, (2008), ''Breeding sunflower (Helianthus annuus L.) for drought tolerance'', 

Communications in Biometry and Crop Science, 3, 29-44 

[458] P. K. Gill, A. D. Sharma, P. Singh, and S. S. Bhullar, (2002), ''Osmotic stress-induced 

changes in germination, growth and soluble sugar content of Sorghum bicolor (L.) 

moench seeds'', Bulg J Plant Physiol, 28, 12-25 

[459] A. Bibi, H. A. Sadaqat, M. H. N. Tahir, and H. M. Akram, (2012), ''SCREENING OF 

SORGHUM (Sorghum bicolor Var Moench) FOR DROUGHT TOLERANCE AT 

SEEDLING STAGE IN POLYETHYLENE GLYCOL.'', Journal of Animal and Plant 

Sciences, 22, 671-678 

[460] A. Bibi, H. A. Sadaqat, H. M. Akram, and M. I. Mohammed, (2010), ''Physiological 

Markers for Screening Sorghum (Sorghum bicolor) Germplasm under Water Stress 

Condition'', International Journal of Agriculture and Biology, 12, 451-455 

[461] M. C. D. Albuquerque and N. M. De Carvalho, (2003), ''Effect of the type of 

environmental stress on the emergence of sunflower (Helianthus annus L.), soybean 

(Glycine max (L.) Merril) and maize (Zea mays L.) seeds with different levels of 

vigor'', Seed Science and Technology, 31, 465-479 

[462] A. Takele, (2000), ''Seedling emergence and growth of sorghum genotypes under 

variable soil moisture deficit'', Acta Agronomica Hungarica, 48, 95-102 



184 

 

[463] R. Ambika Rajendran, A. Muthiah, A. Manickam, P. Shanmugasundaram, and A. John 

Joel, (2011), ''Indices of Drought Tolerance in Sorghum (Sorghum bicolor L. 

Moench) Genotypes at Early Stages of Plant Growth'', Research Journal of 

Agriculture & Biological Sciences, 7,  

[464] M. R. Leishman and M. Westoby, (1994), ''The role of seed size in seedling 

establishment in dry soil conditions--experimental evidence from semi-arid species'', 

Journal of Ecology, 249-258 

[465] D. Kaydan and M. Yagmur, (2008), ''Germination, seedling growth and relative water 

content of shoot in different seed sizes of triticale under osmotic stress of water and 

NaCl'', African Journal of Biotechnology, 7, 2862-2868 

[466] A. Rauf, B. M. Shepard, and M. W. Johnson, (2000), ''Leafminers in vegetables, 

ornamental plants and weeds in Indonesia: Surveys of host crops, species composition 

and parasitoids'', International Journal of Pest Management, 46, 257-266 

[467] B. I. G. Haussmann, A. B. Obilana, A. Blum, P. O. Ayiecho, W. Schipprack, and H. H. 

Geiger, (1998), ''Hybrid performance of sorghum and its relationship to 

morphological and physiological traits under variable drought stress in Kenya'', Plant 

Breeding, 117, 223-229 

[468] A. L. Nepomuceno, D. M. Oosterhuis, and J. M. Stewart, (1998), ''Physiological 

responses of cotton leaves and roots to water deficit induced by polyethylene glycol'', 

Environmental and Experimental Botany, 40, 29-41 

[469] M. Kulkarni and U. Deshpande, (2007), ''In Vitro screening of tomato genotypes for 

drought resistance using polyethylene glycol'', African Journal of Biotechnology, 6, 

691-696 

[470] Z. Khodarahmpour, (2011), ''Effect of drought stress induced by polyethylene glycol 

(PEG) on germination indices in corn (Zea mays L.) hybrids'', African Journal of 

Biotechnology, 10, 18222-18227 

[471] G. L. Dodd and L. A. Donovan, (1999), ''Water potential and ionic effects on 

germination and seedling growth of two cold desert shrubs'', American Journal of 

Botany, 86, 1146-53 

[472] M. Sidari, C. Mallamaci, and A. Muscolo, (2008), ''Drought, salinity and heat 

differently affect seed germination of Pinus pinea'', Journal of Forest Research, 13, 

