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ABSTRACT 

 Among abiotic stresses, drought is the most important environmental factor 

limiting wheat yield and the problem need a genetic solution by bringing diversity in the 

existing wheat gene pool. Further, better understanding of crop responses to drought 

stress is a prerequisite for any breeding program. Screening of wheat germplasm 

comprising 26 synthetic derived (SBW), 24 conventional (CBW) bread wheats and 5 

check cultivars (CCT) for drought tolerance was carried out through morpho-

physiological and biochemical traits in hydroponics where stress was induced with 

PEG. Mean values for genotypes and treatments differed highly for all the studied traits. 

Drought stress resulted in increased osmoprotectants and antioxidant enzymatic 

activities. The germplasm was evaluated for phenological traits in the field under well-

watered and drought stress conditions imposed at pre anthesis stage for two successive 

growing seasons during 2010/2011 and 2011/2012 crop cycles. Genotypic variations, 

variation due to treatment and interactions between them were much prominent 

depicting the widest genetic background possessed by the studied germplasm. Overall, 

the performance of SBW was quite promising when compared to check cultivars. Some 

potential drought tolerant lines including AA19, AA24, AA28 and AA46 are 

recommended for further micro-yield trials by Wheat Program, WWC and its national 

collaborators. 

 The germplasm was also evaluated for glutenin compositions and key quality 

parameters. Grain quality analyses have provided a stringent selection sieve to select the 

drought tolerant genotypes with desirable end-quality characteristics. Several unique D-

genome encoded HMW-GS were found along with favorable alleles at A- and B-

genomes. D-genome encoded subunit Dx5+Dy10 which is known to encode superior 

grain quality attributes was observed in 63.6% genotypes followed by 1Dx2+1Dy12 
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(30.9%). Apart from HMW-GS, PCR based allele specific markers were used to 

identify allelic variation at Glu-3 loci (LMW-GS), which had a significant effect on 

visco-elastic properties of wheat dough. Several combinations of favorable LMW-GS 

alleles were observed at Glu-A3 and Glu-B3 loci. Key quality parameters like protein, 

sedimentation volume and carotenoids differed significantly within genotypes. Results 

established significant variability in quality characteristics and glutenin composition 

among D-genome synthetic-hexaploid wheat derivatives as compared to conventional 

bread wheat germplasm suggestive of their ability to improve quality traits in bread 

wheat. 

 The germplasm was genotyped with 101 SSR markers for assessing its genetic 

diversity. Marker-trait association analysis was employed to identify SSR markers 

associated with traits related to drought. The stable estimate for the sub-populations (1-

20) was carried out with Structure Software 2.2. TASSEL 2.0.1 was used to calculate 

Kinship Coefficients Matrix. Association mapping was performed using Q-matrix as 

covariates and K-matrix (relatedness relationship coefficients) by applying the general 

linear model and the mixed linear model. In total, 61 marker–trait associations 

significant in both models were detected at p<0.01. The intra-chromosomal 

position/location of several of these MTAs coincided with those previously reported 

whereas some were unique that had not been located to date. Opportunities for further 

wheat improvement are provided by these novel loci/MTAs based on a marker 

approach. 
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Chapter 1 

INTRODUCTION 

 Wheat (Triticum aestivum L.; 2n=6x=42, AABBDD) is a member of family 

Poaceae. It is the world’s leading cereal grain in terms of the area harvested, production, 

and nutrition; as it supplies about 19% of the calories and 21% of the protein to the 

world‘s population and has been the major staple in Europe, North Africa and central 

Asia for 8000 years. Wheat is cultivated on more than 240 million hectares, which is the 

largest area of any crop. Because the polyploidy has a highly buffered genotype and has 

enormous genetic variability as each locus may harbor three divergent alleles, bread 

wheat do exhibit a range of phenological responses to wide ranges of environmental 

conditions. Thus, wheat can be grown from tropical to temperate climates and from a 

few meters to more than 3800 meters above sea level. The most suitable latitudes for 

wheat cultivation are between 30° and 60° N and between 27° and 40° S (Slafer and 

Rawson, 1994; FAO, 2011). 

 Wheat is one of Pakistan’s major cereal crops and essential for ensuring food 

security projections for the nation. The national productivity levels during 2010-2011 

gave 25 million tons as the mean yield figure harnessed from irrigated and rainfed 

cultivation areas with a per acre output of 2.6 tons. Factors that influence yield outputs 

are various biotic and abiotic stress constraints augmented by environmental factors. To 

fulfill the needs of the growing world population, the diversity will be essential to 

harness for meeting the projected one billion tons of wheat that will be essential for 

2020 (Rajaram, 2001) to meet  the needs of an increasing population trend in the world. 

By 2050, 12 billion people will crowd the planet with more than 90% of the growth 

occurring in developing nations. Estimates are that the world would require one billion 
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metric tons of wheat over the next two decades compared to the current production of 

slightly over 600 million metric tons (Mujeeb-Kazi et al., 2004). 

 Although wheat has a wide range of climatic adaptability, many biotic stresses 

like diseases and insect pests; and abiotic factors limit its yield. Among abiotic stresses, 

water stress (drought) is the most important environmental factor limiting crop growth 

and yield (Jones and Corlett, 1992; Chaves et al., 2003). Losses of crop yield under 

water shortage need a genetic solution because irrigation or other management practices 

could not be considered a sustainable option to drought. Further, the development of 

drought tolerant wheat cultivars has been held back due to the complex plant responses 

to drought and by difficulties inherent to the complexity of drought environments 

(Mastrangelo et al., 2012). 

 Wheat morphology, physiology, growth as well as phenology is affected to 

variable degrees by drought stress (Saini and Westgate, 2000; Barnabas et al., 2008). 

Wheat crop has shown 23% decrease in mean stem weight when exposed to drought 

stress (Ehdaie et al., 2006). Drought at vegetative growth stage can lowers stomatal as 

well as mesophyll conductance, hence decreasing photosynthesis (Flexas et al., 2004), 

which may also be due to oxidative damage to the chloroplast (Zhou et al., 2007), and 

at the same time, chlorophyll damage is enhanced resulting in accelerated senescence 

(Yang et al., 2001). Due to its destructive effects on photosynthesis, drought at pre-

anthesis stage can lead to a decrease in grain yield owing to less accumulation of water 

soluble carbohydrates. 

 Making use of the genetic diversity in wild genetic resources of wheat, 

improving drought tolerance is the most sustainable way of supporting food security. In 

the last decade, tremendous progress has been made in wheat genomic research, which 

has the potential to solve the major problems associated with the genetic basis of 
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drought tolerance. High grain yield in wheat relies upon high yielding varieties 

possessing resistance and tolerance to various biotic and abiotic stress problems. 

Genetic diversity in order to improve wheat production constraints globally is on 

disease and stress tolerance through the use of synthetic hexaploid wheat (T. turgidum 

spp. durum/Ae. tauschii). Various synthetic hexaploid wheats (derivatives) have 

resulted in significantly superior combination for biotic/abiotic resistance/tolerances 

(Mujeeb-Kazi, 2003). 

 The major wheat endosperm protein, the gluten, is responsible for the bread 

making quality (Branlard and Dardevet, 1985). Gluten is comprised of two prolamine 

groups, gliadins and glutenins. Glutenins consist of low and high-molecular-weight 

complex sub-units and constitute about 30-40% of flour protein. It has been reported 

that high molecular weight glutenin subunits have the largest effect on the bread making 

quality, even though they constitute only 10% of the total storage proteins as compared 

to LMW which contribute 40% (Payne et al., 1984). The HMW-GSs described as Glu-

A1, Glu-B1 and Glu-D1 are encoded by multi-allelic genes located on the long arms of 

chromosomes 1A, 1B, and 1D respectively (Payne et al., 1984). 

 An assessment of genetic diversity can be based on morphological traits, but 

their expression is environmentally dependent. Microsatellites or simple sequence 

repeats (SSRs) are PCR based molecular markers suitable mostly for studying the 

genetic differences among wheat genotypes because of their even distribution along the 

chromosome, chromosome specific and multiallelic nature (Roder et al., 1998a; Roder 

et al., 1998b). These markers are preferred for genetic analysis in organisms with a 

narrow genetic base. They have been proven to be highly polymorphic in diploid, 

tetraploid and hexaploid wheats including the D-genome donor (Aegilops tauschii) of 

wheat (Plaschke et al., 1995; Donini et al., 1998; Hammer et al., 2000; Pestsova et al., 
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2000; Prasad et al., 2000; Fahima et al., 2002), and only few markers are needed for 

discrimination among very closely breeding lines (Bryan et al., 1997). Moreover, SSRs 

have effectively been used for marker assisted selection (Korzun et al., 1998), QTL 

detection in wheat (Parker et al., 1998), tagging of resistant genes (Peng et al., 1999), 

and to investigate genetic constancy of genebank accessions (Borner et al., 2000a). The 

use of SSRs has facilitated the identification of subtle population subdivisions by 

focusing on the distribution of ancestry proportions, which can provide additional 

information about admixture processes (Falush et al., 2003). 

 A more successful and targeted breeding program need a better acquaintance 

about the genetic base of yield and the key traits that underlie the adaptive response of 

crop plants across a wide range of soil moisture (Salekdeh et al., 2009). Linkage 

mapping studies have widely been used to identify quantitative traits and its genetic 

base in plants. However, association mapping which is used to make association 

between marker alleles and phenotypic traits is now extensively been used as alternative 

approach to overcome shortcomings of pedigree-based quantitative trait loci (QTL) 

mapping. The main theme in AM is to carry out genome wide searches through panels 

of accessions having medium to high linkage disequilibrium (LD) levels for 

chromosomal regions harboring loci regulating the expression of particular phenotypic 

traits (Breseghello and Sorrells, 2006; Sorrells and Yu, 2009). From a biological 

perspective, combining phenotypic and molecular data of the natural variations from 

core collections of germplasm is important in general to dissect traits considered to be 

complex (Alonso-Blanco et al., 2009) and, in particular, for the adaptive traits including 

yield under different water regimes (Araus et al., 2008; Annicchiarico et al., 2009). The 

potential of AM for studying the genetic base of traits having agronomic importance 

and its genetic base in advanced germplasms under favorable conditions, at least in 
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terms of soil water content has already been studied (Crossa et al., 2007; Yao et al., 

2009; Reynolds et al., 2009), but very few such studies have been carried out in abiotic 

stresses more specifically under drought stress conditions. 

The objectives of the study were: 

 To characterize selected drought segregating germplasm phenologically under in 

vivo condition and physiologically under in vitro conditions. 

 To screen the selected germplasm for allelic variation in HMW-GS and their 

composition, and  

 To elucidate allelic diversity for drought tolerance potential through molecular 

characterization of the same germplasm using SSR molecular markers.  
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Chapter 2 

REVIEW OF LITERATURE 

 Detailed knowledge of crop plants at different levels (gene, cell and organ) and 

their interaction with environment (G × E) is important in order to improve breeding and 

crop management techniques. Drought stress is a complex phenomenon, hence, 

physiological, biochemical and phenological traits as well as the genetic processes 

responsible for drought tolerance are extremely complex (Reynolds et al., 2005). An 

attempt has been made in this chapter to review the relevant literature giving background 

knowledge on wheat, its genetic diversity, physiology and phenology under drought 

tolerance as well as relevant terminologies. First, wheat, its importance as a staple food 

and its genomic constitution is discussed briefly. Germplasm resources for bread wheat 

improvement, wide hybridizations, and primary and derived synthetics are reviewed both 

from basic and applied perspectives. Then drought as a main constraint for limiting crop 

production worldwide and mechanisms underlying drought tolerance are reviewed. The 

last part reviews microsatellites molecular markers, their role in diversity studies and 

identification of marker trait associations (MTAs) through association mapping (AM). 

2.1 WHEAT 

 Bread wheat (T. aestivum L.) is a cereal and belongs to the grass family (tribe 

Triticeae). It is an allohexapliod (2n = 6x = 42) possessing three genomes (A, B, and D) 

with an extremely large genome size of 1.7 x 10
10 

bp (Kolluru, 2007). It is the result of 

the natural hybridisation of two wild grass species, Triticum turgidum L. (genome 

AABB; 2n=4x=28) and Ae. tauschii Coss. (syn. Ae. squarrosa; genome DD; 2n=2x=14), 

considered native to the Eurasian sub-continent (McFadden and Sears, 1946; Zohary and 

Hopf, 1988). T. turgidum, also is formed from two wild grasses, Triticum urartu 

Tumanian ex Gandilyan donating genome AA (Huang et al. 2002) and identified, 
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extinct B genome progenitor, to which Aegilops speltoides Tausch (genome SS) is 

considered closest known relative. More than 80% of the genome consists of repetitive 

DNA, and less than 10% of the genome comprises more than 85% of the genes. 

2.2 IMPORTANCE OF WHEAT 

 Wheat is the most important staple food especially in developing countries. It is 

grown on more land area than any other commercial crop and continues to be the most 

important food source for humans. All essential nutrients including  approximately 60-

80% carbohydrates mainly in the form of starch, 8-17 % proteins, 1.5-2 % fats, 1.5-2 % 

minerals, 2.2 % fibers and vitamins (such as B  complex, vitamin E) and 2.2% crude 

fibers are found in wheat grain. Due to increasing population which is supposed to 

reach 9 billion almost by the end of 21st century, predictions for wheat demand is 

growing much faster (approximately 50% by 2030 ) than for any other major cereal, 

more specifically in the developing world (Borlaug and Dowswell, 2003). There are 

three possible ways to maintain an adequate supply of food for future generations; (a) 

expanding the wheat cultivated area, (b) to improve water availability and management 

system, and (c) to improve yield stability by introducing novel alleles from wild 

relatives of wheat through biotechnological tools. 

2.3 GENETIC DIVERSITY IN BREAD WHEAT 

 Genetic diversity within the bread wheat gene pool is low mainly due to limited 

number of hybridization events between Ae. squarrosa (syn. Ae. tauschii) and tetraploid 

wheat along with its occurrence in limited geopraphical regions (Dvorak et al., 1998). 

Further genetic diversity reduction in wheat germplasm has been reported by Fu and 

Somers (2009) who conducted genome wide diversity study on 75 Canadian hard red 

spring wheat cultivars released from 1845 to 2004 by screening with 370 simple 

sequence repeat (SSR) distributed over the entire wheat genome. The study had clearly 
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demonstrated that the issue of genetic erosion cannot be ignored and hence, emphasized 

the exploration of effective strategies such as utilization of wheat primary gene pool in 

breeding programs along with the need to conserve genetically diverse germplasm. On 

the other hand, it has been reported by Lubbers et al. (1991) that genetic variability for 

insect and disease resistance, quality proteins and isozymes is more prevalent in Ae. 

tauschii than the D genome of T. aestivum. A breeding phenomenon, the ‘green 

revolution’, involving the replacement of standard-height cultivars, including landrace 

forms, by semi-dwarf cultivars (Smale et al., 2002) took place in the mid to late 1900’s. 

Similarly, CIMMYT (International Maize and Wheat Improvement Center) at Mexico 

is developing wheat germplasm for developing countries with main focus on 

environmental protection, genetic enrichment and ultimately yield stability. Its output 

can be depicted from the fact reported by Smale et al. (2002) that till 1997, almost 86% 

of the bread wheat germplasm grown in the developing world has CIMMYT’s 

gerrmplasm in its pedigree. However, the genetic diversity of current bread wheat 

cultivars and their landraces wild forms still present a gap in between as is shown by 

Reif et al. (2005) and Dreisigacker et al. (2005) who independently have stated that the 

A and B genomes of bread wheat landraces are genetically more diverse with more 

unique alleles in comparison to CIMMYT’s released wheat cultivars after 1950. 

Different germplasm resources for bread wheat improvement through wide 

hybridization are discussed here. 

2.3.1 Direct Hybridizations of Bread Wheat with T. turgidum 

 This involve directly crossing T. turgidum mostly as female parent with bread 

wheat mostly as male parent , hence, transfer of A and B genomes favorable alleles 

from T. turgidum into the complementary genomes of bread wheat cultivars take place. 

Genes with leaf, stem and stripe rust, and powdery mildew resistance have been 
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introgressed into the A and B genomes of bread wheat in this way (Knott et al., 2005). 

2.3.2 Direct Hybridizations of Bread Wheat with Ae. tauschii 

 It involves crossing elite but specific trait-susceptible T. aestivum cultivars with 

resistant Ae. tauschii accessions, backcrossing the ABDD F1 hybrid with the elite 

cultivar, and selecting euploid (2n=6x=42, AABBDD) derivatives. Successful 

introgression of quality traits, resistance to soil borne mosaic virus, streak mosaic virus 

and leaf rust into hexaploid wheat cultivars through direct crossing has already been 

reported by Gill and Raupp, 1987. 

2.3.3 Synthetic Hexaploid Wheat 

 Ae. tauschii Coss. (syn. T. tauschii (Coss.) Schmalh. syn. Ae. squarrosa auct. 

non L., 2n=2x= 14, DD) explicitly regarded as the donor of the D genome to T. 

aestivum (Kimber and Feldman, 1987), is used in the creation of synthetic hexaploid 

also know as Primary synthetic wheats (Mujeeb-Kazi et al., 2008). Screening Ae. 

tauschii accessions and subspecies of T. turgidum for desirable traits to be present in 

the hybrid progeny is preliminary before producing primary synthetic wheats. 

Successful hybridization for creating primary synthetic wheats has now been made 

between different Ae. tauschii accessions and T. turgidum subspecies dicoccon (Lage et 

al. 2003), carthlicum (Liu et al., 2006), and durum (Ogbonnaya et al., 2007). 

 Generally, these primary synthetics are agronomically poor, difficult in 

threshing, tall generally, having low yield and poor qualitatively, still they possess 

useful variation for a range of economically important traits (Mujeeb-Kazi et al., 2008). 

Accordingly, agronomically improved materials known as derived synthetic wheats 

possessing a combination of genetic variation that has not been existed previously in 

bread wheat gene pool can be and have been developed by crossing these primary 
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synthetics to adapted wheats with superior performance compared to check cultivars 

under drought stress across a range of environments (Trethowan and Mujeeb-Kazi, 

2008). 

 Derived synthetics were evaluated and compared for their yield performance to 

their adapted recurrent parents and the best local check cultivar in Mexico, under post 

anthesis drought stress generated in the field by using limited irrigations and the results 

showed that the derivatives were 23% higher yielding then their recurrent parents and 

33% higher yielding than the check cultivar (Trethowan et al., 2003). Similarly 

synthetic hexaploid germplasm and its advanced derivatives with bread wheats were 

screened for stress tolerance under Mexican conditions and provided encouraging 

results for key biotic and abiotic stresses and were used to develop several doubled 

haploid based molecular mapping populations for scab and drought (Mujeeb-Kazi et al., 

2008). 

 Dreccer et al. (2007) evaluated a set of 156 synthetic backcrossed-derived bread 

wheats (SBWs) developed by CIMMYT for rainfed environments and found that 56% 

of the SBWs were higher yielding than the best local check cultivar. They further noted 

strong genotype × environment interactions by concluding that adaptation differences 

were more likely caused by differences in the length of respective growing seasons and 

associated genotype phenology. 

 Reynolds et al. (2007) evaluated two synthetic derived lines (SYN-DER) and 

their recurrent parents (REC-PAR) under full irrigated and post-anthesis drought stress 

and found that synthetic derivatives were 24% higher yielding, produced 57% more 

biomass, had a 46% lower root:shoot ratio, and were 41% more water-use efficient than 

their recurrent parents. They further concluded that superior yield performance 

observed under drought stress was having a link to a greater sharing of root dry weight 



11 
 

 
 

deeper in the soil profile, and that exotic germplasm appear to have considerable 

potential to improve drought-adaptive mechanisms in wheat. 

 From 1991 onward, almost 186 winter habit and 1014 spring habit primary 

synthetics have been produced by CIMMYT. Further, about one third of the advanced 

lines that CIMMYT has distributed to world breeding programs for both irrigated and 

rainfed areas are being synthetic derivatives. In Spain, a synthetic derivative was 

registered by the name ‘Carmona’ due to its high commercial potential, early reaching 

maturity and early phenology (van Ginkel and Ogbonnaya, 2007). Chuanmai 42 is a 

synthetic derivative, which due to its stripe rust resistance, high grain quality and high 

yield stability has been released as a commercial variety in China (Yang et al., 2009). 

 Recently, Lopes and Reynolds (2011) studied four elite synthetic derived (SYN-

DER) lines and their parents by growing them under full irrigation and drought 

conditions with main aims of estimating genetic progress in yield made by CIMMYT 

along with understanding of physiological traits that is conferring tolerance to drought. 