326-330 

[473] M. Seki, A. Kamei, K. Yamaguchi-Shinozaki, and K. Shinozaki, (2003), ''Molecular 

responses to drought, salinity and frost: common and different paths for plant 

protection'', Curr Opin Biotechnol, 14, 194-9 

[474] S. Simon and G. Hemaprabha, (2010), ''Identification of two new drought specific 

candidate genes in sugarcane (Saccharum spp.)'', Electronic Journal of Plant 

Breeding, 1, 1164-1170 

[475] F. Razavi, E. De Keyser, J. De Riek, and M. Van Labeke, (2011), ''A method for testing 

drought tolerance in Fragaria based on fast screening for water deficit response and 

use of associated AFLP and EST candidate gene markers'', Euphytica, 180, 385-409 



185 

 

[476] B. E. Michel and M. R. Kaufmann, (1973), ''The osmotic potential of polyethylene 

glycol 6000'', Plant Physiology, 51, 914-6 

[477] M. Murray and W. F. Thompson, (1980), ''Rapid isolation of high molecular weight 

plant DNA'', Nucleic Acids Res, 8, 4321-4326 

[478] P. E. Verslues, E. S. Ober, and R. E. Sharp, (1998), ''Root growth and oxygen relations 

at low water potentials. Impact of oxygen availability in polyethylene glycol 

solutions'', Plant Physiology, 116, 1403-1412 

[479] A. A. Meo, (2000), ''Impact of variable drought stress and nitrogen levels on plant 

height, root length and grain numbers per plant in a sunflower (Helianthus annuus L.) 

variety “Shmas”'', Pah. J. Agric. Sci, 37, 1-2 

[480] G. Okçu, M. D. Kaya, and M. Atak, (2005), ''Effects of salt and drought stresses on 

germination and seedling growth of pea (Pisum sativum L.)'', Turkish journal of 

agriculture and forestry, 29, 237-242 

[481] A. A. Salih, I. A. Ali, A. Lux, M. Luxova, Y. Cohen, Y. Sugimoto, et al., (1999), 

''Rooting, water uptake, and xylem structure adaptation to drought of two sorghum 

cultivars'', Crop Science, 39, 168-173 

[482] M. E. Younis, O. A. El-Shahaby, S. A. Abo-Hamed, and A. H. Ibrahim, (2000), 

''Effects of water stress on growth, pigments and (CO2)-C-14 assimilation in three 

sorghum cultivars'', Journal of Agronomy and Crop Science-Zeitschrift Fur Acker 

Und Pflanzenbau, 185, 73-82 

[483] P. J. Kramer, (1983),''Water Relations of Plants,''. 1983, Academic Press, Inc. New 

York. p. 155–106 

[484] S. S. Dhanda, R. K. Behl, and N. ElBassam, (1995), ''Breeding wheat genotypes for 

water deficit environments'', Landbauforschung Volkenrode, 45, 159-167 

[485] A. Shiralipour and S. H. West, (1984), ''Inhibition of Specific Protein Synthesis In 

Maize Seedlings During Water Stress'', Proceedings - Soil and Crop Science Society 

of Florida, 43, 102-106 

[486] R. T. Cruz, W. R. Jordan, and M. C. Drew, (1992), ''Structural-Changes and Associated 

Reduction of Hydraulic Conductance in Roots of Sorghum-Bicolor L Following 

Exposure to Water Deficit'', Plant Physiology, 99, 203-212 

[487] F. Prado, J. Gonzalez, M. Gallardo, M. Moris, C. Boero, and A. Kortsarz, (1995), 

''Changes in soluble carbohydrates and invertase activity in Chenopodium quinoa 

(quinoa) developed for saline stress during germination'', Curr Top Phytochem, 14, 1-