Under terminal drought conditions, 26% yield increase was observed in synthetic 

derived wheats in comparison to the parental hexaploid wheats (best CIMMYT released 

cultivars). Comparing SYN-DER lines led to the identification of some degree of 

independence among traits which is suggestive of the fact that different genes are 

involved to regulate these traits. 

2.4 DROUGHT AS MAJOR ABIOTIC STRESS 

 Abiotic stress is any single or combinations of environmental condition, 

imposing negative effects on the expression of plant growth genetic potential, its 

development and reproduction. Drought, heat, low temperature and soil salinity etc are 

some of the most important abiotic stresses with deleterious effects on wheat yield on 
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large areas world-wide. Drought is a meteorological term referring to prolonged period 

without significant rainfall and is reserved for field-grown plants (Wood, 2005). 

Drought tolerance is plant capability to live, grow, and reproduce adequately with 

limited supply of water or under intermittent conditions of water shortage (Turner, 

1979). In an agricultural context, the more drought-tolerant a cultivar is, the higher it’s 

economic (e.g. grain) yield and the more stable its yield from season to season. In the 

following, a review is given of plant responses to water stress: 

2.4.1 Crop Growth and Responses to Drought Stress 

 Deep roots helping crops, like wheat and rice in water uptake from deeper layers 

of the soil profile is considered as positive response (Pugnaire et al., 1999). The benefit 

of a deep root system in terms of its adaptation to drought stress depends on the stress 

duration, water holding capacity of soil and amount of water present in the deeper soil 

layers. 

 Leaf growth is reduced more than root growth during water deficit conditions, 

resulting in an increase in root:shoot ratio which is the result of greater photosynthate 

supply to the roots thus leading to greater root proportion with a general range for 

several species of up to 60-90% (Pugnaire et al., 1999). Water deficit reduces leaf area 

in most crop species, for example by 35% in wheat (Siopongco et al., 2006). However, 

reduction in leaf area is advantageous to survival of crops in water deficit conditions, as 

it reduces crop water use and thus prolongs water accessibility. 

2.4.2 Leaf Waxiness and Pubescence 

 It is the waxy bloom on leaf surfaces and other plant parts which is considered 

to be associated with wheat grain yield in drier field environments (Richards et al., 

1986). Johnson et al. (1983) reported increased grain yield for glaucous wheat lines 
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under drought stress conditions in comparison to the non-glaucous isogenic lines. 

Clarke et al. (1991) suggested that visual rating of germplasm collections under dry 

growing conditions for glaucousness would be an effective means of identifying 

genotypes worthy of further study. 

2.4.3 Impact of Drought Stress on Wheat Physiology 

 The first noticeable symptom of drought is wilting, which is an indication of 

extreme transpirational water loss that is exceeding the rate of water absorption 

(Buchanan et al., 2002). At the same time, if affects so many physiological processes 

that cannot be perceived with naked eyes. 

 Early drought at wheat growing season adversely affects germination and crop 

establishment. Drought stress causes lose in cell turgidity, shrinkage of cell walls, 

which ultimately lower turgor-dependent activities like elongation of root and leaf 

expansion (Taiz and Zeiger, 2006). Drought at pre-anthesis stage decreases grain yield 

by adversely affecting photosynthesis leading to decreased accumulation of stem 

reserves (water soluble carbohydrates). Ehdaie et al. (2006) showed up to 23% decrease 

in the main stem weight when wheat was subjected to drought stress. The main 

sensitive trait to drought stress at this stage is spikelet number spike
-1 

(Sangtarash, 

2010). Also, drought stress at early stages of reproductive development (meiosis in 

pollen mother cells) induces pollen sterility, leading to lower grain numbers (Ji et al., 

2010). Sangtarash (2010) documented higher decline in the grain number when drought 

occurred at or immediately after anthesis. 

 Drought during post anthesis decreases grain yield by decreasing individual 

grain weight (Ji et al., 2010). The decrease in individual grain weight may be due to 

lower grain filling duration (Wardlaw and Willenbrink, 2000) who recorded 38% 
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decline in individual grain weight of the wheat cultivar “ Lyallpur 73” subjected to 

drought during anthesis. 

2.4.4 Leaf Chlorophyll 

 Chlorophyll molecules harvest light energy and use it to produce chemical 

energy such as adenosine-5'-triphosphate (ATP) and nicotinamide adenine 

dinucleotide phosphate-oxidase (NADPH) (Taiz and Zeiger, 2006). Significant 

reduction of chlorophyll and carotenoid content in hexaploid and diploid wheat 

subjected to drought for 10 days at 50, 60 and 70 days after sowing was observed by 

Chandrasekar et al. (2000). Similarly, Liu et al. (2006) observed increased electrolyte 

leakage and decreased chlorophyll content in wheat cultivars subjected to water stress 

condition. 

2.4.5 Impact of Drought Stress on Wheat Yield 

 Cereals are grown mainly for grain yield which for example in wheat, is the 

function of the number of plants per unit area, the number of grains per spike and grain 

weight. Factors that affect any one of these components directly or indirectly will affect 

the grain yield. Fischer and Maurer (1978) reported a decrease in average grain yield 

by 37 to 86 %, when durum wheats, triticales, barley and bread wheats were subjected 

to drought by withholding irrigation at various stages before the anthesis. In Pakistan 

drought at pre and post anthesis is the frequent phenomenon resulting in wheat yield 

loss. 

 There are many reasons for low wheat yield in Pakistan including poor planning, 

poor land preparation, use of inappropriate wheat varieties, use of poor quality water, 

use of inappropriate fertilizers, diseases and poor weed management (Majid, 2005). 



15 
 

 
 

Water is one of the major limiting factors for crop production in the rainfed areas of 

Pakistan (GOP, 2011). 

2.4.6 Osmotic Adjustment and Solute accumulation 

 Osmotic adjustment (OA) refers to lowering of osmotic potential because of the 

net accumulation of solutes in response to water deficit (Zhang et al., 1999; Serraj and 

Sinclair, 2002), and is therefore, an important phenomenon of plant drought tolerance 

(Blum, 1988). The degree of osmotic adjustment varies with different ages of plant 

tissue as well as with stage of plant development. Compatible solutes include proline, 

sucrose, polyols, trehalose and quaternary ammonium compounds, such as 

glycinebetaine and prolinebetaine. Proline in plants is largely observed when subjected 

to drought stress where it accumulate largely in the cytosol and contribute substantially 

to the cytoplasmic OA as reported by Ashraf and Fooland (2007). In wheat, they found 

that the rate of proline accumulation was significantly higher in drought tolerant 

cultivars. 

 Increases in sugar content, especially in the youngest growing leaves where 

contributions to OA can be substantial, are an important adaptive response to water 

deficit and it accumulate when utilization (growth, translocation and polysaccharide 

synthesis) is reduced relative to photosynthesis. During pre-anthesis imposed drought 

stress, sugars contributed approximately 30% of the changes in osmotic potential in leaf 

seven of glasshouse-grown wheat cv. Kite (Munns and Weir, 1981). 

2.4.7 Oxidative stress, Reactive Oxygen Species and Antioxidants 

 Abiotic stresses including drought often lead to the overproduction of highly 

toxic and reactive oxygen species (ROS) in plants because of high electron leakage 

toward oxygen during respiratory and photosynthetic processes causing harm to 
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carbohydrates, proteins, lipids, and DNA resulting ultimately in oxidative stress and has 

been well documented in crop plants (Gill and Tuteja, 2010). Organelles like 

peroxisomes, mitochondria or chloroplast due to its high oxidizing metabolic activities 

are a main source of ROS in plant cells (del Rio et al., 2006), hence, photosynthesizing 

organisms are especially at the risk of oxidative damage. 

 The O2 molecule has two impaired electrons having same spin quantum number. 

This makes O2 prefer to accept its electrons one at a time, leading to the production of 

the so called ROS, which can damage the cells. It comprises of free radicals like 

hydroxyl radical (OH
.
); superoxide radicals (O2

.-
); alkoxy radicals (RO

.
) and perhydroxy 

radical (HO2
.
) as well as molecular (non-radical) forms (

1
O2, singlet oxygen and H2O2, 

hydrogen peroxide). Photosystem I and II in the chloroplast are the main production 

sites for the production of O2
. 
and 

1
O2 . while in mitochondria, complex I, and complex 

III of electron transport chain are the sites for the O2
.- 

(Gill and Tuteja, 2010). ROS 

accumulation due to various stresses is a major cause of loss of crop productivity. (Gill 

et al., 2011). ROS can damage cells or may initiate responses such as new gene 

expression. 

 Plants possess antioxidant defense machinery to protect against oxidative stress 

damages. These include enzymatic antioxidants like catalase (CAT), superoxide 

dismutase (SOD), ascorbate peroxidase (APX), monodehydroascorbate reductase 

(MDHAR), glutathione reductase (GR), glutathione peroxidase (GPX) as well as non-

enzymatic antioxidants like glutathione (GSH), ascorbic acid (ASH) and non-protein 

amino acids (Gill et al., 2011). In optimal conditions, leaves are rich in antioxidant 

enzymes and metabolites and can cope with activated O2, thus minimizing oxidative 

damage. 
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2.4.8 Superoxide Dismutase 

 SOD, a metalloenzyme, is an important intracellular enzymatic antioxidant 

which is present in almost all aerobic organisms subjected to ROS mediated oxidative 

stress and is regarded as an important component in the defense mechanisms of plants. 

It catalyze dismutation of the superoxide anion to remove O2
.- 

, reducing one O2
.- 

to 

H2O2 and oxidizing the other to O2.  

O2
.- 

+ O2
.-
 + 2H======H2O2 + O2 

 These are classified into three main types according to its metal cofactors: the 

manganese (Mn-SOD), the copper/zinc (Cu/Zn-SOD) and the iron (Fe-SOD), each 

confined to different cellular compartments. The Fe-SOD isozymes, are usually found 

associated with the chloroplast region (Alscher et al., 2002) and peroxisomal part. SOD 

activity was found increasing in wheat plants under water deficit (Shao et al., 2007). 

ROS scavenging (especially superoxide radical) was more efficient in case of high SOD 

activity leading to enhanced tolerance to oxidative stress and resulting in decreased 

damage to membrane. 

2.4.9 Peroxidases 

 Plant peroxidases are heme-containing glycoprotein encoded by a multigene 

family, have role in many physiological processes including lignification, cross linking 

of cell wall structure protein and defense against pathogens (Kawano, 2003). It 

catalyzes oxidation of diverse organic and inorganic substances at the expense of 

hydrogen peroxide (H2O2) formed after the dismutation of O2
.-

 catalyzed by SOD. 

Significant increase in peroxidase activity has been reported by Sairam and Saxena, 

(2000) in wheat cultivars studied under water stress, which may reflect the vital role of 

this enzyme in protecting plant cells against drought condition. 
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2.5 GLUTENIN SUBUNITS 

 The development of wheat cultivars with good bread making quality is a 

challenging task in many wheat breeding programs. Accordingly, grain yield together 

with grain protein contents by its end use quality contribution are the primary and 

foremost important characters in the determination of the economic value of a bread 

wheat crop (Oury and Godin, 2007), particularly if adaptive to a stress environment. 

Wheat end use quality is influenced by several important characteristics traits and the 

production of specific end-use products can be attributed to high variability among 

these traits. 

 The quality and quantity of wheat gluten proteins give elasticity and 

extensibility necessary for bread making and are the key endosperm components that 

are mainly emphasized regarding end use quality traits (Payne et al., 1987; Kerfal et al., 

2010). It contributes 80-85% of the total flour protein (Shewry et al., 1995). Gluten is 

comprised of two prolamine groups, gliadins and glutenin, the latter in turn are long 

chains of poplypeptides linked by disulfide bonds, and comprising further of low  

molecular weight glutenin subunits (LMW-GS)  and high molecular weight glutenin 

subunits (HMW-GS) (Payne and Lawrence, 1983) . The HMW-GSs designated as Glu-

A1, Glu-B1 and Glu-D1 are encoded by multi-allelic genes located on the long arms of 

chromosomes 1A, 1B, and 1D, respectively (Payne et al., 1984). It has been reported 

previously that the HMW-GSs of glutenin constitute about 10% of the wheat endosperm 

storage proteins in comparison to 40% LMW-GSs but still have a major influence on 

the bread making properties of flour (Payne et al., 1987). Allelic variation in HMW-GS 

composition was found strongly correlated with differences in bread making quality 

(Shewry et al., 1995). Additionally they also have proven as important genetic markers 

for exploring genetic diversity in wheat. 
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 The LMW-GS subunits are categorized into different groups according to their 

mobility in SDS-PAGE (D’Ovidio and Masci, 2004). However, visual scoring of 

LMW-GS allelic composition is not so easy because variable number of subunits is 

exhibited by individual cultivar and some co extracted gliadins at sample preparation 

time may overlap with LMW-GS subunits. Alternatively, DNA markers are now 

available to discriminate LMW-GS alleles, making possible a much more suitable 

means for fast and accurate genetic analyses. Wang et al. (2009), for example, have 

developed a set of allele specific DNA markers to differentiate among Glu-B3 alleles 

found in bread wheat. Recently, Wang et al. (2010), also have developed allele specific 

DNA markers for Glu-A3 alleles in hexaploid wheat. They further have validated these 

markers on 141 advanced lines and wheat varieties from CIMMYT with different 

GluA3 allelic composition. Recently, Tang et al. (2008, 2010) suggested that grain 

quality improvement is also possible through utilization of SHs in breeding program. 

Utilization of wheat is highly dependent on its end-use quality which in turn relies on 

traits including protein content, carotenoid contents and SDS-sedimentation volume. 

2.6 MICROSATELLITES, GENOTYPING AND GENETIC DIVERSITY 

 Microsatellites or simple sequence repeats (SSRs) or short tandem repeats 

(STRs) are DNA sequences with 2-, 3-, 4-, or 5-nucleotide tandem repeats used as 

molecular markers (Hearne et al., 1992) which appear to be distributed uniformly and 

randomly in eukaryotic genomes. These markers are PCR based, mostly multiallelic, 

chromosome specific and show Mendelian inheritance (Roder et al., 1998a; Roder et 

al., 1998b). Their co-dominance nature and reproducibility make them ideal for genome 

mapping, as well as for population genetic studies, especially for species with a narrow 

genetic base including wheat and barley. They have been proven to be highly 

polymorphic in diploid, tetraploid and hexaploid wheats including the D-genome donor 
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(Ae. tauschii) of wheat (Hammer et al., 2000; Pestsova et al., 2000; Prasad et al., 2000; 

Fahima et al., 2002), and only few markers are needed for discrimination among very 

closely breeding lines. The potential of microsatellite as genetic markers in bread wheat 

has been investigated by Röder et al. (1995) who reported that mostly SSRs were 

genome specific with high levels of polymorphism. The use of SSRs has facilitated the 

identification of subtle population subdivisions by focusing on the distribution of 

ancestry proportions, which can provide additional information about admixture 

processes (Falush et al., 2003). Furthermore, a genetic map comprising of 279 

microsatellite loci (Roder et al., 1998a), 50 loci map (Stephenson et al., 1998), and 65 

loci D genome map (Pestsova et al., 2000) in hexaploid wheat have already been 

developed. Later, a high-density SSR consensus map was developed by Somers et al. 

(2004) by adding more SSRs to those earlier maps. These wheat SSR molecular maps is 

serving in tagging genes of economic importance for marker assisted selection (MAS).  

 The utility of these markers for assessment of genetic relatedness has been 

wel l  demonstrated in wheat by Donini et al. (1998); Pestsova et al. (2000); Gupta et 

al. (2003); Chabane et al. (2007) and Peng et al. (2009). Moreover, SSRs have 

effectively been used for MAS (Korzun et al., 1998), QTL detection in wheat (Parker et 

al., 1998), tagging of resistant genes (Borner et al., 2000b), and to investigate genetic 

constancy of genebank accessions (Borner et al., 2000a). 

 In a study by Zhang et al. (2005) fifty one EST-derived and 39 genomic-derived 

microsatellite markers covering the A, B, and D genomes were used to assess the 

genetic diversity present in 11 SHWs, their backcross derived families, and their durum 

and bread wheat parents. Gene diversity, the average number of alleles per locus, cluster 

analysis, and principal coordinate analysis revealed a high level of genetic diversity in 

the Ae. tauschii and durum parents of the SHWs, and also in the SBLs. They also 
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concluded that fingerprinting and testing for selective advantage of SHWs alleles are 

useful methods for detecting chromosomal regions of interest for bread wheat 

improvement. 

 In another study by Guo-yue and Li-hui (2007) 95 synthetic hexaploid wheats 

were analyzed using 45 microsatellite markers to investigate the potential genetic 

diversity in wheat breeding programs. A total of 326 alleles were detected by these 

microsatellite primer pairs, with an average of 6.65 alleles per locus. Polymorphic 

information content (PIC) and genetic similarity (GS) coefficient showed that the D 

genome possessed highest genetic diversity. 

2.6.1 Marker Assisted Selection 

 Phenotypic selection in traditional plant breeding is mostly relied upon the 

costly and often time consuming replicated experimental trials for cultivar 

enhancement. In contrast, genotypic selection is an alternative to circumvent this costly 

phenotyping method (Gupta et al., 2010) by simply finding molecular marker linked to 

particular trait(s) of interest. For example, molecular markers associated with more than 

40 economically important traits including vernalization response, grain protein content, 

rust resistance, etc. has already been reported by Gupta et al. (1999). Ciuca and Petcu, 

(2009) conducted association study of SSR markers for chromosome 7A with 

membrane stability in bread wheat exposed to drought stress and reported weak but 

significant association of Xwmc9, Xwmc596, Xwmc603 and Xbarc198 with membrane 

stability. They further recommended its use in wheat breeding program for increasing 

the frequency of progenies with better performance under drought. 

2.6.2 Linkage Disequilibrium 

 The term linkage disequilibrium (LD) refers to the co-inheritance of alleles at 

two different loci with different frequencies than that expected under random chance. It 
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is also called as gametic disequilibrium (GLD) because of its non dependence on 

genomic location. D' and r
2 

suggested by Lewontin (1964), and Hill and Roberston, 

(1968) respectively, are used more frequently to estimate the extent of LD. The value of 

D' and r
2
 ranges from 0 to 1. LD can occur between two loci on different chromosomes 

due to some particular genetic factors (Stich et al., 2007) such as when epistasis 

changes the fitness of a specific genotype. 

 Due to population dependent nature of linkage disequilibrium it is recommended 

to develop unique thresholds for the specific population under study.  Breseghello and 

Sorrells, (2006) set a significance threshold by square root transforming unlinked r
2 

values and taking the parametric 95th percentile of that distribution to be the 

population-specific significance threshold indicating LD due to physical linkage.  

 Recently, Chao et al. (2007) surveyed the genome-wide linkage disequlibrium 

among 43 wheat elite cultivars and breeding lines representing seven US wheat market 

classes using 242 SSRs. They found that LD estimates were generally less than one cM 

for the genetically linked pairs of loci. Most of the LD regions observed were between 

loci less than 10 cM apart, suggesting LD is likely to vary widely among wheat 

populations.  

2.6.3 Association Mapping 

 Association mapping (AM), also known as linkage disequilibrium mapping or 

association analysis, is LD based gene mapping analysis. The idea behind AM is that 

traits of interest first arise as a mutation in one individual, resulting in the creation of a 

new allele for a trait. The new allele then passes along with the surrounding loci in non 

random co-inheritance pattern into preceding generations provided that it improves the 

individual's fitness. Recombination will slowly break down the block of co-inherited 
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loci proportional to the distance from the beneficial allele. Genes that are closest to the 

mutation will continue to be co-inherited throughout generations. AM seeks to exploit 

this phenomenon by allowing plant breeders to tag the genetic material surrounding 

traits of interest with molecular markers. The markers themselves can then be used as 

genetic flags for cultivar improvement (Breseghello and Sorrells, 2006; Ravel et al., 

2006; Ersoz et al., 2007; Sorrells and Yu, 2009). In contrast to conventional mapping 

approach, AM uses natural populations to detect variation associated with quantitative 

traits based on LD. From a biological perspective, combining phenotypic and molecular 

data of the natural variations from core collections of germplasm is important in general 

to dissect traits considered to be complex (Alonso-Blanco et al., 2009) and, in 

particular, for the adaptive traits including yield under different water regimes (Araus et 

al., 2008; Annicchiarico et al., 2009; Reynolds et al., 2009; Tardieu and Tuberosa, 

2010). 

 Assuming samples from structured population, the general approach for 

association mapping in plants has been described by Abdurakhmonov and 

Abdukarimov (2008) which include (a) selection of a group of genetically diverse 

individuals (b) its evaluation under varying environmental conditions and multiple 

trials/design for phenotypic traits; (c) genotyping the same group by using molecular 

markers; (d) estimation of the extent of LD using molecular marker data; (e) assessment 

of population structure; (f) measuring coefficient of relatedness (i.e. kinship); and (g) 

correlation of phenotypic and genotypic/haplotypic data by using suitable statistical 

approach that reveals “marker tags” positioned within close proximity of targeted trait 

of interest. Accordingly, these marker tags can then be used to clone a specific gene(s) 

controlling a QTL of interest and annotated for an exact biological function. 
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 Couviour et al. (2011) conducted the genetic structure studies with total of 195 

Western European elite wheat varieties with the help of molecular markers data 

obtained from SSRs and Diversity Array Technology (DART) markers by using 

different complementary approaches (principal component analysis, Genetic distances). 

They found that varieties were separated based on their geographical origin (UK, 

France and Germany) and breeding history, further verifying the impacts of plant 

breeding on the wheat germplasm structure. 

 Breseghello and Sorrells (2006) conducted AM studies in a population of 149 

soft winter wheat (T. aestivum L.) cultivars by genotyping these with 93 SSR markers 

for milling quality and kernel morphology. They found that the locus Xwmc111-2D was 

associated with kernel width in Ohio (OH) and New York (NY) cultivars and Xgwm30-

2D also depicted same association in NY only. The locus Xgwm539-2D was associated 

with kernel length in NY. Six loci in the LD block near the centromere of chromosome 

5A were associated with kernel area, length, and weight, but not with kernel width. 

 Yao et al. (2009) reported the enhancement of QTL information mentioned in 

previous linkage mapping analysis with much higher resolution having short LD extent 

through AM studies. They investigated a collection of 108 wheat germplasm for their 

agronomic traits at 3 different locations for 3 years along with its genotyping with 40 

EST-SSR and 85 SSR markers. The extent of LD was 2.3 cM on chromosome 2A and 

significant association of 14 SSR loci with the studied six agronomic traits was 

observed using mixed linear model. 

 In order to identify associated genetic factors for aluminium resistance which is 

considered to be the most restrictive abiotic stresses on acidic soils, Raman et al. (2010) 

conducted genome wide association study (GWAS) and confirmed previously identified 

loci along with novel putative ones. Later, genetic nature of flowering time in wheat 
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was studied by Rousset et al. (2011) in order to investigate the candidate genes and its 

effects on flowering time. They reported that Vrn-3 gene could help better explain a 

high percentage of the phenotypic variation of earliness. 

 The potential of AM for studying the genetic base of traits having agronomic 

importance and its genetic base in advanced germplasms under favorable conditions, at 

least in terms of soil water content has already been studied (Breseghello and Sorrells, 

2006; Crossa et al., 2007; Yao et al., 2009; Reynolds et al., 2009), but very few such 

studies have been carried out in abiotic stresses more specifically under drought stress 

conditions. 
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Chapter 3 

MATERIALS AND METHODS 

 The germplasm was evaluated for physiological and biochemical traits in 

hydroponics with PEG induced drought stress under controlled laboratory conditions. 

The germplasm was also evaluated for phenological traits in the field both under 

irrigated and drought stress conditions for two successive growing seasons during 2010-

2011 and 2011-2012. High and low molecular weight glutenin subunits and key quality 

parameters were screened in all wheat accessions. The germplasm was genotyped with 

SSR markers for assessing its genetic diversity. Marker-trait association analysis was 

employed to identify SSR markers associated with traits related to drought. Detail of 

each experiment is given below: 

3.1 PLANT MATERIAL 

 The germplasm consisted of synthetics derived and conventional wheat lines 

developed for drought tolerance. Derived synthetics were produced by crossing primary 

synthetics from crosses of durum wheat (T. turgidum)/Ae. tauschii with susceptible 

bread wheat cultivars. The material originated from CIMMYT through Wheat Wide 

Crosses and Cytogenetics program. Total 50 wheat accessions along with five check 

cultivars were used in the study. Pedigree of the experimental material is given in Table 

1. 

3.2 MORPHOLOGICAL AND PHYSIOLOGICAL RESPONSES OF WHEAT 

ACCESSIONS IN HYDROPONICS 

 Hundred clean seeds of each genotype were surface sterilized with 5% NAOCl 

for 10 min, rinsed thoroughly with de-ionized water and germinated in petri plates on 

moistened filter paper. The seedlings were transferred to jiffys containing peat moss for 
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further growth at room temperature. The most uniform height seedlings were 

transplanted to hydroponic cultured boxes (8 x 8 x 12 cm) containing Hoagland’s 

nutrient solution (Table 2). Aeration was accomplished with pumps (115 V, Tetra 

Blacksburg, VA) and solution pH was monitored and adjusted as needed every other 

day. After seven days of seedlings transfer, osmotic stress was induced with the help of 

polyethylene glycol (PEG 6000) Osmotic potential was measured via vapor pressure 

osmometer (Vapro5520, Wescor, Inc.) until 20% PEG (-0.72 Mpa) concentration for 

five weeks, and sampling was accomplished for further physiological and biochemical 

attributes. A control set of same germplasm was grown in parallel for comparing 

relative performances. Design used was completely randomized design (CRD). Data 

was recorded for shoot length (from the base of the plant to the tip of the main tiller), 

root length, root fresh and dry weight. The following physiological and biochemical 

parameters were recorded: 

3.2.1 Chlorophyll Analysis 

 Chlorophyll extraction from each sample was done according to the method of 

Hiscox and Israelstam, (1979) using dimethyl sulphoxide (DMSO). Weighed leaf tissue 

in fractions was taken in a tube containing 6 mL DMSO preheated to 65 °C in a water 

bath and then left the vials there for 30-40 min. The extracted liquid was transferred to a 

falcon tube and made up to a total volume of 10 mL with DMSO. Chlorophyll 

determination on spectrophotometer (RS-1100) was done at wavelength 645 nm and 

663 nm. Chlorophyll a (Chla) and b (Chlb) as well as total chlorophyll (TChl) were 

calculated following the equations used by Arnon (1949). 

3.2.2 Soluble Sugar Analysis 

 Determination of soluble sugars was done according to Dubois et al. (1956) 

method of phenol sulphuric acid. Fresh shoot material approximately 0.5 g was heated  
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Table 1: List and pedigree of germplasm used in the study: 

 

(Continued) 
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(Source: Wheat Wide Crosses and Cytogenetics, National Agriculture Research Centre, 

Islamabad) 
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with 10 mL of 80% ethanol in a water bath at 80 
0
C for 1 h. Then 1 mL of 18% phenol 

was added to 0.5 mL of the sample extract and was incubated at room temperature for 1 

h after which 2.5 mL of conc. H2SO4 was added to it, vortexed and the absorbance then 

read for each sample at 420 nm on UV Spectrophotometer (Biochem-2100). The 

concentration of sugar was determined by using a standard glucose curve. 

3.2.3 Proline Content 

 Proline contents in the leaves were determined according to the method reported 

by Bates et al. (1973). Fresh plant material (approx. 0.3 g) was homogenized in 5 mL of 

3% sulfo-salyclic acid in test tubes. About 2 mL of aliquot extract was taken; reacted 

with 2 mL glacial acetic acid and 2 mL of ninhydrin reagent (Appendix 1I1) for 1 h in a 

water bath at 100 
0
C; after which reaction was terminated in an ice bath; finally reaction 

mixture extracted with 4 mL of toluene by collecting the upper layer containing toluene 

and the absorbance read at 520 nm on UV Spectrophotometer Biochem-2100. 

Concentration of proline was determined using a standard curve. 

3.2.4 Protein Content 

 Protein determination was made according to Lowry et al. (1951) by using 

Bovine serum albumin (BSA) as standard. Fresh plant tissue (approx. 0.5 g) was 

grinded in an ice environment with a pestle and mortar containing about 10 mL of 

chilled phosphate buffer (Appendix III). Then 0.5 mL of the sample extract was mixed 

with 0.5 mL of distilled water (dH2O) and 3 mL of 6 times diluted bio-red color dye 

(Appendix III), vortexed and the UV Spectrophotometer Biochem-2100 was used to 

read the absorbance at 595 nm. Protein concentration was calculated from standard 

curve by using BSA. 
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3.2.5 Antioxidant Enzyme Activities 

 Enzyme extraction was done from fresh plant tissues approximately 0.5 g in 

weight after grinding in a pestle and mortar in 10 mL of 50 mM chilled phosphate 

buffer in an ice bath. The homogenate was centrifuged at 20000 g for 25 min at 4 °C 

after filtering it through cheesecloth, and the supernatant was used then for assaying 

antioxidant enzymatic activities. 

3.2.5.1 Assay for superoxide dismutase 

 Assay for SOD activity was done following the method described by 

Beauchamp and Fridovich (1971) and Giannopolistis and Ries (1977). The reaction 

mixture contained 100 μL of enzyme extract, 100 μL of 1.3 μM riboflavin and 3 mL of 

the SOD buffer (Appendix III). The reaction was carried out at 25 
0
C under the 

illumination of fluorescent lamps (40W) for about 8 min until the color turn to dark, an 

indication of the formation of formazane as a result of nitroblue tetrazolium (NBT) 

photoreduction. The same reaction mixture while kept in dark without illumination was 

taken as control and the mixture lacking leaf extract was taken as blank. Absorbance 

was read at 560 nm using a UV-visible spectrophotometer (Biochem 2100). Unit of 

SOD was defined as amount of enzyme that inhibits the NBT photoreduction by 50% in 

comparison with samples lacking plant extract. Calculation was done as: 

SOD (units/g) = R4/A 

Where R1=absorbance of control; R2=absorbance of blank; R3=absorbance of sample; 

R4=R3-R2; and A=50% of control =1 unit of enzyme = R1 (50/100). 

3.2.5.2 Assay for peroxidase activity 

 POD activity was determined by the method of Vetter et al. (1958) as modified 

by Gorin and Heidema (1976). The reaction mixture conmprised 0.1 mL enzyme 
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extract, 1.35 mL of 100mM MES (Morpholine Ethano Sulphate) buffer (pH 5.5), 0.05% 

H2O2 and 0.1% phenylenedimaine. Change in absorbance was recorded at 485 nm for 3 

min with spectrophotometer. The activity of POD is presented as OD 485 nm min
-1

g
-1

. 

3.2.6 Statistical Analysis 

 Attributes studied under hydroponic experiment were subjected to analysis of 

variance (ANOVA) using CROPSTAT 7.2 software (IRRI, 2007). Differences among 

treatment means for all variables were evaluated using Fisher’s least significant 

difference (F LSD) test. Relationships among variables were determined using 

Pearson’s correlation test with STATISTICA software V.7.0 (StatSoft, Inc. 2004). 

3.3 FIELD EVALUATION 

 Field experiments were carried out during 2010-11 and 2011-12 growing 

seasons at NARC, Islamabad. Experimental site which forms a part of the Potohar 

upland, contained soil series of the Gujranwala type (Location 6; Rashid et al., 1994) 

which comprises of deep, well drained and moderately fine textured particles. It is 

slightly calcareous, non saline, with pH 8.1 and electrical conductivity (EC) 0.24 dS/m. 

Experiments were laid out according to randomized complete block design (RCBD), 

both in tunnel for stress study and in the field for control study, with two meter long 

row for each line was sown in three replications maintaining an inter row spacing of 30 

cm. Two water regimes was used which included a control treatment (in the field with 

normal irrigation as and when required) and a stress treatment (in the tunnel under a 

rain-out plot shelter, having 1 meter deep ditch around the boundary to avoid rain water 

from seeping into the tunnel). The sowing dates were November 19, 2010 and 

November 21, 2011. Seeding rate was adjusted by using differences in kernel weight 

and germination to 30 viable seeds for each row for obtaining uniform stands. Seeding 
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was done with the help of a small plot grain drill for the whole germplasm. Standard 

agronomical practices were carried out in order to provide ample nutrition. Drought 

stress plot was covered with polyethylene sheets supported on iron frames of the tunnel 

at the end of tillering to prevent it from precipitation. Water was withheld then till 

flowering was completed. Soil moisture was monitored during this period with the help 

of TDR soil moisture meter (Spectrum Technologies, Illinois, USA). Drought stress was 

maintained at 12.5% soil moisture (evident from wilting symptoms of the plants) till 

post anthesis stage. 

 Data was recorded for; (a); plant height (measured at maturity from base of the 

plant to spikes’ tip excluding awn); (b); days to flowering (number of days from sowing 

to when 50% of the plants reached flowering stage); (c); physiological maturity 

(calculated as number of days from sowing till 50% of plants in the field have shown 

maturity); (d); spikes per plant (from randomly selected plants for each genotype); (e); 

spike length (the point where spike originate to the end of last spikelet excluding awn); 

(f); number of grains per spike (by counting grains of random spikes from each line); 

(g); thousand grain weight; and (h); grain yield per plant (by weighing grains harvested 

from the whole plants selected randomly). 

3.4 DROUGHT SUSCEPTIBILITY INDEX 

 DSI developed by Fischer and Maurer (1978) was calculated according to the 

equation; DSI = (1 - Y/Yp) / (1 - X/Xp) 

Where DSI is the drought susceptibility index; Y is the cultivar yield under drought 

conditions; Yp is the cultivar yield potential under non drought conditions; X is the 

mean yield of all test cultivars under drought conditions and Xp is the mean of al1 test 

cultivars under non drought conditions. 
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3.5 STATISTICAL ANALYSIS 

 Analysis of variance was conducted for all the studied phenological traits 

according to a randomized model where the evaluated traits of genotypes were tested 

over 2 water treatments for 2 years. Statistical differences among treatment means for 

all variables were evaluated using Fisher’s least significant difference (F LSD) test. 

Relationships among variables were determined using Pearson’s correlation test with 

the help of STATISTICA software (version 7.0). Based on correlation approach, the 

data obtained were also subjected to principal component analysis (PCA) in order to 

generalize and characterize the germplasm more comprehensively by using multivar. 

option in PAST 2.12 (Hammer et al., 2001). 

3.6 HMW-GS, LMW-GS and QUALITY ANALYSIS 

 Wheat germplasm were investigated for different quality attributes, and allelic 

variation in HMW and LMW glutenin subunits and their composition. Wheat cultivars 

including Pavon, C591, C291 and Chinese Spring with banding pattern already 

identified were used as standards. 

3.6.1 Protein Extraction and SDS-PAGE 

 For HMW-GS analysis, individual spike was harvested separately from every 

wheat genotype. Individual grain was grinded and 10 mg of each was taken in a small 

tube. For flour protein extraction, 400 µL of extraction buffer (0.2% SDS + 5 M Urea + 

0.05 M Tris, pH adjusted to 8.0 with HCl) was added into the microtube. After some 

time, 10 µL mercaptoethanol was added to it and mixed well with Vortex mixer. HMW 

glutenin sub-units were analyzed through slab type SDS-PAGE following the method 

described by Rasheed et al. (2012), using 7.5% polyacrylamide gel (Appendix II). 

Electrophoresis was run at 200 V for about 5 h. Gels were then stained with 0.25% 
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(w/v) coomassie brilliant blue (CBB R250) staining solution (Appendix II) for 25-30 

min over a shaker and then processed in destaining solution (Appendix II) by routine 

method. 

3.6.2 PCR Amplification  

 DNA extraction was accomplished according to phenol-chloroform method as 

described by Pallotta et al. (2000) with some modifications (described under 3.6.1 in 

detail). PCR reactions were performed in a total volume of 10 µL containing 1x PCR 

buffer, 50-100 ng of genomic DNA, 1.0-1.5 mM of MgCl2, 5 pmol of each primer, 0.3 

U of Taq DNA polymerase and 200 mM of each deoxyribonucleotide (dNTP). Allele-

specific PCRs of Glu-B3 and Glu-A3 loci was performed with the primer sets reported 

by Wang et al. (2009) and Wang et al (2010), respectively. 

3.6.3 Grain Quality Test 

 The analyses were carried out in quality lab of CRA-Cereal Research Centre, 

Foggia, Italy. Wheat grains were milled to flour by Perten Laboratory Mill 3100 

installed with 0.8 mm sieve. Small ring cup cells were used for sample analysis and 

absorbance spectra (Log I/R) from 400 to 2500 nm were recorded on the already 

calibrated XDS Rapid Content
TM

 Analzer, RCA under 14% humidity using NIR 

Certified Reflectance Standards
TM

 for different quality parameters including protein 

content (AACC 46-19.01), Carotenoid content (AACC 56-70.01) and SDS-

sedimentation volume (AACC 14-50.01). The flour NIR spectrum for each sample was 

taken in five scans and was then averaged. 

3.6.4 Allele Identification and Statistical Analysis 

 Alleles at Glu-A1 and Glu-B1 loci were designated according to Payne and 

Lawrence (1983) whereas alleles at Glu-D1 locus were identified according to William 
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et al. (1993). Genetic diversity was calculated using PowerMarker software Version 

3.25 according to Liu and Muse (2005). Frequencies of alleles were calculated by 

adding frequencies of alleles in each line and dividing this by total number of lines. 

3.7 SIMPLE SEQUENCE REPEAT ANALYSIS 

 SSRs used in this study were based on the quality of its amplified product, 

polymorphism and allele numbers. In total, 101 SSRs, chosen from primer pairs 

designed upon the sequence information as described by Roder et al. (1998b); Pestsova 

et al. (2000) were screened for the studied wheat genotypes. Consensus map of Somers 

et al. (2004) was used mainly for chromosomal location/position of SSR markers. 

Among them, 25, 29, and 47 SSRs belonged to the A, B, and D genomes, respectively. 

3.7.1 DNA Extraction 

 For DNA extraction, all seeds were taken from self-pollinated ears. Four seeds 

from each genotype were sown in jiffy pots under controlled conditions. Genomic DNA 

was extracted following the phenol-chloroform method of Pallota et al. (2000) with 

some minor modifications. First four to six cm pieces of leaf tissue was harvested from 

two week-old seedlings, frozen in liquid nitrogen and crushed well with pestle and 

mortar; after which 20 µL of proteinase K (10 mg/mL) and 6 mL of DNA extraction 

buffer (Appendix III)) added to it; mixed well till slurry formation; transferred to 15 mL 

sterile tubes and incubated at 65 °C for 2 h in a water bath with gentle mixing for every 

30 min. This was followed by adding 6 mL of Phenol/Chloroform/Isoamyl alcohol 

(25:24:1) to it and vortexing for 5 min till uniform mixing followed by centrifugation at 

20000X for 20 min. The supernatant, approx. 6 mL was taken and 3.6 mL of cold 

isopropanol added to it, mixed gently for about 2 min and kept overnight at 4
0
C for 

DNA precipitation. DNA was collected with sterile glass rod, washed with 2 mL of 
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70% Ethanol, air dried, dissolved in 1.5 mL of 1X TE buffer, 3 µL of RNAse (10 

mg/mL) added to it, and incubated at 37 
0
C for 1 h in a water bath. The 

phenol/chloroform/isoamylalcohol step was repeated again, followed by centrifugation 

at 10000x for 20 min, addition of 130 µL (about 1/10
th

 of the sample volume) sodium 

acetate and 2 mL of 95% ethanol to the supernatant with gentle mixing and placing 

overnight for DNA precipitation at -20 
0
C. Finally, DNA collected as before, washed 

with 70% ethanol, dried at room temperature, and dissolved in appropriate amount of 

1X TE buffer. 

3.7.2 DNA Quantification 

 A pure double stranded DNA solution with concentration 50 µg/mL has A260 of 

1.0. For quantity, 2 or 4 or 8 µL of the DNA aliquot was added to 500 µL (0.5 mL) of 

MQ water and absorbance was read at 260 and 280 nm (spectrophotometer, Beckman 

model DU-65). Following formulae were used to access the quantity and quality of the 

DNA samples. The quality was further confirmed electrophoretically on 1% (w/v) 

agarose gel. 

Quantity of DNA= (A260 nm*50)/2or4or8)*0.5, and expressed as µg/µL. 

Quality of DNA= A260 nm/A280 nm. 

 All DNA samples were diluted to a concentration (20 ng/µL) and kept at 4 
0
C 

while the stock being kept at -20 
0
C. 

3.7.3 Polymerase Chain Reaction and Electrophoresis of the Amplified Product 

 PCR reactions were carried out in a 96-well thermal cycler in 25 L reaction 

mixture containing 40-80 ng genomic DNA templates; 0.20 M of each primer; 200 

M of each dTTP, dATP, dGTP and dCTP; 1X Go Taq buffer; 1.5 mM MgCl2 and 1.2 
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units of Go Taq DNA polymerase (Promega Inc.). Thermal cycler (GeneAmp PCR 

system 2700) conditions were as; denaturation step for 1 min at 96C followed by 45 

cycles (denaturation at 94C for 1 min; annealing step for 1 min and an extension step at 

72C of 2 min) and last extension step at 72C for 8 min. For electrophoresis of the 

amplified products, 1.5% agarose/TBE gel was used and observed using the computer 

program UVI PhotoMW.  