5 

[488] F. E. Prado, C. Boero, M. Gallardo, and J. A. Gonzalez, (2000), ''Effect of NaCl on 

germination, growth, and soluble sugar content in Chenopodium quinoa Willd. seeds'', 

Botanical Bulletin of Academia Sinica, 41,  

[489] N. SUNDERLAND, (1960), ''Cell Division and Expansion in the Growth of the Leaf'', 

J Exp Bot, 11, 68-80 



186 

 

[490] M. A. Ali, A. Abbas, S. I. Awan, K. Jabran, and S. D. A. Gardezi, (2011), ''Correlated 

Response of Various Morpho-Physiological Characters with Grain Yield in Sorghum 

Landraces at Different Growth Phases'', Journal of Animal and Plant Sciences, 21, 

671-679 

[491] L. Xiong, R. G. Wang, G. Mao, and J. M. Koczan, (2006), ''Identification of drought 

tolerance determinants by genetic analysis of root response to drought stress and 

abscisic Acid'', Plant Physiology, 142, 1065-74 

[492] B. Valliyodan and H. T. Nguyen, (2006), ''Understanding regulatory networks and 

engineering for enhanced drought tolerance in plants'', Curr Opin Plant Biol, 9, 189-

95 

[493] L. S. P. Tran, K. Nakashima, Y. Sakuma, Y. Osakabe, F. Qin, S. D. Simpson, et al., 

(2007), ''Co-expression of the stress-inducible zinc finger homeodomain ZFHD1 and 

NAC transcription factors enhances expression of the ERD1 gene in Arabidopsis'', 

Plant Journal, 49, 46-63 

[494] S. Wang, S. Yang, Y. Yin, X. Guo, S. Wang, and D. Hao, (2009), ''An in silico strategy 

identified the target gene candidates regulated by dehydration responsive element 

binding proteins (DREBs) in Arabidopsis genome'', Plant Molecular Biology, 69, 

167-78 

[495] M. E. Westgate and J. S. Boyer, (1986), ''Reproduction at Low Silk and Pollen Water 

Potentials in Maize'', Crop Science, 26, 951-956 

[496] M. M. Claassen and R. H. Shaw, (1970), ''Water Deficit Effects on Corn. I. Vegetative 

Components1'', Agron. J., 62, 649-652 

[497] J. O'TOOLE, (1982), ''Adaptation of rice to drought-prone environment'', Drought 

resistance in crops with emphasis on rice, 195-213 

[498] J. M. Ribaut, C. Jiang, D. Gonzalez-de-Leon, G. O. Edmeades, and D. A. Hoisington, 

(1997), ''Identification of quantitative trait loci under drought conditions in tropical 

maize. 2. Yield components and marker-assisted selection strategies'', Theoretical and 

Applied Genetics, 94, 887-896 

[499] B. Stich, A. E. Melchinger, M. Frisch, H. P. Maurer, M. Heckenberger, and J. C. Reif, 

(2005), ''Linkage disequilibrium in European elite maize germplasm investigated with 

SSRs'', Theoretical and Applied Genetics, 111, 723-30 

[500] J.-L. Jannink, M. C. A. M. Bink, and R. C. Jansen, (2001), ''Using complex plant 

pedigrees to map valuable genes'', Trends Plant Sci, 6, 337-342 

[501] N. Saxena, C. Johansen, S. Sinha, P. Sane, S. Bhargava, and P. Agrawal, (Year), 

''Realized yield potential in chickpea and physiological considerations for further 

genetic improvement'', in ''Proceedings of the international congress of plant 

physiology, New Delhi, India, 15-20 February 1988. Volume 1.''. 1990. Society for 

Plant Physiology and Biochemistry 

[502] N. C. Turner, G. C. Wright, and K. H. H. Siddique, (2001), ''Adaptation of grain 

legumes (pulses) to water-limited environments'', Advances in Agronomy, Vol 71, 71, 

193-231 