 Resolution of alleles differing in many base pairs with respect to their amplified 

product can easily be accomplished on agarose gels; however, minor differences of up 

to single repeat are difficult to discriminate (Jones et al., 1997), hence, SSR analytic 

method using capillary electrophoresis is recommended. Therefore, universal 

fluorescent labeling (phosphoramidite standard chemistry) including FAM (6-carboxy-

fluorescine), HEX (hexachloro-6-carboxy-fluorescine), NED and TET were used for 

primers for the ABI in Genomics laboratory at CRA-Cerearal Research Centre, Foggia, 

Italy. Optimized amount (diluted 300 times) of the amplified PCR product were mixed 

with deionized formamide and a GeneScan 500 ROX as an internal size standard 

(Applied Biosystem, Life Technologies Corporation) for use in automatic capillary 

electrophoresis. Mixture was denatured at 95°C for 5 min before its loading onto the 

automatic 96-capillary Applied Biosystems (ABI) 3730 Genetic Analyzer. 

Electrophoregram separation and its detection were done with GeneMapper Software 

4.0 (Applied Biosystem, Foster City, CA). Further, for cost reduction and enhancing 

genoytping capacity, multiplexing of 2 or more PCR products labeled with unlike 

fluorescent dyes (HEX, TET, 6-FAM and NED) in to a single mixture was performed 

for loading at a single time. 
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 For capillary electrophoresis of some of the markers, forward primers had M13 

tail (CACGACGTTGTAAAACGAC) at its 5’-end; reverse primer with GTTTCTT 

attached to its 5’-end for reducing tailing; and a universal FAM or HEX labeled M13 

primer having same sequence as of M13 tail (Schuelke, 2000). The thermal cycler 

amplification conditions were modified and carried out in 15 µL reaction mixture 

containing 20 ng genomic DNA, 0.25 mM dNTPs, 2 mM MgCl2 , 1X Go Taq buffer, 1 

units Go Taq DNA polymerase (Promega Inc.), 5 µM each of M13 tailed primer 

(forward and reverse) and 0.30 µM of universal M13 primer. PCR reaction was carried 

out with an initial step at 94C for 5 min, denaturation step at 94C for 45 s, then 38 

cycles at annealing temperature (mostly 55C) for 45 s, 72C for 1 min and 72C for 10 

min. The rest of the procedure was as for the fluorescently labeled primers with little 

modifications. 

3.7.4 Marker Polymorphism  

 Allele number, polymorphic information content (PIC), gene frequency and 

gene diversity of 101 genomic SSRs were calculated by using PowerMarker software 

Version 3.25 according to Liu and Muse (2005). Alleles with frequency <5% were 

considered rare alleles and considered as missing data for population structure and 

association mapping analysis as previously recommended by Breseghello and Sorrells 

(2006). 

3.7.5 Population Genetic Structure and Kinship Analysis 

 Population structure analysis was performed by processing genotypic data of 

SSR markers, distributed over entire wheat genome, through the bayesian model-based 

clustering method using STRUCTURE software V. 2.1 (Pritchard et al., 2000). The 

admixture model was applied (Falush et al., 2003) using correlated allelic frequencies 

with burn in phase of 100,000 iterations and MCMS (Markov chain Monte Carlo) 
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periods of 100,000 to test for genetic structures (K=number of subpopulations) values. 

Number of hypothetical subgroups considered ranged from 2-20 and performed 10 run 

for K values to compare the consistency of results across independent runs. For each 

value, the run with the highest posterior probability of data was chosen as the 

representative run. No prior origin or phenotypic information was used to define the 

subgroups. The likely number of subpopulations present was determined according to 

Evanno et al. (2005) by plotting LnP(D) against K and further confirming by plotting 

ΔK against the subclasses K. Kinship-Matrix was measured by converting the distance 

matrix calculated from TASSEL’s Cladogram function to a similarity matrix (Bradbury 

et al., 2007). Cluster analysis was performed to find similarity matrix with UPGMA 

(unweighted pair-group method with arithmetic mean) by using the software PAST 

version 2.12. 

3.7.6 Association Analysis 

 Observed Q matrix for maximum ∆K (i.e K=2, from Structure) was used for 

association mapping analysis carried out on phenotypic and genotypic data of the 

studied germplasm with TASSEL 2.0.1 according to Bradbury et al. (2007). Marker–

trait association analysis was conducted based on the polymorphisms present at 101 

SSR loci, each locus having at least two major alleles. Models used to test the 

significance of marker-trait association were (a) GLM (general linear model) which 

make use of population membership coefficients (Q) as covariates, and (b) MLM 

(mixed linear model) using both population structure coefficients and kinship matrices 

(K i.e. relatedness relationship coefficients) as described by Yu et al. (2006). MLM 

approach is specifically designed to reduce Type I and Type II errors. Significant 

threshold considered was p≤0.01 for marker trait associations in both GLM and MLM. 

MapChart software V 2.2 was used to present the MTAs in graphical form. 



 
 

41 
 

Chapter 4 

RESULTS AND DISCUSSION 

4.1 IN VITRO EVALUATION 

 Genotypic variations, variation due to treatment and the interaction between 

them measured under hydroponic conditions for the evaluated germplasm are presented 

in Table 2. Both genotypes as well as treatments differed for all the studied traits 

including root fresh weight (RFW), root dry weight (RDW), root length (RL), shoot 

length (SL), soluble sugars (SS), chlorophyll a (Chla), chlorophyll b (Chlb), total 

chlorophyll (TChl), protein content (PC), proline content (PRC), superoxide dismutase 

(SOD)and peroxidase (POD) activities. Interaction between genotypes and treatment 

also exhibited high differences for all the traits except for SOD and POD activities. 

Overall, the effect of drought stress was inhibitory in case of RFW, RDW, SL, and 

chlorophyll content. As an adaptation in terms of drought tolerance, increased 

antioxidant enzymatic activities of POD, SOD as well as increased PRC and SS were 

observed in the studied wheat genotypes during water stress experiment in comparison 

to control set. 

 Summary statistics of the studied traits are given in Table 3. All the traits were 

highly different (p≤0.001) between control and drought stress treatments. Further, a 

decrease in RFW (37.3%), root dry weight (35.1%), RL (37.7%), shoot lenght (43.9%), 

Chla (25.8%), Chlb (31.1%), TChl (28.0%) and PC (19.7%) was observed in the stress 

treatment when compared to the control. Wheat genotypes in control had lower SS 

(22.7%), PRC (114.1%), SOD (22.3%) and POD activity (42.7%) compared in PEG 

induced set. The observed coefficient of variation ranged from 4.9% (TChl) to 18.1% 

(POD activity). Among these studied traits, Chla and TChl contents was the most 



42 
 

 
 

persistent with 4.9% CV, followed by SS (CV, 5.7%), Chlb (CV, 7.1%), SL (CV, 7.5%) 

and RL (CV, 11.8%). Traits including RDW, PRC and SOD activity were noticed to be 

among the most variable traits with calculated CVs of 14.6%, 14.4% and 14.2%, 

respectively. 

4.1.1 Comparison of Synthetic Derived and Conventional Bread Wheat 

Germplasm for the Studied Traits in Hydroponics 

 Since the experimental germplasm basically comprised of 3 main groups 

including synthetic derived (SBW) and conventional (CBW) bread wheat along with 

check cultivars (CCT), a comparison among these groups with respect to their 

performance for the studied physiological traits was made and given in Table 4. It is 

clear that the differences among groups were much prominent for all the analyzed traits 

except Chla, Chlb, TChl and PC where the groups did not display significant 

differences. Similarly, the differences for groups x treatment also were highly 

significant for all the traits except for RFW, RDW, Chla, Chlb, TChl, PC and SOD. 

Moreover, the relative performance of SBW in comparison with CCT was also better 

both in controlled as well as in drought stress condition. For instance, under drought 

conditions, increase in RFW (29.0%), RDW (36.8%), RL (37.2%), SL (44.0%), SS 

(8.2%), Chlb (1.6%), PC (5.6%), SOD activity (17.3%) and POD activity (9.1%) was 

recorded for SBW that CCT which however were more yielding in terms of PRC (1.2%) 

and TChl (1.1%). Similarly, under controlled conditions, SBW lines were high yielding 

for all the studied traits as well except for PRC and RL than the check cultivars. By 

making comparison further between SBW and CBW it was found that both groups 

exhibited almost same antioxidant activities as well as in terms of SS content under 

drought stress conditions but RFW, RDW, RL and PC was comparatively higher by 

5.9%, 3.2%, 4.0% and 2.9% respectively in SBW. Same comparisons can be made in  
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Table 2: ANOVA results for 12 studied traits under hydroponics with PEG (6000) 

induced water stress along with control 

SOV DF MS F P≥F MS F P≥F 

 

Root Fresh Weight Chlorophyll a 

Treat. 1 0.575 1071.8 0.000 5.367 2964.2 0.000 

Gen. 54 0.016 29.7 0.000 0.089 49.4 0.000 

Treat. x Gen 54 0.005 9.8 0.000 

 

 

0.003 1.6 0.011 

Error 220 0.001 

  

0.002 

  

 

Root Dry Weight Chlorophyll b 

Treat. 1 0.136 702.7 0.000 4.083 2194.6 0.000 

Gen. 54 0.004 20.3 0.000 0.063 34.1 0.000 

Treat. x Gen 54 0.002 7.8 0.000 0.003 1.6 0.008 

Error 220 0.0002 

  

0.002 

  

 

Root Length Total Chlorophyll 

Treat. 1 2444.74 1285.3 0.000 18.81 3574.8 0.000 

Gen. 54 51.94 27.3 0.000 0.29 55.1 0.000 

Treat. x Gen 54 16.37 8.6 0.000 0.01 1.9 0.001 

Error 220 1.90 

  

0.005 

  

 

Shoot Length Protein Ccontent 

Treat. 1 23805.11 4643.3 0.000 685.66 243.0 0.000 

Gen. 54 427.28 83.3 0.000 22.08 7.9 0.000 

Treat. x Gen 54 113.74 22.2 0.000 3.81 1.4 0.069 

Error 220 5.13 

  

2.82 

  

 

Proline Content Superoxide Dismutase 

Treat. 1 206.75 2094.1 0.000 974.83 164.4 0.000 

Gen. 54 1.82 18.4 0.000 65.13 11.0 0.000 

Treat. x Gen 54 0.64 6.5 0.000 5.37 0.9 0.659 

Error 220 0.10 

  

5.93 

  

 

Soluble Sugars Peroxidase 

Treat. 1 711516.53 1065.2 0.000 4431.64 311.9 0.000 

Gen. 54 25470.71 38.1 0.000 95.78 6.7 0.000 

Treat. x Gen 54 937.39 1.4 0.047 18.33 1.3 0.105 

Error 220 667.95 

  

14.21 
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Table 3: Descriptive statistics of the studied traits in hydroponics under control (C) and 

PEG (6000) induced drought stress (S) 

Treat. Mean Max Min (σ) CV % P ≥ χ2 

 
Root fresh weight (g) 

Contro

ol 

0.22 0.39 0.11 0.05 12.7 0.000 
Stress 0.14 0.22 0.09 0.05 

Root dry weight (g) 

Control 0.12 0.20 0.06 0.05 14.6 0.000 
Stress 0.08 0.12 0.05 0.05 

Root length (cm) 

Control 14.45 20.23 5.13 9.02 11.8 0.000 
Stress 9.01 14.23 2.33 13.58 

Shoot length (cm) 

Control 38.68 55.40 12.17 74.20 7.5 0.000 
Stress 21.69 39.27 5.10 104.77 

Soluble sugars (µg/g) 

Control 409.86 544.73 334.46 3064.34 5.7 0.000 
Stress 502.73 667.60 415.01 5681.61 

Chlorophyll a (mg/g) 

Control 0.99 1.21 0.77 0.02 4.9 0.000 
Stress 0.73 0.97 0.53 0.01 

Chlorophyll b (mg/g) 

Control 0.72 0.92 0.52 0.01 7.1 0.000 
Stress 0.49 0.69 0.28 0.01 

Total chlorophyll (mg/g) 

Control 1.71 2.12 1.29 0.06 4.9 0.000 
Stress 1.23 1.66 0.81 0.04 

Protein content (mg/g) 

Control 14.61 18.08 9.09 3.43 12.8 0.000 
Stress 11.72 16.04 6.99 5.13 

Proline content (µmol/g) 

Control 1.39 2.15 1.04 0.07 14.4 0.000 
Stress 2.97 4.99 2.02 0.75 

Superoxide dismutase (units/g) 

Control 15.44 27.03 9.69 8.81 14.2 0.000 
Stress 18.88 29.34 12.18 14.53 

Peroxidase (units/g) 

Control 17.18 26.47 9.12 13.18 18.1 0.000 
Stress 24.50 37.83 17.14 24.61 

Where, σ: variance; CV: Coefficient of variation 
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Table 4: Comparison of means among check cultivars (CCT), synthetic derived (SBW) and conventional (CBW) bread wheat for the studied 

physiological traits in hydroponics for control and PEG (6000) induced drought stress conditions. Fisher’s protected LSD values are given 

for p≤0.05. 

Treat. 

 Gerplasm 

RFW  RDW  RL SL SS  Chla Chlb TChl PC PRC SOD POD  

Control 

  

SBW 0.22 0.11 14.11 38.03 415.36 0.98 0.71 1.69 14.98 1.38 15.93 17.84 

CBW 0.24 0.12 14.61 39.72 409.26 1.00 0.73 1.73 14.16 1.38 15.30 16.92 

CCT 0.16 0.08 15.45 37.06 384.10 0.98 0.69 1.68 14.82 1.47 13.60 14.97 

Stress 

  

SBW 0.15 0.08 9.39 21.64 507.02 0.71 0.49 1.20 11.93 2.92 19.07 24.70 

CBW 0.14 0.08 9.04 23.14 505.16 0.76 0.51 1.26 11.59 3.02 19.23 24.68 

CCT 0.11 0.06 6.85 15.03 468.74 0.73 0.48 1.21 11.30 2.96 16.26 22.65 

Treat 

 

*** *** *** *** *** *** *** *** *** *** *** *** 

Group   *** *** *** *** *** NS NS NS NS * ** * 

Treat*Gr

oup 

  NS NS *** * *** NS NS NS NS * NS ** 

CV %   12.70 14.60 11.80 7.50 5.70 4.90 7.10 4.90 12.80 14.40 14.20 18.10 

LSD    0.04 0.02 2.53 6.86 49.46 0.09 0.08 0.17 1.78 0.49 2.80 3.82 

Where; *, ** and ***significant at the 0.05, 0.01 and 0.001 probability level; NS, non significant. 

RFW, root fresh weight (g); RDW, root dry weight (g); RL, root length (cm); SL, shoot length (cm); SS, soluble sugars (µg/g);  Chla, 

chlorophyll a (mg/g); Chlb, chlorophyll b (mg/g); TChl., total chlorophyll (mg/g); PC, protein content (mg/g); PRC, proline content 

(µmol/g); SOD, superoxide dismutase (units/g); POD, peroxidase (units/g). 
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controlled conditions between the two groups. In general, both SBW and CBW 

genotypes were almost similar or better than the check cultivars for most of the analyzed 

physiological traits in controlled as well as in drought stress environment. The 

coefficient of variation among the three groups ranged from 4.9% (for Chla and TChl) 

to 18.1% for (POD activity), which means that among the studied physiological traits, 

Chla and TChl. contents was the most persistent with 4.9% CV, followed by SS content 

(CV, 5.7%), Chlb (CV, 7.1%), SL (CV, 7.5%) and RL (CV, 11.8%). Traits including 

POD activity, RDW, PRC contents and SOD activity were noticed to be most variable 

traits with calculated CVs 18.1%, 14.6%, 14.4% and 14.2%, respectively. 

4.1.2 Pearson Coefficient of Correlation for Physiological Attributes 

 The knowledge about significant correlation among different plant traits is 

considered important for a breeding program as it helps in selecting genotypes having 

appropriate desirable characters (Ali et al., 2009). Accordingly, Pearson coefficient of 

correlation (r) analysis between the studied physiological traits was carried out and is 

shown in Table 5. Since the germplasm possesses wide genetic background and was 

developed for water deficit environments, most of the studied traits exhibit positive 

correlation among them especially under stress treatment. Phenotypic correlations of 

RFW with RDW, RL, SL, and SS was significantly positive both in control and stress 

conditions. However, its correlation with PRC (r=0.73), SOD activity (r=0.57), and 

POD activity (r=0.70) was highly significant only under stress condition. This suggest 

that induction in SOD activity may coincide with corresponding increase in POD 

activity, thus combining activities of these antioxidant enzymes lead to convert more 

efficiently the toxic O2
.-
 and H2O2 to O2 and water, the result being less oxidative 

damage in water deficit conditions as discussed earlier by Alscher et al. (2002). Similar 
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findings have also been reported by Salekjalali et al. (2012). Root length considered to 

be one the most important trait in stress environment also shows significantly positive 

correlation with most of the traits except chlorophyll and protein content. Its association 

was more prominent with SL (r=0.91), SOD activity (r=0.40) and POD activity (r=0.55) 

suggesting its importance further from the fact that wheat lines with longer roots within 

osmotic stress condition also possessed high shoot length. Significant correlation 

between shoot and root length indicated that the genotypes with maximum RL and SL 

may have high degree of drought tolerance. This continued root growth is also 

important as a drought avoiding strategy by maintaining turgor through osmotic 

adjustment under stress conditions. The findings are in accordance with those of 

Dhanda et al. (2004) and as previously discussed by Stephen and Siddique (1994). 

Similar intraspecific variations for the use of these traits as a selection criterion for 

wheat drought resistance had also been reported by Hafid et al. (1998a and b) who 

further stated that selection for higher osmoregulation would appear to be a reasonable 

way of improving grain yields under water stress conditions. Chlorophyll and PC 

correlated inconsistently with morphological traits especially under stress treatment 

while its association was much better with the studied osmoprotectants including 

proline and antioxidants. This suggests that drought stress resulted in mild decrease in 

chlorophyll content only, the reason being increased osmoprotectants and antioxidants 

including both SOD and POD activities. Reports of such mild decreases or little altered 

chlorophyll contents in other species under drought stress conditions have also been 

documented (Kpyoarissis et al., 1995). Declines in total chlorophyll under drought 

stress imply lowered capability to harvest light. Since, ROS production is mainly 

determined by excess energy absorption within the photosynthetic apparatus; this might 

be avoided by degrading the absorbing pigments (Herbinger et al., 2002). Similarly, 
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correlation of SL was significantly positive with other morphological traits as 

previously reported by Khan et al. (2002), but more prominent under stress treatments 

with SS (r=0.70), PRC (r=0.69), SOD activity (r=0.42) and POD activity (r=0.62). 

Protein content was positively correlated only with SS (r=0.49) and non significant to 

all remaining studied traits as previously reported by Xiaoqin et al. (2009). Soluble 

sugar was in positive correlation with all the studied traits but the association was more 

prominent and positive under stress condition. Similar findings have also been reported 

by Kameli and Losel (1995). The enhanced accumulation of SS results from a reduced 

assimilates utilization induced by drought stress in relation to an inhibition of invertase 

or sucrose synthase activities as well as decline of its translocation from source to sink. 

This suggests that SS are among the major organic solutes contributing to osmotic 

adjustment in wheats, especially in leaves as a sink. Soluble sugars including sucrose 

and glucose with a role in ROS scavenging mechanisms through NADPH has 

previously been documented by Coue et al. (2006). They also have stated its 

involvement in regulation of the expression of some ROS related genes like superoxide 

dismutase, suggesting that SS might act as signals, necessary for the plant in sensing 

and controlling cellular redox balance in a complex way. The positive association of 

PRC was more pronounced under stress conditions especially with SS (r=0.83). Larher 

et al. (1993) reported positive effects of SS on the accumulation of PRC. Enhanced 

PRC accumulation could be considered as an indicative reaction at the cellular level in 

response to stress conditions as earlier stated by Pospisilova and Batkova (2004) with 

having adaptive roles in stress tolerance of plants (Verbruggen and Hermans, 2008). 

Proline accumulation has been previously advocated as a selection parameter in 

response to stress tolerance by Yancy et al. (1982) as its concentration has generally 

been found higher in stress-tolerant plants. 
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4.2 IN VIVO EVALUATION 

 ANOVA results (Table 6) access the genotypic variations across two years 

(2011 and 2012) relative to their performance in well watered and field induced drought 

stress conditions. Significant differences were observed in relative performances of all 

wheat genotypes for studied phenological traits signifying the existence of genetic 

variability among the studied lines and selection possibility from it for improving 

drought tolerance. Treatment interactions with genotypes and years also differed 

significantly throughout the experiment except for SPP. The year x genotypes 

interaction was non significant except for PH, DF and TGW. On the whole, the effect of 

drought stress was inhibitory for all studied attributes. Decrease in DF and PM which is 

necessary especially to avoid the deleterious effects of drought stress was much 

promising. Genetic variation observed from ANOVA results depicted the possibility of 

genotypic selection for improved drought tolerance. Summary statistics of the studied 

phenological traits are given in Table 7. All the traits exhibited significant differences 

between control irrigated and drought stress treatments. A clear decrease in PH 

(12.0%), DF (7.1%), PM (5.6%), SP (15.9%), SL (10.1%), GS (14.3%) and TGW 

(8.9%) under drought stress treatment in comparison to control set was observed during 

the experiment across two years. ANOVA results clearly indicate similar differences. 

Coefficient of variation ranged from 1.3% for TGW to 15.8% for GYP. The most 

consistent traits with reference to CV calculation was TGW, followed by PH (CV, 

2.6%), PM (CV, 3.3%) and DF (CV, 3.5%), while comparatively variable traits after 

GYP observed were SPP (CV, 13.2%), SPL (CV, 9.0%) and GS (CV, 6.0%). 

4.2.1 Comparison of Phenological Attributes in the Studied Wheat Germplasm  

 Comparison among the three wheat groups is shown in Table 8. As apparent 

from the table, significantly high differences were displayed by all three groups
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Table 5: Pearson coefficient of correlation (r) and associated probabilities (i.e. *, ** and *** for p≤0.05, ≤0.01, ≤0.001 respectively) between the 

studied traits using means of each line (n=55) evaluated in hydroponics for control (C), and PEG (6000) induced drought stress (S) 

  

RFW RDW RL SL SS TChl PC PRC SOD 

RDW 
C 0.97*** 

        
S 0.96*** 

        

RL 
C 0.79*** 0.75*** 

       
S 0.91*** 0.84*** 

       

SL 
C 0.69*** 0.65*** 0.85*** 

      
S 0.85*** 0.83*** 0.91*** 

      

SS 
C 0.61*** 0.59*** 0.44** 0.44** 

     
S 0.81*** 0.77*** 0.70*** 0.70*** 

     

TChl 
C 0.33* 0.32* 0.19 0.31* 0.68*** 

    
S 0.26 0.24 0.12 0.25 0.71*** 

    

PC 
C 0.04 -0.01 -0.08 -0.08 0.34* 0.19 

   
S 0.18 0.12 -0.02 -0.02 0.57*** 0.45** 

   

PRC 
C 0.21 0.16 0.17 0.19 0.65*** 0.59*** 0.34* 

  
S 0.73*** 0.73*** 0.62*** 0.69*** 0.83*** 0.73*** 0.60*** 

  

SOD 
C 0.18 0.15 -0.02 0.04 0.60*** 0.46*** 0.63*** 0.49*** 

 
S 0.57*** 0.61*** 0.40** 0.42** 0.76*** 0.65*** 0.68*** 0.73*** 

 

POD 
C 0.28* 0.25 0.08 0.05 0.50*** 0.40** 0.58** 0.36** 0.68*** 

S 0.70*** 0.70*** 0.55*** 0.62*** 0.83*** 0.67*** 0.59*** 0.78*** 0.81*** 
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Table 6: ANOVA results of evaluated phenological traits under irrigated and drought stress during 2010/2011 and 2011/2012 for the studied wheat 

germplasm (including check cultivars). 

SOV DF MS F P≥F MS F P≥F MS F P≥F 

 

 

 

 

Plant height 

 

 

 

 

 

Days to flowering 

  

  

Physiological maturity 

  

  

Year 1 3706.24 702.89 0.000 670.04 44.22 0.000 2045.82 93.74 0.000 
Treat. 1 20877.10 3959.50 0.000 11152.10 736.05 0.000 11029.10 505.36 0.000 
Gen. 54 382.31 72.50 0.000 147.68 9.75 0.000 107.53 4.93 0.000 
Year*Treat 1 35.01 6.64 0.010 6.40 0.42 0.523 155.16 7.11 0.008 
Year*Gen. 54 95.06 18.03 0.000 28.69 1.89 0.000 27.27 1.25 0.120 
Treat*Gen. 54 37.38 7.09 0.000 27.71 1.83 0.001 32.39 1.48 0.018 
Year*Treat*Gen. 54 2.53 0.48 0.999 16.98 1.12 0.267 23.28 1.07 0.355 
Error 440 5.00 

  
15.00 

  
22.00 

  

 

Spikes per plant Spike length Grains per spike 

Year 1 565.64 237.94 0.000 268.68 241.28 0.000 1485.00 180.03 0.000 
Treat. 1 666.01 280.16 0.000 255.32 229.29 0.000 9035.36 1095.40 0.000 
Gen. 54 79.34 33.38 0.000 20.45 18.37 0.000 976.70 118.41 0.000 
Year*Treat 1 0.34 0.14 0.707 8.09 7.27 0.007 102.42 12.42 0.001 
Year*Gen. 54 2.84 1.20 0.170 0.25 0.22 1.000 10.08 1.22 0.144 
Treat*Gen. 54 2.42 1.02 0.441 2.08 1.87 0.000 13.34 1.62 0.005 
Year*Treat*Gen. 54 0.44 0.19 1.000 0.25 0.23 1.000 4.68 0.57 0.994 
Error 440 2.38 

  
1.11 

  
8.00 

  

 

Thousand grain weight Grain yield per plant 

   Year 1 227.83 854.59 0.000 1407.60 102.84 0.000 
   Treat. 1 2611.00 470.20 0.000 14945.90 1091.89 0.000 

   Gen. 54 257.67 966.53 0.000 787.80 57.55 0.000 

   Year*Treat 1 4.75 17.82 0.000 4.80 0.35 0.553 

   Year*Gen. 54 0.57 2.15 0.000 17.70 1.29 0.090 

   Treat*Gen. 54 2.60 9.76 0.000 34.50 2.52 0.000 

   Year*Treat*Gen. 54 0.47 1.76 0.001 3.60 0.26 1.000 

   Error 440 0.27 

  

13.7 
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regarding their performance for the studied traits. Likewise, group x treatment 

interaction differed with high significance as well. To go further in depth, SBW lines 

performed relatively much better than corresponding check cultivars for most of the 

studied traits across both years. During comparison with CCT, it was observed that 

SBW genotypes were relatively superior in terms of PH (10.2%), SPL (4.9%), GS 

(31.5%), TGW (24.9%) showing earliness in DF (2.4%) and PM (2.0%) than 

corresponding check cultivars. Spikes per plant, however, were 4.5% higher in check 

cultivars. Almost similar responses were observed between the two groups when 

compared under well watered conditions. When comparison was made between SBW 

and CBW genotypes in stress treatment, the SBW were relatively superior in terms of 

TGW (4.2%), SPP (11.4%) and PH (2.0%) than CBW lines. They also were relatively 

early in DF (2.6%) and PM (1.6%). Same responses were noticed between the two 

groups under control conditions as well. To sum up, we can say that SBW and CBW 

collectively were better in performance both under control irrigated and field induced 

drought stress than the corresponding check cultivars. Further, allelic introgression from 

Ae. tauschii into bread wheat did improve the expression of traits that included grain 

yield and related components. There were eight synthetic derived lines (AA14, AA16, 

AA17,AA19, AA24, AA28, AA44 and AA46) which displayed significantly higher 

grain yield when compared to the corresponding adapted check cultivars (AA53, AA54 

and AA55). This suggests a positive introgression for yield from Ae. tauschii into bread 

wheat. Moreover, some of the best lines for grain yield (AA19, AA24, AA28 and 

AA46) had higher grain weight than the corresponding check cultivars. Consequently, 

we can say that source and sink were concurrently improved in these genotypes. 

Therefore, synthetic derived wheats are a promising source for improved yield and yield 

related traits. 
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4.2.2 Pearson Coefficient of Correlation for Phenological Attributes 

 Pearson coefficient of correlation (r) between the studied phenological traits 

across two years under well watered and field induced water stress conditions were 

calculated and are presented (Table 9). Phenotypic correlations of PH with SPP 

(p≤0.05), SPL (p≤0.001), GS (p≤0.05), TGW (p≤0.01) and GYP (p≤0.001) depicted 

strong association. This implies that plants with more height under drought stress after 

anthesis (i.e. taller plants) can lead to more yields in terms of grains per spike and other 

yield related parameters as reported before by Dodig et al. (2011). Similarly, GS was 

strongly correlated to SPL (r=0.54) as previously reported by Ul-haq et al. (2010) and 

GYP (r=0.61), and weakly with PH (r=0.31). The correlation between DF and PM was 

positive and highly significant (r=0.67) but was negative with all other investigated 

traits as reported earlier by Mondal et al. (1997) and Khokhar et al. (2010). Further, this 

negative correlation was mainly due to earliness in flowering and physiological 

maturity of the genotypes under drought stress which contributed clearly to yield 

advantage more specifically in terms of TGW (r=-0.32 for DF and r=-0.27 for PM) and 

GYP (r=-0.27 for DF). According to Blum (2009), earliness has often been considered 

to be the first and primary step in breeding for water deficit environments. In this study, 

drought stress was imposed at pre-anthesis and earliness observed in most of the 

genotypes in comparison to controlled set permitted drought escape to some extent 

during the most sensitive stage of grain setting. These findings are in accordance with 

those of Lopes and Reynolds (2011). The correlation of TGW with PH was positive but 

weak under controlled conditions (r=0.29) and strong under drought conditions 

(r=0.52). van Ginkel et al. (1998) evaluated 16 advanced wheat lines for grain yield and 

reported similar findings about correlation of TGW with PH. Also, SPP was in strong 

association with SPL both under controlled (p≤0.05) and drought treatments (p≤0.01) 
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Table 7: Descriptive statistics for phenological traits under irrigated and drought stress 

conditions during 2010/2011 and 2011/2012 

Treat. Mean Max. Min. SE CV (%) P ≥ χ
2 

 Plant height (cm) 

Irrigated 93.68 106.67 81.17 8.31 
2.6 0.000 

Stress 82.44 92.83 70.33 10.28 

Days to flowering (d) 

Irrigated 115.44 123.50 108.50 0.99 
3.5 0.000 

Stress 107.22 115.00 90.33 21.25 

Days to physiological maturity (d) 

Irrigated 145.14 153.50 139.50 0.34 
3.3 0.000 

Stress 136.96 143.00 116.50 29.67 

Spikes per plant 

Irrigated 12.67 18.83 7.50 1.86 
13.2 0.000 

Stress 10.66 16.83 5.33 1.13 

Spike length (cm) 

Irrigated 12.37 16.25 9.25 0.69 
9.0 0.000 

Stress 11.13 13.20 8.83 0.52 

Grains per spike  

Irrigated 51.73 72.00 38.83 2.67 
6.0 0.000 

Stress 44.33 64.67 30.00 8.12 

Thousand grain weight (g) 

Irrigated 42.92 53.23 31.64 0.11 
1.3 0.000 

Stress 39.11 53.50 27.31 0.31 

Grain yield per plant (g) 

Irrigated 28.22 51.94 11.88 10.62 
15.8 0.000 

Stress 18.70 42.66 5.65 6.87 

Where, SE: standard error; CV: coefficient of variation 
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Table 8: Comparison of means among check cultivars (CCT), synthetic derived (SBW) and conventional (CBW) bread wheat under irrigated and 

drought stresss during 2010/2011 and 2011/2012.  Fisher’s protected LSD values given for P <0.05. 

Treat. Germplasm PH DF PM SP SL GS TGW GY/P 

Irrigated 

SBW 95.24 114.00 144.02 12.90 12.59 52.28 43.97 30.00 

CBW 93.92 116.85 146.15 12.24 12.35 53.35 43.16 27.98 

CCT 84.47 116.10 146.10 13.53 11.35 41.10 36.27 20.10 

Stress 

SBW 83.86 105.75 135.75 11.11 11.20 44.90 40.55 20.71 

CBW 82.22 108.58 137.95 9.97 11.14 45.84 38.93 17.71 

CCT 76.07 108.30 138.50 11.63 10.68 34.13 32.47 13.06 

LSD for Treat 1.10*** 0.83*** 0.89*** 0.47*** 0.27*** 1.45*** 0.72*** 1.32*** 

LSD for Group 1.64*** 1.25*** 1.31*** 0.60*** 0.34** 1.81*** 0.87*** 3.10 *** 

LSD for Treat*Group 1.78*** 1.39*** 1.51*** 0.80*** 0.46*** 2.36*** 1.11*** 3.10 NS 

Where, ** and *** significant at the 0.01and 0.001 probability level. 

PH, plant height (cm); DF, days to flowering (d); PM, days to physiological maturity (d); SPP, spikes per plant; SPL, spike length (cm); GS, grains 

per spike; TGW, thousand grain weight (g) and GYP; grain yield per plant (g) 



56 
 

 
 

Table 9: Pearson coefficient of correlation (r) and associated probabilities (*, ** and *** for p≤0.05, ≤0.01, ≤0.001 respectively) between 

measured phenological traits using means of each line (n=55). Lower triangle represents trait correlations separately for irrigated and stress 

while upper triangle shows correlations of traits combined for irrigated and stress. 

  
PH DF PM SPP SPL GS TGW GYP 

PH 
Irrigated 

 
-0.32* -0.24 0.28* 0.52*** 0.31* 0.42** 0.47*** 

Stress 
  

            

DF 
Irrigated -0.17   0.67*** -0.19 -0.17 -0.09 -0.32* -0.27* 

Stress -0.31*               

PM 
Irrigated -0.16 0.92***   -0.02 -0.05 -0.02 -0.27* -0.11 

Stress -0.13 0.33*             

SPP 
Irrigated 0.21 -0.25 -0.16   0.32* 0.13 0.18 0.77*** 

Stress 0.35** -0.07 0.14           

SPL 
Irrigated 0.49*** -0.19 -0.12 0.28* 

 
0.54*** 0.31* 0.57*** 

Stress 0.55*** -0.06 0.12 0.40**         

GS 
Irrigated 0.30* -0.03 0.03 0.11 0.55***   0.07 0.61*** 

Stress 0.31* -0.11 -0.01 0.29* 0.51***       

TGW 
Irrigated 0.29* -0.29* -0.30* 0.07 0.29* 0.03 

 
0.50*** 

Stress 0.52*** -0.24 -0.15 0.23 0.37** 0.08   
 

GYP 
Irrigated 0.40** -0.20 -0.18 0.75*** 0.58*** 0.63*** 0.40**   

Stress 0.53*** -0.27* 0.02 0.80*** 0.59*** 0.62*** 0.49***   

See table 8 for traits coding
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but its correlation was significant with GS only under drought condition (r=0.29) and 

non significant under controlled treatment as previously reported by Zhang et al. 

(2010). This means that genotypes are unable to develop all kernel sites into kernels 

under water deficit conditions prevalent mostly during cropping season more 

specifically at pre-anthesis and post-anthesis stages of development, ultimately resulting 

in low yield. Similar findings have been discussed by Mohammad et al. (2010). The 

correlation of grain yield per plant with PH, SPP, SPL, GS and TGW was significantly 

positive. Based on high correlation coefficients with grain yield, the major contributing 

factors towards grain yield under drought treatment were PH (r=0.53), SPP (r=0.80), 

SPL (r=0.59) and GS (r=0.62; Izanloo et al., 2008). Much importance was given by 

Blum and Pnuel (1990) for maintaining high GS under drought stress conditions. It is 

now believed that genetic progress for grain yield could be achieved by enhancing 

TGW while maintaining or, if possible, improving number of grains per unit area. But it 

is generally known that TGW and grains per unit area are in poor or negative 

association (Slafer et al., 1996). This may be due to the availability of decreased 

assimilates per single grain because of higher number of grains per unit area, especially 

when resource limitations happen in the course of grain filling stage. Nevertheless, 

under optimum conditions, wheat is observed as being sink limited (Borghi et al., 

1986). Synthetic hexaploid wheats could be recommended as an alternate source of 

important alleles for improved grain yield (Ogbonnaya et al., 2007). Further, a 

significant negative correlation of grain yield per plant with DF (r=-0.27) suggested that 

the lines with earlier flowering were superior in yield under stress environment. This 

indicated that selection for grain yield based on correlation results under drought-stress 

conditions may provide desirable results as reported earlier by Dhanda and Sethi 
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(2002). It was also concluded that the expression and association among so many plant 

growth parameters are involved in the overall grain yield. 

 Water stress (drought) especially at anthesis stage, is considered the most 

important environmental stress factor in agriculture, resulting in decreased wheat yield 

(Ji et al., 2010). Drought stress affects many plant physiological processes that include 

respiration, photosynthesis, carbohydrate metabolism etc ultimately, reducing growth, 

grain setting, and grain fills resulting in reduced grain yield (Boyer, 1982). To some 

extent, field experiment results for most of the genotypes were in agreement with those 

of hydroponic induced stress results as previously reported by Farshadfar et al. (2002) 

during their association study in wheat disomic addition lines for drought tolerance. 

4.3 RELATIVE PERFORMANCES OF GENOTYPES 

 Genotypes as well as interaction between genotypes and treatments were highly 

different for the studied traits. Data were analyzed statistically and the differences were 

visualized using Fischer’s LSD (Appendices V, VI and VII). The results for each trait 

are discussed below. 

4.3.1 Root Fresh Weight 

 Different responses of accessions to drought for RFW were evident at p≤0.001 

(Table 2). Drought stress resulted in a 37.7% decrease in RFW in comparison to control 

set, when averaged across all accessions. Mean values of all the wheat genotypes for 

RFW ranged from 0.39 g (AA40 and AA38) to 0.11 g (AA49) under control conditions 

whereas it lie between 0.22 g (AA9) and 0.09 g (AA6, AA13 and AA48) under PEG 

induced drought stress conditions. Largest decrease for the same trait under drought 

stress was observed in genotypes AA37 (66.3%), AA42 (66.1%) and AA41 (65.2%) 
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while the genotypes including AA10 (8.5%), AA29 (7.8%) and AA49 (2.9%) exhibited 

the lowest decrease. About 17 genotypes displayed RFW range between 0.12 g and 0.14 

g (Figure 1a). 

4.3.2 Root Dry Weight 

 Genotypes were highly different in its RDW responses under drought treatment 

at p≤0.001 (Table 2). A 35.5% relative decrease in drought treatment was observed 

when averaged for all accessions. RDW in the studied genotype varied from 0.06 g 

(AA49) to 0.20 g (AA40) in control conditions and ranged from 0.05 g (AA8, AA22, 

AA54) to 0.12 g (AA9) under drought treatment. Relative performance of AA44 under 

drought treatment was better (1.0% relative decrease than control) while largest 

decrease was observed in AA41 (67.15). About 27 genotypes displayed lowest RDW 

range between 0.06 g and 0.09 g (Figure 1b). 

4.3.3 Root Length 

 Mean values of wheat genotypes for RL were highly different p≤0.001 (Table 

2). A net decrease of 37.7% in RL was observed under drought stress when compared to 

control set. Nagarajan and Rane (2000) had previously reported decreased RL in spring 

wheat cultivars in response to drought stress. High relative decrease was recorded in 

genotype AA21 (82.2%) while the genotypes including AA44 (3.7%) and AA39 (3.4%) 

exhibited the lowest decrease. Mean values of the studied wheat genotypes were from 

5.1 cm (AA18) to 20.2 cm (AA40) under control conditions whereas it ranged from 2.3 

cm (AA21) to 14.2 cm (AA39) under drought treatment. Genotypic differences in root 

system have been widely investigated and reported (Blum, 1988). Genetic variability 

for root length has previously been investigated by Al-Faiz et al. (1994) in different oat 

cultivars and Raziuddin et al. (2010) in different wheat genotypes in response to 
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drought stress. The plants ability to absorb water depends largely on the pattern and 

extent of root development; hence, optimizing rooting behavior is considered a 

reasonable way of enhancing water use-efficiency. Frequency distribution of the studied 

genotypes for RL is given in Figure 1c. 

4.3.4 Shoot Length 

 Genotypes and treatments as well as the interaction between them were highly 

different with respect to SL responses under drought treatment at p≤0.001 (Table 2). 

Relative decrease (44.0%) in SL under drought treatment was observed when means 

were averaged for all genotypes under both treatments. Al-Karaki et al. (1995) 

previously reported reduced growth in hydroponic for Phaseolus. Similarly, Sainio and 

Makela (1995) observed decrease in above ground biomass and reduced growth in 

Avena sativa under drought conditions. Highest SL (55.4 cm) under control condition 

was recorded for AA40 while the lowest value (5.1 cm) under drought stress conditions 

was recorded for AA21. Relative performance of AA39 under drought treatment was 

better (0.16% relative decrease than control) while largest decrease was observed in 

AA15 (82.41%). About 18 genotypes possessed SL within the range between 30.0 cm 

and 35.0 cm (Figure 1d). The decrease in shoot length could be due to reduced leaf area 

which may have accumulated decreased photo assimilates. Ashraf et al. (1996) have 

suggested that screening seedling traits including root and shoot length for drought 

stress tolerance is among the desired recommended procedures. 

4.3.5 Soluble Sugars 

 Mean values of wheat genotypes, treatments and the interaction between them 

for SS were highly different p≤0.001 (Table 2). Relative increase of 18.5% in SS was 

observed under drought stress conditions during this experiment. Kameli and Losel 
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(1995) have also reported enhanced accumulation of carbohydrate content under 

drought stress. Similarly, enhanced accumulation of SS in response to drought stress has 

been discussed in detail by Izanloo et al. (2008). High relative increase was observed in 

genotype AA28 (23.4%) while the genotype AA44 showed the lowest increase (6.2%). 

Mean values of the studied wheat genotypes were from 334.5 µg/g (AA8) to 544.7 µg/g 

(AA25) under control conditions, whereas it ranged from 415.0 µg/g (AA8) to 667.6 

µg/g (AA25) under drought treatment. Kerepesi and Galiba (2000) previously observed 

that tolerant genotypes possessed relatively high water-soluble carbohydrate (WSC) 

contents in comparison to sensitive genotypes when subjected to drought stress induced 

through PEG. This suggests that soluble sugars are among the major organic solutes 

contributing to osmotic adjustment in wheats, especially in leaves as a sink. Soluble 

sugars including sucrose and glucose with a role in ROS scavenging mechanisms 

through NADPH generating pathways has previously been documented by Coue et al. 

(2006). It is supposed to have role in sensing and signaling systems beside having 

important part in plant metabolism in terms of energy production and being part of 

hydrolytic processes. Most of the genotypes possessed SS within the range of 390 µg/g 

to 440 µg/g (Figure 1e). 

4.3.6 Protein Content 

 Genotypes x treatment had no effect on PC; however, genotypes and treatments 

were highly different with respect to PC responses at p≤0.001 (Table 2). A relative 

decrease of 19.7% in protein content was recorded under drought treatment when means 

were averaged for all accessions under both treatments. Under control conditions, the 

protein content ranged from 9.09 mg/g (AA2) to 18.08 mg/g (AA45) and varied from 

6.99 mg/g (AA2) to 16.04 mg/g (AA32) under drought treatment. Most of the 

genotypes possessed PC in the range of 12 to 16 mg/g (Figure 1f). 
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Figure 1: Frequency distribution of wheat genotypes for the studied traits; (a) Root 

fresh weight; (b) Root dry weight; (c) Root length; (d), Shoot length; (e) 

Soluble sugars; (f) Protein content 

 

(Continued) 
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Figure 1: (g) Chlorophyll a; (h) Chlorophyll b; (i) Total Chlorophyll; (j,) Proline 

content; (k) Superoxide dismutase; (l) Peroxidase 

 

Continued 
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Figure 1: (m) Plant height; (n) Days to flowering; (o) Days to physiological maturity; 

(p) Spikes per plant; (q) Spike length; (r) Grains per spike 

(Continued) 
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Figure 1: (s) Thousand grain weight; (t) Grain yield per plant
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Figure 2: Principal component and biplot analysis for PC1 and PC2 based on the trait 

means. Trait vectors displaying angles less than 90
0
 are having positive association, 

while those with angles high than 90
0
 are in negative association. Trait codes are given 

in Table 4 and 8. 
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4.3.7 Chlorophyll a and b Content 

 Mean values of Chla and Chlb contents for genotypes as well as treatments 

differed significantly from each other (Table 2). A relative decrease of 25.8% in Chla 

and 31.1% in Chlb content was observed under drought treatment when means were 

averaged for all accessions under both treatments. These findings are in general 

agreement with those of Nyachiro et al. (2001), who reported decreased chlorophyll a 

and b content under water stress in six T. aestivum lines. For Chla, the genotype AA50 

performed well as is depicted from the lowest relative decrease (17.2%) whereas, for 

Chlb, the genotype AA38 displayed lowest relative decrease (16.4%), while largest 

decrease was observed in AA41 (46.5%). Most of the genotypes possessed Chla content 

within the range 0.70-0.85 mg/g and Chlb content within the range of 0.50 to 0.60 mg/g 

(Figure 1g and 1h). 

4.3.8 Total Chlorophyll 

 Mean values of wheat genotypes, treatments and the interaction between them 

for TChl were highly different p≤0.001 (Table 2). Net decrease of 28.0% in TChl was 

observed under drought stress when compared to the control set. This decrease may be 

ascribed to rapid relocation of carbohydrates and nitrogen within leaves and stems, thus 

enhancing senescence of leaves and decreased chlorophyll content (Yang et al., 2001). 

Further, drought also causes damage to membranes and degradation of chlorophyll 

molecules (Zhang and Kirkham, 1994). High relative decrease was observed in 

genotype AA24 (40.3%) while genotype AA50 showed the lowest decrease (19.7%). 

Izanloo et al. (2008) have previously reported 25% decrease in chlorophyll content in 

hexaploid wheats ‘Kukri’ but no significant change in ‘RAC875’ and ‘Excalibur’. 

Frequency distribution of the studied wheat lines for TChl is given in Figure 1i. 
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4.3.9 Proline Content 

 Mean values of wheat genotypes, treatments as well as the interaction between 

them for PRC were highly different p≤0.001 (Table 2). Relative increase of 53.3% in 

PRC was observed under drought stress when compared to control set. These findings 

are in agreement with those of Hong-Bo et al. (2006). Proline is one of the most studied 

compatible solutes of the amino acids. Increased proline concentration in response to 

drought stress is considered beneficial as desiccation protectant and osmoticum (Stewart 

and Hanson, 1980). A number of workers have reported enhanced accumulation of 

proline content in different plants (Mastrangelo et al., 2000; Raziuddin et al., 2010). 

Proline accumulation has therefore been recommended as selection parameter for 

tolerance to drought stress (Yancy et al., 1982; Vendruscolo et al., 2007). Most of the 

genotypes possessed PRC in the range of 1.6 to 2.0 µmol/g (Figure 1j). 

4.3.10 Superoxide Dismutase Activity 

 Genotypes x treatment had no significant effect on superoxide dismutase 

activity; however, genotypes and treatments were highly different with respect to the 

same antioxidant activity at p≤0.001 (Table 2). A relative increase of 18.2% in 

superoxide dismutase activity under drought treatment was observed when means were 

averaged across accessions. Increase in superoxide dismutase activity is important to 

decrease the concentration of O
-2

 radicals which is very deleterious and responsible for 

a major part of the oxidative damage. Relative performance of AA36 under drought 

treatment was better (38.0 % relative increase than control) while the genotype AA4 

(4.14%) displayed relatively small increase for the same antioxidant activity. 

Superoxide dismutase activities of most of the genotypes lie within the range from 12-

20 units/g (Figure 1k). 
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4.3.11 Peroxidase Activity 

 Genotypes and treatments were highly different with respect to the POD activity 

at p≤0.001 (Table 2) however; genotypes x treatment had no significant effect on the 

same antioxidant activity. A net increase of 29.9% in POD activity was observed under 

drought stress when compared to control set. SOD, POD and other antioxidants like 

CAT are important indices for evaluating wheat redox status whose superior activities 

display basically the higher anti-oxidative capability, thus reflecting higher drought 

tolerance (Zhang and Kirham, 1994; Shinozaki et al., 2003). High relative increase was 

observed in genotype AA2 (50.9%) while the genotype AA3 showed the lowest 

increase (5.1%). Mean values of the studied wheat genotypes varied from 9.12 units/g 

(AA5) to 26.47 units/g (AA32) under control conditions and from 17.14 units/g (for 

AA51; a check cultivar) to 37.83 units/g (AA32) under drought treatment. Peroxidase 

activity of most of the genotypes ranged from 16.0 to 24.0 units/g (Figure 1l). 

4.3.12 Plant Height 

 Mean values for PH was highly different (P < 0.001) for genotypes, treatments, 

years and the interactions between them except for the genotype x treatment x year 

(Table 6). Overall, the drought effect was inhibitory and a total net decrease of 12.0% in 

plant height in comparison to control treatment was observed. Lowest relative decrease 

(5.4%) in plant height was recorded for the genotype AA54 (a rainfed cultivar used as 

check cultivar) whiles the largest decrease (22.4%) was being observed in the genotype 

AA31. Under controlled conditions, the genotype AA52 used as a check cultivar 

possessed the smallest height (81.2 cm) with the maximum height being displayed by 

AA21 (106.7 cm). Under field induced drought stress conditions the genotypes ranged 

for PH from 70.3 cm (AA50) to 92.8 cm (AA21). Most of the genotype possessed PH 

within the range from 84-96 cm (Figure 1m). 
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4.3.13 Days to Flowering 

 Mean values for DF was highly different (at p≤0.001) for genotypes, treatments, 

years and the interactions between them, except for the year x treatment and genotype x 

treatment x year (Table 6). A total net decrease of 7.1% in DF was observed when 

means of both treatments were averaged across all the genotypes. Lowest relative 

decrease (4.6%) in DF was noted for the genotype AA11 whiles the largest decrease 

(22.5%) was being observed in the genotype AA7. Under controlled conditions, the 

genotype AA24 had taken the minimum DF (108.5 d), the maximum DF being recorded 

for AA31 (123.5 d), whereas, under field induced drought stress conditions the 

genotypes ranged for DF from 90.3 d (AA7) to 115.0 d (AA50). DF in majority of the 

genotypes ranged from 108-116 d (Figure 1n). 

4.3.14 Days to Physiological Maturity 

 There were significant differences in mean values for PM (at p≤0.001) in 

genotypes, treatments, years and the interactions between them, except for the genotype 

x year and genotype x treatment x year (Table 6). A total net decrease of 5.6% in 

physiological maturity was observed in drought treatment when means under both water 

regimes were averaged across all the genotypes. Lowest relative decrease (3.2%) in PM 

was noted for the genotype AA9 while the largest decrease (19.7%) was observed in the 

genotype AA29. Under controlled conditions, the genotype AA24 had the minimum 

PM (139.5 d), the maximum PM being recorded for AA31 (153.5 d), whereas, under 

field induced drought stress conditions the genotypes ranged for PM from 116.5 d 

(AA29) to 143.0 d (AA53, a rainfed cultivar used as a check in the study). PM in 

majority of the genotypes ranged between 138-144 d (Figure 1o). 
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4.3.15 Spikes per Plant 

 Mean values for SPP were highly different (at p≤0.001) for genotypes, 

treatments, and years, however, the interactions between them were not significantly 

affecting the studied trait (Table 6). Total net decrease of 15.9% in spikes per plant was 

observed under drought treatment when compared for both treatments. Genotype AA28 

performed much better in drought stress conditions while the genotype AA25 poorly 

performed by showing largest decrease (29.6%). Under controlled conditions, the 

genotype AA31 possessed the minimum spikes per plant (7.5), the maximum being 

recorded for AA17 (18.8), whereas, under field induced drought stress conditions the 

genotypes ranged for spikes per plant from 5.3 (AA31) to 16.8 (AA24). Most of the 

genotype possessed SPP within the range from 9-13 (Figure 1p). 

4.3.16 Spike Length 

 There were significant differences in mean values for SPL (at p≤0.001) in 

genotypes, treatments, years and the interactions between them, except for the genotype 

x year and genotype x treatment x year (Table 6).  Total net decrease of 10.1% in SPL 

was observed in drought stress when means under both treatments were averaged across 

all accessions. Relative performance of the genotypes AA46, AA49 and AA50 was 

much better in drought stress conditions while the genotype AA14 poorly performed by 

showing a large decrease (23.1%). Under controlled conditions, the genotype AA36 

possessed the minimum SPL (9.3 cm), the maximum being recorded for AA14 (16.3 

cm), whereas, under field induced drought stress conditions the genotypes ranged for 

SPL from 8.8 cm (AA36) to 13.2 cm (AA4). Most of the genotype possessed SPL 

within the range from 10.5-12.5 cm (Figure 1q). 
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4.3.17 Grains per spike 

 There were significant differences in mean values for GS (at p≤0.001) in 

genotypes, treatments, years and the interactions between them, except for the genotype 

x year and genotype x treatment x year (Table 6). A total net decrease of 14.3% in GS 

was observed in the drought treatment when means under both water regimes were 

averaged across all the genotypes. This may be due to spikelet sterility which resulted 

from water deficit conditions as previously documented by Blum and Pnuel (1990) and 

Izanloo et al. (2008). Lowest relative decrease (4.5%) in grains per spike was noted for 

the genotype AA28 whiles largest decrease (24.9%) was observed in the genotype 

AA16. Under controlled conditions, genotype AA55, which is a rainfed variety and 

used as a check cultivar in this study, possessed the minimum GS (38.8); the maximum 

GS being recorded for AA1 (72.0), whereas, under field induced drought stress 

conditions the genotypes ranged for GS from 30.0 (AA31) to 64.7 (AA3). GS in 

majority of the genotypes ranged from 30-50 (Figure 1r). 

4.3.18 Thousand Grain Weight 

 Mean values for TGW were highly different (at p≤0.001) for genotypes, 

treatments, years and the interactions between them (Table 6). Total net decrease of 

9.3% in thousand grain weight was observed in drought stress when means under both 

treatments were averaged across all accessions. Genotype AA24 performed much better 

in drought stress conditions by displaying smallest relative decrease while the genotype 

AA7 poorly performed by showing largest decrease (14.0%). Under controlled 

conditions, the genotype AA2 possessed the minimum TGW (31.6 g), the maximum 

being recorded for AA24 (53.2 g), whereas, under field induced drought stress 

conditions the genotypes ranged for thousand grain weight from 27.3 g (AA2) to 50.6 g 
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(AA24). There were 7 synthetic derived genotypes (AA17, AA18, AA19, AA24, AA28, 

AA32 and AA46) along with 3 conventional wheat (AA15, AA12, AA40) genotypes 

that possessed thousand grain weight above 45 g. Frequency distribution for TGW is 

given in Figure 1s. 

4.3.19 Grain Yield per Plant 

 Mean values for GYP was highly different (at p≤0.001) for genotypes, 

treatments and years, however, interactions between them did not significantly affect 

the studied trait (Table 6). Relative decrease of 33.7% in GYP was observed when 

means of both treatments were averaged. Genotype AA28 performed much better in 

drought stress conditions while the genotype AA31 poorly performed by showing 

largest decrease (52.5%). Under controlled conditions, genotype AA31 possessed 

minimum GYP (11.9 g), the maximum being recorded for AA15 (47.9 g), whereas, 

under field induced drought stress conditions the genotypes ranged for GYP from 5.6 g 

(AA31) to 41.7 g (AA28). Overall, there were eight synthetic derived lines (AA14, 

AA16, AA17,AA19, AA24, AA28, AA44 and AA46) which displayed significantly 

higher grain yield when compared to the corresponding adapted check cultivars (AA53, 

AA54 and AA55). This suggests a positive introgression for yield from Ae. tauschii into 

bread wheat. Moreover, some of the best lines for grain yield (AA19, AA24, AA28 and 

AA46) had higher grain weight than the corresponding check cultivars. Consequently, it 

can be said that source and sink were concurrently improved in these genotypes. These 

findings are according to those reported earlier by Ogbonnaya et al. (2007), and 

Trethowan and Mujeeb-Kazi (2008). Therefore, synthetic derived wheats are a 

promising source for improved yield and yield related traits. Most of the genotype 

possessed grain yield per plant within the range from 15 g-25 g (Figure 1t). 
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4.3.20 Drought Susceptibility Index 

 Drought susceptibility index (DSI) takes into account the yield under stress 

conditions compared to yield potential of a cultivar. Genotypes were classified as 

drought susceptible (DSI>1.0), relatively drought tolerant (DSI>0.5 to 1.0), or 

extremely drought tolerant (DSI≤0.5). Genotypes AA28 (DSI=0.35) and AA24 

(DSI=0.49) were highly drought tolerant while the most susceptible genotypes were 

AA31 (DSI=1.56) and AA51 (which is an irrigated cultivar and used as a check with 

DSI=1.53). Overall, 22 genotypes were displaying DSI below 1 (Table 11). Among 

these, AA17, AA19, AA24, AA28, AA44, AA45, and AA46 (all synthetic derived 

bread wheat) possessed smallest DSI than the rainfed check cultivars (AA53, AA54 and 

AA55). By further narrow downing selection criteria, the genotypes AA19, AA24, 

AA28 and AA46 were special in a sense that they were among top 10 performing lines 

for TGW, GYP and DSI.  

4.3.21 Principal Component and Biplot Analysis 

 In order to find out the most appropriate combination of the studied attributes 

for grain yield, principal component and biplot analysis was conducted using mean 

values (Fig 2 and Appendix III). The vector length is showing the extent of variation 

explained by respective trait in the PCA. The first two axis i.e. PC1 (eigen value=8.1) 

and PC2 (eigen value= 3.2) explained up to 57% of the total variability. Considering 

PC1 and PC2, it is very clear that mostly morpho-physiological and biochemical 

attributes contributed to PC1 while the attributes with major contribution to PC2 were 

mostly agronomical. The attributes in order of their positive contribution to PC1 

included SS (0.91), PRC (0.86), Chlb (0.84), TChl (0.82), POD (0.82), RFW (0.78), 

Chla (0.78), RDW (0.77), SOD (0.77), SL (0.72), RL (0.68), TGW (0.53), and PC 

(0.51). Contribution from remaining studied attributes to this principal component was 
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either positive or negative but non significant. Similarly, for PC2, the major 

contributing attributes were GYP (0.79), SPL (0.76), PH (0.65), GS (0.59) and SPP 

(0.53). The contribution of all other studied traits to this principal component was 

minor. For PC3, only PM (0.70) and DF (0.56) was noted for its prominent 

contribution. For PC4, no significant relation was found for any of the studied 

attributes. Eigenvectors from biplot analysis clearly indicated that PH, SPP, SPL, and 

GS have positive association with GYP associated with yield, while, DF and PM was 

completely in negative association. This means that the genotypes with early flowering 

and early maturing are offering a sort of drought escape or avoidance to cope the 

deleterious effects of water deficit conditions. However, the association of TGW with 

GYP was not so strong which may be attributed to shorter duration for grain filling due 

to comparatively short wheat cycle. Nevertheless, the traits with strong association to 

yield need to be emphasized. Similarly findings have been discussed by Fischer (2008); 

Lopes and Reynolds (2011) and Lopes et al. (2012). 

 The last three decades have seen a surge in activities that have attempted to 

exploit genetic diversity through interspecific and intergeneric hybridization. The 

strategies have used the enormous accessional allelic variation that reside in the wheat 

diploid progenitor genomes and also of the Triticeae families unrelated genomes. 

Genetic proximity within these abundant resources provides practical outputs readily or 

are time consuming. For swift returns the focus has initially fallen on the D genome 

diploid progenitor Ae. tauschii (2n=2x=14) with various modes of its exploitation in 

place. Direct crosses are one (Gill and Raupp, 1987) and bridge crosses another option 

(Mujeeb-Kazi and Hettel, 1995). The later route also provides a mean to harness the A 

and B genomic diversity of the durum resource present in the AABBDD synthetic 

hexaploid produced by crossing durum wheat (AABB) with Ae. Tauschii (DD). From 
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the huge array of these SH wheats produced value for improvement of most biotic and 

abiotic traits has been reported (Ogbonnaya et al., 2013) with varietal releases also 

occurring e.g. Darul Aman, Chaunmai 42 and 43. This study has made an effort to 

capture in depth the allelic strength of synthetic wheat/bread wheat derivatives in light 

of wheat conventional cultivars provide. From current evaluation, evidence has been 

gathered that demonstrates that SH based materials are promising in general and 

specifically for numerous attributes that include: RL, SL, SS, TChl, PC, PRC, SOD, 

POD, PH, DF, PM, SPP, SPL, GS, TGW and GYP. Results provide a stimulus for 

wheat breeders to exploit the germplasm for the crop improvement. Novel alleles shall 

become available and the beneficial combination beyond the 4 genotypes (AA19, 

AA24, AA28 and AA46) will be on hand for recombination efforts. These resources are 

all in a spring wheat background but winter forms have also been produced to widen the 

resources utilization area (Ogbonnaya et al., 2013). This study adds strength to extend 

the genomic involvement capabilities to the A and B (S) resources via direct or 

synthetic hexaploid routes include tetraploids via pentaploid breeding and exploit the 

tertiary gene pool in a holistic manner for delivering practical outputs that are durable 

and optimistic solution to address food security (Mujeeb-Kazi et al., 2013). 

 The fact that different wheat genotypes have enhancing ability to respond to 

unfavorable environment with progression of maturation implies that plant drought 

resistance performance is a kind of plasticity and its detailed exploration has much 

importance for arid agriculture. It is also known that solute accumulation and gene 

expression in mostly developmental stage specific (De Leonardis et al., 2007; Zhu et 

al., 2005). Therefore, assessment of drought tolerance at several growth stages of a 

plant species is of considerable value so as to determine the magnitude of genetic 

diversity and ultimate tolerance of the species (Zhao et al., 2008). In this study also, the 
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results at the adult stage were not in a strict agreement when compared with those 

measured at early growth stages. The response of wheat genotypes to water stress 

differed significantly for various physiological attributes which imply that they have 

diverse drought stress threshold (Shao et al., 2007) thus reflecting distinct molecular 

and physiological phenomenon. All wheat genotypes showed significant reduction in 

terms of yield and yield components. Variable responses of wheat genotypes under 

drought stress condition indicate genetic diversity present in the studied germplasm set. 

On the whole, these results as well as those from others suggest that selecting strategy 

would be reliable if based on early flowering, grain number per spike (Blum et al., 

1990), grain yield per plant and most importantly upon low DSI (DSI<1) for increasing 

yields under drought conditions (Fischer and Maurer, 1978; Kiliç and Yagbasanlar, 

2010). Selection for high grain yield based on direct selection for grain weight is 

generally not desirable because of the limitations imposed by spikes numbers per plant 

and grains per spike. Though it is understood that some sort of compensation will 

always be there in any selection method, the major objective is to lessen it by finding 

the most appropriate yield component. Since synthetic derived wheats maintained 

comparatively high grain weight especially under drought treatment; higher gain from 

selection would be expected when other components are selected for. 

4.6 GLUTENIN COMPOSITION  

 The frequency of HMW-GS and LMW-GS alleles identified in germplasm are 

presented in Table 10. HMW-GSs are the key determinants of wheat bread-making 

qualities and studied genotypes showed a variable number of alleles. HMW-GS 

controlled by Glu-1 loci encoded 11 different alleles across three genomes in these 

genotypes. At Glu-A1 locus, three alleles were observed, of which Axnull allele was 

pre-dominantly found in 46 (83.64%) genotypes. At Glu-B1 locus, the subunit 17+18 



78 
 

 

encoded by Glu-B1b was found in maximum (54.55%) genotypes. Similarly, Glu-D1d 

which encodes Dx5+Dy10 subunit was observed in (63.64%) genotypes which is an 

important good quality subunit encoding high molecular weight glutenin allele. 

Maximum allelic diversity was found at Glu-B1 (0.61) locus followed by Glu-D1 (0.50) 

and Glu-A1 (0.29). This is primarily due to the allelic richness (5 alleles) observed at 

Glu-B1 locus, however the other two loci (Glu-A1 and Glu-D1) had same allelic 

richness (3 alleles on both loci) but the distribution of allele frequencies at Glu-D1 locus 

contributed towards more diversity than that of alleles at Glu-A1 locus. The HMW-GS 

observed are presented as Figure 3. 

 LMW-GS were identified in these genotypes and the individual allele frequency 

and diversity of alleles at each locus is described in Table 12. The PCR profiles of 

LMW-GS alleles are presented as Figure 4. Allelic variations at the Glu-3 loci encoding 

LMW-GS have a marked effect on dough visco-elastic properties (Gupta and 

MacRitchie, 1994; Maucher et al., 2009). Nevertheless, Ikeda et al. (2008) have 

reported discrepancies in studies attempting to categorize the LMW-GSs encoded by 

them with SDS-PAGE. The recent development of allele-specific markers for Glu-A3 

(Wang et al., 2010) and Glu-B3 (Wang et al., 2009) alleles have profoundly increased 

the efficiency, accuracy and reduced the cost for allelic characterization in bread wheat 

germplasm (Liu et al., 2010). Stringent and accurate recognition of LMW-GS is 

requisite for knowing their association with dough properties and accordingly their 

exploitation in breeding. On the other hand, no efficient markers for the Glu-D3 locus 

were developed due to limited variations amongst alleles (Liu et al., 2010), but its 

effects on dough quality is comparatively little than Glu-B3 and Glu-A3 loci (Gupta et 

al., 1989). Six different alleles at Glu-A3 locus and eight alleles at Glu-B3 locus were 

identified by allele specific markers (Table 10). At Glu-A3, the allele Glu-A3c was 
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present in majority of the genotypes (45.45%), while Glu-A3a was present only in two 

genotypes (AA39 and AA41). The per-dominant frequency of Glu-A3c has been 

observed in Indian cultivars (Ram et al., 2011) and other studies in different wheat 

genotypes representing diverse regions also showed its presence (Zhang et al., 2004; 

Liu et al., 2010; Wang et al., 2010). The frequency of other alleles Glu-A3b, Glu-A3d, 

Glu-A3f and Glu-A3g was found to be 27.27%, 5.45%, 12.73% and 5.45%, respectively. 

Allele-specific markers revealed eight different alleles at Glu-B3 locus in this 

germplasm collection. The major alleles found at Glu-B3 locus was Glu-B3h which 

appeared in 12 genotypes (21.81%) followed by Glu-B3i and Glu-B3j (14.54%) each. 

There are numerous reports available demonstrating diverse allelic frequencies 

representing the Glu-B3 locus in genotypes from different regions. Among Indian 

cultivars, frequency of Glu-B3b was highest (29.3%) followed by Glu-B3j (27.1%) and 

Glu-B3h (13.8%). Similarly, Branlard et al. (2003) reported Glu-B3b in 10.0% of 

cultivars in France, Glu-B3g in 49.0% and Glu-B3d in 3.5%. Other reports have also 

indicated the presence of Glu-B3b and Glu-B3g alleles in large numbers of cultivars 

(Igrejas et al., 2010; Wang et al., 2009). Glu-B3g has been shown to have a positive 

effect on gluten strength (Liang et al., 2010; Oury et al., 2010). 

 Results from earlier studies pertaining to relationship involving end-use quality 

and glutenin subunits have established that HMW-GS are exceedingly correlated with 

bread making quality (Payne et al., 1987; Gupta et al., 1989; Sontag-Strohm et al., 

1996). Similarly, the influence of gliadins and LMW-GS on bread-making quality have 

also been reported (Payne et al., 1987) but with contradictory results. This is most 

probably because different studies have used different experimental materials 

possessing diverse genetic backgrounds. For instance, Payne et al. 1987 observed a 

value of =1 for British-grown wheat varieties in determining the effect of the subunits 

2* on SDS-sedimentation volume; a value of <1 was obtained by Liu et al. (2005) using 
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Figure 3: HMW glutenin subunit profile in a subset of studied wheat germplasm 

Lane (From left): 1: CS (Check), 2: AA11, 3: AA15, 4: AA37, 5: AA17, 6: AA18, 7: 

AA27, 8: AA31, 9: AA38, 10: AA22, 11: AA213, 12: C291 (Check), 13: Pavon 

(Check), 14: AA41, 15: AA45, 16: C591 (Check), 17: CS (Check). 
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Figure 4: Electrophoresis of some of the PCR products amplified from studied 

germplasm on agarose gel using  allele specific markers for: a: gluB3b, b: gluB3d, c: 

gluB3g, gluB3h, gluB3e, d: gluB3i, e: gluA3a, f: gluA3b, g: gluB3f, gluA3c, h: gluA3d, 

i gluA3f, j: gluA3g, Materials used as PCR templates were as follows: (a) B3b-AA36, 

AA39 (b) B3d-Aa11, AA15, AA22, AA25, AA37, (c) B3g-AA29, B3h-AA18, AA19, 

AA31, B3e-AA27, AA32, AA46, (d) B3i-AA5, AA9, AA12, AA16, AA24, AA40, 

AA45, AA48, (e) A3a-AA22 (f) A3b-AA1, AA3, AA13, AA15, AA21, AA32, AA33, 

AA34, AA36, AA39, AA40, AA42, AA48, (g) B3f-AA4, AA13, AA20, AA26, AA28, 

AA29; A3c-AA16,.AA18, AA19, AA20, AA26, AA28, AA29, AA31, (h) A3d-AA30, 

(i) A3f-AA7, AA10, AA27,(j) A3g-AA11. 
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Table 10: Allelic variation at Glu-1 (HMW-GS) and Glu-3 (LMW-GS) loci in studied 

wheat germplasm 

Locus Allele Subunit No. of Acc. Freq. (%) H (Nei's Index) 

Glu-A1 

a 1 3 5.45  

b 2* 6 10.91  

c Null 46 83.64 0.29 

Glu-B1 

a 7 2 3.64  

b 7+8 30 54.55  

d 6+8 3 5.45  

i 17+18 16 29.09  

f 13+16 4 7.27 0.61 

Glu-D1 

a 2+12 17 30.91  

d 5+10 35 63.64  

z 3+10 3 5.45 0.50 

Glu-A3 

a  2 3.64  

b  15 27.27  

c  25 45.45  

d  3 5.45  

f  7 12.73  

g  3 5.45 0.70 

Glu-B3 

b  2 3.64  

d  6 10.91  

e  5 9.09  

f  7 12.73  

g  4 7.27  

h  12 21.82  

i  8 14.55  

j  8 14.55 0.87 
 

Table 11: Comparison of quality traits and glutenin diversity between D-genome 

synthetic derivatives and conventional bread wheat 

Traits SBW(n=26) CBW (n=29) 

Protein (%) 13.8±0.9 13.5±1.5 

SDS-Sedimentation 3.5±0.3 3.3±0.4 

Carotenoids 6.5±1.1 6.6±1.25 

Diversity (H) at:   

Glu-A1 0.38 0.19 

Glu-B1 0.59 0.6 

Glu-D1 0.59 0.36 

Glu-A3 0.64 0.64 

Glu-B3 0.82 0.84 
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Table 12: HMW-GS, LMW-GS and quality characteristics of studied wheat genotypes 

Genotype Type HMW LMW Protein  Carotenoid SDS-S 

  Glu-A1 Glu-B1 Glu-D1 Glu-A3 Glu-B3 (%) (ppm) (mL) 

AA1 CBW Null 7+8 2+12 b J 13.3 6.2 3.1 

AA2 CBW Null 13+16 2+12 b J 13.3 8.1 3.5 

AA3 CBW Null 7+8 5+10 b g 12.5 6.6 3.1 

AA4 CBW Null 17+18 5+10 d f 13.2 8.1 3.2 

AA5 SBW Null 6+8 2+12 d i 13.4 6.5 3.3 

AA6 CBW Null 7+8 5+10 c h 13.0 8.3 3.3 

AA7 CBW Null 7+8 5+10 f h 13.9 7.4 3.5 

AA8 CBW Null 7+8 5+10 c h 12.3 4.5 3.0 

AA9 CBW Null 17+18 5+10 c i 12.9 5.9 2.4 

AA10 CBW Null 7+8 2+12 f J 12.0 7.2 2.9 

AA11 CBW Null 17+18 5+10 g d 12.7 8.4 2.7 

AA12 SBW Null 13+16 3+10 d i 13.5 9.9 3.6 

AA13 SBW Null 7+8 3+10 b f 12.0 5.2 3.5 

AA14 SBW Null 7+8 5+10 g J 12.5 5.5 3.1 

AA15 CBW Null 17+18 5+10 b d 12.4 8.0 3.2 

AA16 SBW Null 7+8 2+12 c i 13.7 5.5 3.9 

AA17 SBW Null 7+8 5+10 f c 13.3 7.2 3.7 

AA18 SBW Null 7+8 5+10 c h 15.0 8.3 3.4 

AA19 SBW Null 7+8 5+10 c h 13.4 5.2 3.2 

AA20 SBW Null 7+8 5+10 c f 14.5 6.1 4.3 

AA21 CBW Null 7+8 5+10 b J 14.2 8.7 3.3 

AA22 CBW Null 7 5+10 a d 13.6 8.5 3.4 

AA23 CBW Null 7 5+10 c f 13.4 7.7 4.1 

AA24 SBW Null 7+8 2+12 b i 13.7 7.0 3.2 

AA25 CBW Null 7+8 5+10 a d 13.5 7.0 3.6 

AA26 SBW Null 6+8 2+12 c f 14.9 5.7 3.6 

AA27 SBW Null 17+18 2+12 f e 14.3 6.9 3.7 

AA28 SBW 2* 17+18 5+10 c f 15.3 8.2 3.6 

AA29 SBW Null 7+8 5+10 c f 15.3 5.3 3.6 

AA30 CBW Null 17+18 2+12 f J 15.3 5.9 3.4 

AA31 SBW 2* 7+8 2+12 c h 13.6 6.9 3.4 

AA32 SBW 1 7+8 2+12 b e 14.4 5.8 3.5 

AA33 SBW 1 6+8 2+12 b h 13.9 6.2 3.3 

AA34 SBW Null 7+8 5+10 b h 12.7 6.2 2.9 

AA35 CBW Null 7+8 5+10 c h 13.0 5.3 2.8 

AA36 SBW Null 7+8 5+10 b b 12.0 6.6 3.3 

AA37 CBW Null 13+16 2+12 f d 13.3 6.4 3.5 

AA38 CBW Null 17+18 5+10 c e 12.9 6.5 3.8 

AA39 SBW 2* 17+18 5+10 b b 13.0 6.3 3.5 

AA40 CBW 2* 17+18 2+12 b i 12.7 5.1 3.0 

AA41 SBW Null 17+18 5+10 c h 12.8 5.1 3.5 

AA42 CBW Null 7+8 5+10 b d 13.5 6.0 3.0 

AA43 CBW Null 7+8 5+10 f h 13.8 5.5 3.4 

AA44 SBW 2* 17+18 5+10 c J 14.8 7.7 3.6 

AA45 SBW Null 17+18 5+10 c i 13.4 6.4 3.6 

AA46 SBW Null 7+8 2+12 c e 13.8 5.9 3.4 

AA47 SBW Null 7+8 3+10 c h 14.1 6.0 3.6 

AA48 SBW Null 13+16 2+12 b i 14.6 6.0 4.1 

AA49 CBW Null 17+18 5+10 c e 15.3 5.9 3.3 

AA50 CBW Null 7+8 5+10 c j 14.1 7.0 4.1 

AA51 CBW Null 17+18 2+12 c g 14.0 6.7 3.5 

AA52 CBW Null 7+8 5+10 g g 14.7 6.0 3.2 

AA53 CBW Null 7+8 5+10 c c 19.9 5.1 5.0 

AA54 CBW Null 17+18 5+10 c c 12.2 4.4 3.0 

AA55 CBW 2* 7+8 5+10 c g 11.2 5.3 3.2 

Average       13.6 6.5 3.4 

St. Dev       1.28 1.18 0.41 

CV(%)       9.37 18.04 11.89 

Max       19.9 9.9 5.0 

Min       11.2 4.4 2.4 

SBW, synthetic-derived bread wheat; CBW, conventional bread wheat, SDS-S, sodium dodecyl sulfate 

sedementation 
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251 cultivars and advanced lines, and a value of >1 was reported by Mao et al. (1995) 

from different wheat varieties. Therefore genotype selection based on HMW-GS and 

LMW-GS for bread-making quality traits is reliable and is considered as a crucial 

analysis of the germplasm.  

4.6.1 Quality Parameters 

 The key quality parameters studied in this germplasm include grain protein 

contents (%), SDS-sedimentation volume and carotenoids and their values in individual 

genotypes are depicted in Table 12. Protein contents ranged from 11.2% to 19.9% with 

an average of 13.6%. The highest protein content was observed in AA53 (Chakwal-50) 

which is a rainfed cultivar released in Pakistan and in this study was used as control for 

comparing the other experimental germplasm. The lowest protein content was found in 

AA55 which is also cultivated in Pakistan. Eighteen genotypes (32.7%) were found to 

have more than 14% protein content which is significantly a promising result. Similarly, 

sodium dodecyl sulfate (SDS) sedimentation volume which according to UNI 10277 

(1993) standard methods if greater than 4 mL in wheat flour is considered to be of good 

quality, while with value between 3 mL and 3.5 mL is of medium quality. The SDS 

sedimentation volume in the studied germplasm ranged from 2.4 mL to 5 mL with an 

average 3.4 mL. Chakwal-50 which is known to have good glutenin composition and 

protein contents had SDS-sedimentation value of 5 mL. At the same time, other lines 

including AA20 and AA48 which are synthetic derivatives exhibited SDS-

sedimentation volume of 4.3 mL and 4.1 mL respectively. Carotenoids ranged from 4.4 

ppm to 9.9 ppm with an average of 6.5 ppm. Among these quality traits, proteins 

content was most consistent with 9.37% CV, followed by SDS-sedimentation (CV%, 

11.89) and carotenoids (CV%, 18.04). This indicated the maximum variability for 

carotenoids was found among these genotypes. Results with NIR spectroscopy for grain 
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quality traits of wheat was found promising and economical as well. Wheat flour 

sodium dodecylsulfate (SDS) sedimentation volume together with gluten strength is 

correlated with dough rheology (Mondal et al., 2009). Since, wheat is focused mainly 

from end-use quality point of view a better understanding of the genetics underlying 

specific quality parameters is essential to enhance selection during the breeding process 

(Carter et al., 2012). The results help us improve understanding of the relationships 

among glutenin compositions and grain quality traits. 

4.6.2 Comparative Assessment of both Germplasm Sets 

 Quality traits and diversity for glutenin alleles were compared between 

conventional bread wheat germplasm and D-genome synthetic hexaploid derivatives 

(Table 11). In synthetic derivatives, more diversity for Glu-A1 (0.38) and Glu-D1 (0.59) 

was observed while no comparison was found for Glu-B1 and Glu-B3 loci. Similarly, 

protein contents (13.8±0.9) and SDS-sedimentation volume (3.5±0.3) were slightly 

higher in synthetic derivatives as compared to bread wheat cultivars. Carotenoids were 

slightly lower in synthetic derivatives, which may be statistically non-significant. 

 D-genome synthetic hexaploids originated from Ae. Tauschii. The potentiality of 

this diploid grass for improving quality was unclear (Lagudah et al., 1987) and its 

introgression for quality improvement not preferred. Later, Yueming et al. (2003) 

proposed that introgressed novel genes from the D-genome may improve wheat quality. 

After this proposal, Gedye et al. (2004) reported novel haplotypes for grain hardiness 

genes (puroindolines) in D-genome synthetic hexaploids with potential impact on kernel 

texture in wheat. But contrarily, significant but small differences amongst the hardness 

genes in grain hardness have been found by Lillemo et al. (2006) using a larger 

collection of synthetics and their derivatives. However there was not much progress 

observed and the practical effects of these new Ae. tauschii derived alleles in wheat 
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quality has still to be determined. From assessment of 200 synthetics it appears that the 

Ae. tauschii parent has a lot more influence on quality of synthetic hexaploid than the 

durum parent (van Ginkel and Ogbonnaya, 2007). This study reports the glutenin 

diversity and good end-use quality profile of synthetic derivatives which is the practical 

example for improving quality traits of bread wheat using synthtetic hexaploids in 

breeding programs. These findings are in agreement with those of Lage et al. (2006), 

who reported significant genetic differences for plumpness, grain weight, protein 

content and quality among synthetic hexaploids. However the quality sensitive breeding 

program can also use synthetic hexaploids with poor bread-making quality but 

otherwise excellent traits by crossing and backcrossing to high quality conventional 

wheats, whereas other synthetics possessing novel proteins should be investigated to 

find out their potential worth for better quality characteristics. From recent studies 

conducted at CIMMYT, it is now well established that synthetic derivatives with 

excellent bread-making quality traits can certainly be bred if the conventional bread 

wheat parent(s) in the cross have superior bread quality traits. HMW and LMW profiles 

of the primary synthetic hexaploids (Bibi et al., 2012; Rasheed et al., 2012) can be used 

to find out promising crosses, and to recognize the best quality genotypes in their 

descendants (progeny). Also, Nelson et al. (2006) have reported that some of the lines 

from the International Triticeae Mapping Inititative (ITMI) population showed quality 

standards always better than those of the parental lines. Regardless of these facts, some 

breeders remain skeptical about the use of synthetics and further studies in this regards 

are appreciated. 

4.7 MARKERS POLYMORPHISM 

 The scoring patterns of the 101 SSR loci have shown a total of 525 alleles across 

the 55 wheat accessions. The number of alleles per locus ranged from 2 to 14 with an 
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average of 5.20 indicating that diversity among wheat accessions studied was relatively 

high (Table 13). Xgwm302-7BL and Xgwm484-2DS have the maximum (14) number of 

alleles. Mean diversity among markers was 57% with lowest being displayed by 

Xbarc42-3DS (22%) and highest by Xwmc718-4AL (86%), Xgwm698-7AL (85%) and 

Xgwm484-2DS (84%). Polymorphic information content (PIC) values ranged from 0.20 

for Xbarc42-3DS to 0.84 for Xwmc718-4AL with mean value of 0.52. Similar findings 

about marker polymorphism were obtained by Leigh et al. (2003) on the UK 

recommended list of 56 new and old bread wheat varieties; Liu et al. (2010b) in an 

association mapping study for six agronomic traits with wheat chromosome 4A, and by 

Maccaferri et al. (2011) in durum wheat evaluated across a range of water regimes for 

association mapping studies. The frequency of major alleles (the alleles having highest 

frequency per locus) varied from 0.22 to 0.88. 

4.8 POPULATION STRUCTURE AND KINSHIP ANALYSIS 

 Population structure analysis was performed by processing genotypic data of 

SSR markers, distributed across the entire wheat genome in the STRUCTURE software 

(Pritchard et al., 2000). The admixture model was applied (Falush et al., 2003) using 

correlated allelic frequencies with burn in phase of 100,000 iterations and MCMS 

(Markov chain Monte Carlo, representing number of replications) 100,000 to test for 

genetic structure (K= number of subpopulations) values set from 1 to 20 and performed 

10 runs for K values. The likely number of subpopulations present was determined 

according to Evanno et al. (2005) by plotting LnP(D) against K and further confirming 

by plotting ΔK against the subclasses K. Population structure matrix (Q) was recorded 

by running structure at K=2 (Fig 5a) and 7 (Fig 5c), where the highest value of ΔK 

occurred demonstrating its maximum likelihood as given in Fig. 5b. Kinship-Matrix 

was measured by converting the distance matrix calculated from TASSEL’s Cladogram 
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Table 13: Simple sequence repeats (SSRs) used to profile the 55 wheat accessions. For each SSR locus, total number of alleles, genetic 

diversity (H) and PIC (Polymorphic information content) value is given 

Marker Chr.Pos. Maj.Allel

e 

Allele No. H PIC Marker Chr.Pos. Maj.Allele Allele No.  H PIC 
cfd15 1AS 0.82 2 0.30 0.25 Xgwm907 6BL 0.56 3 0.51 0.40 
Xgwm33A 1AS 0.69 3 0.47 0.43 WMC606 7BS 0.35 12 0.80 0.78 
WMC24 1AS 0.46 3 0.64 0.57 Xgwm302 7BL 0.28 14 0.84 0.82 
Barc148 1AS 0.38 3 0.66 0.59 Xgwm33 1DS 0.71 4 0.46 0.43 
Barc158 1AL 0.78 4 0.37 0.34 Xgdm33 1DS 0.38 4 0.69 0.63 
Xgwm99 1AL 0.45 6 0.69 0.64 Barc149 1DS 0.75 7 0.43 0.41 
Xgwm359 2AS 0.44 6 0.70 0.65 Xgwm458 1DL 0.78 5 0.36 0.33 
Xgwm10 2AS 0.38 3 0.66 0.59 Xgdm19 1DL 0.45 3 0.63 0.56 
Xgwm372 2AL 0.43 7 0.65 0.59 Xgwm642 1DL 0.47 11 0.72 0.69 
Xgwm47 2AS 0.56 3 0.58 0.51 Xgwm232 1DL 0.72 4 0.45 0.42 
Barc45 3AS 0.75 5 0.40 0.37 Xgdm35 2DS 0.38 4 0.72 0.67 
WMC264 3AL 0.36 8 0.76 0.72 Xgwm261 2DS 0.26 9 0.80 0.78 
Xgwm4 4AS 0.58 3 0.56 0.49 Xgdm5 2DS 0.51 3 0.59 0.51 
Xgwm109 4AS 0.57 10 0.63 0.61 Xgwm484 2DS 0.26 14 0.84 0.82 
WMC420 4AS 0.28 9 0.81 0.79 Xgwm30 2DS 0.71 3 0.42 0.35 
WMC718 4AL 0.22 12 0.86 0.84 Xgwm608 2DL 0.37 3 0.66 0.59 
Xgwm293 5AS 0.45 8 0.70 0.65 Xgwm539 2DL 0.85 3 0.25 0.23 
Xgwm304 5AS 0.55 8 0.58 0.51 Xgdm6 2DL 0.58 4 0.57 0.51 
Barc141 5AL 0.58 3 0.55 0.48 Xgwm71 3DS 0.52 5 0.59 0.51 
Barc165 5AL 0.44 3 0.65 0.57 Xgwm314 3DS 0.50 2 0.50 0.38 
Xgwm459 6AS 0.45 10 0.73 0.70 Barc42 3DS 0.88 4 0.22 0.20 
Xgwm471 7AS 0.37 11 0.76 0.73 Xgwm341 3DS 0.38 7 0.72 0.68 
Xgwm60 7AS 0.86 6 0.25 0.24 xgwm645 3DS 0.83 3 0.30 0.28 
Barc127 7AS 0.60 4 0.56 0.51 Xgwm3 3DS 0.52 4 0.56 0.47 
Xgwm698 7AL 0.22 10 0.85 0.83 Xgdm8 3DS 0.44 4 0.68 0.63 
WMC798 1BS 0.43 8 0.75 0.73 Xgdm62 3DS 0.51 3 0.59 0.51 
Xgdm28 1BS 0.56 4 0.61 0.57 Xgdm38 3DL 0.56 4 0.59 0.53 

(Continued)
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Marker Chr.Pos. Maj.Allele Allele No. H PIC Marker Chr.Pos. Maj.Allele Allele No.  H PIC 

Barc137 1BL 0.45 3 0.61 0.52 Xgwm608 4DC 0.62 3 0.54 0.49 

WMC44 1BL 0.78 6 0.38 0.36 xgwm194 4DL 0.64 3 0.52 0.45 

Xgwm210 2BS 0.62 6 0.56 0.51 Xgwm624 4DL 0.50 3 0.59 0.50 

Barc160 2BS 0.65 2 0.45 0.35 Xgwm609 4DL 0.33 9 0.78 0.74 

Xgdm114 2BS 0.64 4 0.54 0.50 Xgwm190 5DS 0.37 8 0.76 0.72 

Barc167 2BS 0.42 3 0.65 0.57 Xgdm3 5DS 0.55 4 0.62 0.57 

Barc128 2BL 0.44 3 0.65 0.58 Barc143 5DS 0.72 4 0.45 0.42 

Barc101 2BL 0.74 5 0.44 0.41 Xgwm16 5DS 0.49 4 0.59 0.51 

Barc159 2BL 0.44 4 0.63 0.56 Xgwm174 5DL 0.51 4 0.64 0.58 

Xgwm389 3BS 0.76 7 0.40 0.39 Barc144 5DL 0.76 3 0.39 0.36 

Barc147 3BS 0.76 3 0.39 0.35 Barc173 6DS 0.62 2 0.47 0.36 

Barc164 3BL 0.51 3 0.62 0.54 Xgwm469 6DS 0.49 3 0.52 0.40 

Xgwm299 3BL 0.83 6 0.30 0.29 Xgdm36 6DS 0.36 3 0.67 0.59 

Barc163 4BS 0.78 4 0.37 0.34 WMC749 6DS 0.40 10 0.75 0.72 

Xgwm1084 4BS 0.26 12 0.84 0.82 Xgwm325 6DS 0.86 2 0.24 0.21 

Xgwm495 4BL 0.77 6 0.37 0.34 Xgwm55 6DL 0.61 2 0.48 0.36 

Xgwm443 5BL 0.35 7 0.76 0.72 Barc175 6DL 0.69 6 0.47 0.42 

Xgwm544 5BS 0.27 11 0.84 0.82 Barc154 7DS 0.56 3 0.58 0.52 

Barc140 5BL 0.45 3 0.60 0.52 Xgwm44 7DS 0.50 3 0.56 0.47 

WMC235 5BL 0.76 7 0.41 0.39 Xgwm111 7DS 0.59 3 0.51 0.41 

Barc76 6BS 0.58 3 0.55 0.48 Barc172 7DL 0.38 3 0.66 0.59 

Xgwm132 6BS 0.67 11 0.53 0.51 Xgwm37 7DL 0.63 3 0.52 0.45 

WMC398 6BC 0.87 3 0.23 0.21 Xgdm46 7DL 0.56 3 0.58 0.51 

Barc134 6BL 0.65 4 0.50 0.45       

 

    

      

Mean 

 

0.55 5.20 0.57 0.52 

      

Max 

 

0.88 14 0.86 0.84 

            Min   0.22 2 0.22 0.20 
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function to a similarity matrix. Neumann et al. (2011) used similar attributes in their 

population structure studies for genome wide association mapping in wheat using DArT 

markers, where they observed maximum likelihood (ΔK ) at K=2, thus assigning 

accessions to one of the two subpopulations. Similarly, Maccaferri et al. (2011) 

assigned 189 elite durum wheat lines into five subclasses after performing population 

structure analysis for association mapping. 

 Considering K2 (Fig 5a and 5b), based on highest ΔK value, all the genotypes 

were divided into two major groups. The first group comprised of 20 genotypes that are 

comparable to subpopulation 1 and 2 while genotypes (total 35) present in the second 

group are in agreement to subpopulation 3, 4, 5, 6 and 7 for K7 explained in the 

preceding section. The value k=2 was chosen to carry out the association tests. Figure 5 

(c and d) shows that all of the wheat lines were distributed mainly into 7 subpopulations 

based on their relative genetic distances by using cluster (UPGMA) and population 

structure analysis. Each accession within a group is represented by a single vertical 

colored line (each group color being unique) with lengths proportional to each of the k 

inferred subgroups. The number of the wheat accessions assigned to each of the seven 

inferred subpopulations ranged from 4 (SP5) to 12 (SP2). The studied germplasm 

consisted broadly of synthetic derived and conventional wheats along with some check 

cultivars, and the population structure observed in the present study corresponded with 

the pedigrees data of genotypes given in Table 1. For instance, SP5 consisted of 4 

(7.3%) accessions including AA44, AA45, AA46, and AA47. These are all synthetic 

derived having Ae. tauschii in their pedigrees. Similarly, SP6 which consisted of 12.7% 

accessions of the whole population contained check cultivars including AA52, AA53, 

AA54 and AA55. Further, SP2 which comprised 21.8% of the studied germplasm 

contained mostly conventional wheats like AA01, AA02, AA03, AA04, AA06, AA07, 
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Figure 5: Population structure analysis; (a) Structure based on K=2; (b) Likelihood of 

the appropriate K based on Δk; (c) Structure based on K=7; (d) Dendogram showing 

clustering (UPGMA) of accessions on the basis of their genetic distances. 

a 

b 

c 

d 

SP1 SP2 SP3 SP4 SP5 SP6 SP7 
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AA08, AA09, AA10, and AA11. The same inferences can be made for other subgroups 

including SP1, SP3, SP4 and SP7 comprising 16.4%, 12.7%, 10.9% and 18.2% 

respectively of the whole population. The population structure data was further 

validated from its phylogenic relationship based on clustering analysis using UPGMA 

(Fig 6c). All wheat genotypes were broadly divided into 2 major clusters compared with 

K7 with some minor differences for distribution of the genotypes. The major cluster 1 

contained genotypes that are completely in accordance with SP2, both containing the 

same conventional bread wheat genotypes. The second cluster consisted of several sub-

clusters designated as 2a, 2b, 2c, 2d, 2e, 2f and 2g. The genotypes clustered in 2a and 

2g are synthetic derived wheats and are comparable to those present in SP1 and 

SP5respectively. The sub-cluster 2f contained cultivars AA53, AA54 and AA55 (all 

drought tolerant and used as checks in this study) and interestingly, these cultivars are 

grouped in SP6 with other genotypes as well. Similarly, the sub clusters 2d and 2e 

contained mostly synthetic derived wheats and are comparable to those found in SP4 

and SP3 respectively. The findings and inferences made here are in accordance to those 

discussed by You et al. (2004) and Peng et al. (2009). In a nut shell we can say that 

clustering analysis validated the structure results to a large extent. 

4.9 ASSOCIATION MAPPING AND MARKER TRAIT ASSOCIATION 

Marker–trait association analysis was conducted based on the polymorphisms 

present at 101 SSR loci, each locus having at least two major alleles. Major allelic 

variants ranging from 2 to 4 were sufficiently informative for AM analysis. In this 

study, k=2 from population structure data was considered in proceeding for AM 

analysis. The models used to test the significance of marker-trait association were (a) 

GLM (general linear model) which make use of population membership coefficients 

(Q) as covariates, and (b) MLM ( mixed linear model) using both population structure 
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coefficients and kinship matrices (K). Significant threshold considered was p≤0.01 for 

marker trait associations in both GLM and MLM. Comparison of both models based on 

AM results is given in Table 14. The observed associations are presented in Table 15 

for GLM-MTAs and MLM-MTAs related to the studied morphological, physiological, 

biochemical and agronomical traits along with their chromosomal location. Each trait 

with its associated marker(s) is reported in the preceding section (4.9.2 to 4.9.20) based 

on p and r
2 

values. The most significant MTAs common in GLM and MLM are 

discussed under section 4.10. 

4.9.1 Comparison between AM Models 

 Since the significance criteria were unequal for GLM and MLM, a comparison 

was made between the two model approaches for all studied traits (Table 14). It is clear 

from the table that higher numbers of MTAs (total 285) were found with the GLM 

while MLM approach detected only 164 MTAs at p = 0.05. Consequently, the MLM 

approach detected 42.5% less MTAs than the corresponding GLM approach. Similarly, 

the number of MTAs at p≤0.01 was 115 and 63 with GLM and MLM approach 

respectively. There were markers associated specifically either to only one trait or to 

more traits as well. The number of significant MTAs which were similar in both 

approaches was 153 and 61 at p≤0.05 and p≤0.01 respectively. Also, there were some 

unique associations found only either in GLM or MLM approach. The number of such 

unique MTAs at p≤0.05 was 132 (46.3%) for GLM and 11 (6.7%) for the MLM 

approach. Further, at p≤0.01, the percentage of these specific MTAs in GLM was 

47.0% (total 54) while MLM exhibited 3.2% (only 2 MTAs). By considering the 

studied traits individually, much variation was observed for these unique MTAs. 

Accordingly, traits including PC, POD, TGW, RL, SOD, SPL, SS, and SPP possessed 

65.2%, 63.2%, 61.9%, 61.1%, 61.1%, 58.3% and 57.1%  unique MTAs in GLM 

approach respectively at p≤0.05, the minimum being found for Chla (only 16.7%) while  
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Table 14: Comparison of the two models for calculation of associations between markers and traits 

Trait No. Sig GLM No. Sig MLM Sig. in GLM and MLM GLM unique MLM unique GLM unique (%) MLM unique (%) 

 
at p≤ at p≤ at p≤ at p≤ at p≤ at p≤ at p≤ 

 
0.05 0.01 0.05 0.01 0.05 0.01 0.05 0.01 0.05 0.01 0.05 0.01 0.05 0.01 

Root fresh weight 17 9 12 4 11 4 6 5 1 0 35.3 55.6 8.3 0.0 

Root dry weight 16 6 13 4 12 4 4 2 1 0 25.0 33.3 7.7 0.0 

Root length 18 7 7 2 7 2 11 5 0 0 61.1 71.4 0.0 0.0 

Shoot length 25 14 15 5 15 5 10 9 0 0 40.0 64.3 0.0 0.0 

Soluble sugars 14 7 6 3 6 3 8 4 0 0 57.1 57.1 0.0 0.0 

Chlorophyll a 6 2 5 1 5 1 1 1 0 0 16.7 50.0 0.0 0.0 

Chlorophyll b 7 5 8 5 7 5 0 0 1 0 0.0 0.0 12.5 0.0 

Total chlorophyll 6 3 6 3 6 3 0 0 0 0 0.0 0.0 0.0 0.0 

Protein content 23 8 8 2 8 2 15 6 0 0 65.2 75.0 0.0 0.0 

Proline content 10 5 8 4 6 4 4 1 2 0 40.0 20.0 25.0 0.0 

Superoxide dismutase 18 5 7 2 7 2 11 3 0 0 61.1 60.0 0.0 0.0 

Peroxidase 19 8 9 3 7 3 12 5 2 0 63.2 62.5 22.2 0.0 

Plant height 21 9 10 4 9 4 12 5 1 0 57.1 55.6 10.0 0.0 

Days to flowering 8 2 7 1 6 1 2 1 1 0 25.0 50.0 14.3 0.0 

Physiological maturity 21 7 16 8 16 7 5 0 0 1 23.8 0.0 0.0 12.5 

Spikes per plant 14 3 8 4 7 3 7 0 1 1 50.0 0.0 12.5 25.0 

Spike length 12 2 6 2 5 2 7 0 1 0 58.3 0.0 16.7 0.0 

Grains per spike 9 3 5 2 5 2 4 1 0 0 44.4 33.3 0.0 0.0 

Thousand grain weight 21 10 8 4 8 4 13 6 0 0 61.9 60.0 0.0 0.0 

Total 285 115 164 63 153 61 132 54 11 2 46.3 47.0 6.7 3.2 
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there were no such unique MTAs for Chlb and TChl. The variation was much 

prominent at p≤0.01. In the case of MLM approach, the number of unique MTAs at 

p≤0.05 was 2 each for PRC and POD; 1 each for RFW, RDW, Chlb, PH, DF, SPP and 

SPL; and none for the remaining studied traits. At p≤0.01, only 2 unique MTAs were 

found in MLM approach. However, the maximum number of such unique MTAs at 

p≤0.05 was 15 (for PC) in GLM approach in comparison to MLM where the maximum 

number of these unique associations was 2 (for PRC and POD). The maximum number 

of significant MTAs common in both approaches was found for PM (16 at p≤0.05 and 7 

at p≤0.01) while the minimum being 5 for Chla at p≤0.05 and 1 at p≤0.01. Therefore, a 

clear decrease of significant associations was observed in MLM approach which takes 

into account kinship as well to reduce Type 1 error due to population structure and 

relatedness. But at the same time, the effect was variable for individual studied traits 

and in some instances no prominent effects were observed for some of the studied traits. 

Similar findings have been discussed by Neuman et al. (2011) in their GWAS by 

genotyping a core collection (96) of wheat lines with DArT markers 

4.9.2 Root Fresh Weight MTAs 

 Nine MTAS were found associated for RFW (Table 15) involving 6 

chromosomes including 3A, 5A (two markers), 4B, 5B (two markers), 3D (two 

markers) and 7D. There were four markers common in both AM approaches. These 

included Xwmc264-3AL (associated in control environment only and explaining 

phenotypic variation up to 38% in GLM and 17% in MLM), Xbarc141-5AL, Xbarc165-

5AL and Xbarc140-5BL (all the three associated in drought treatment). The association 

of Xbarc163-4BS (control environment only with r
2
=0.13), Xgwm443-5BS, Xgdm38-

3DL and Xgdm46-7DL (drought environment with r
2
 value of 0.34, 0.13, 0.28, 

respectively) was detected only in GLM while Xgwm3-3DL explaining up to 13% 
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phenotypic variation for the same trait was associated under both controlled and drought 

treatment. 

4.9.3 Root Dry Weight MTAs 

 For RDW, 6 markers were identified having significant associations (Table 15). 

These included Xbarc141-5AL, Xbarc165-5AL, Xbarc163-4BS, Xbarc140-5BL, Xgwm3-

3DL, and Xbarc175-6DL. On total five different chromosomes were involved including 

5A (two markers), 4B, 5B, 3D and 6D. All these markers were found associated with 

other traits as well; hence these are termed as multi-trait MTAs. The markers found 

associated with RDW both in GLM and MLM were Xbarc141-5AL, Xbarc165-5AL, 

Xbarc140-5BL and Xbarc175-6DL. The markers associated under drought treatment 

were Xbarc141-5AL, Xbarc165-5AL and Xbarc140-5BL. Maximum phenotypic 

variation of up to 54% was explained by Xbarc175-6DL in GLM and up to 17% in 

MLM. 

4.9.4 Root Length MTAs 

 There were seven MTAs identified for RL (Table 15). These are Xbarc141-5AL, 

Xbarc165-5AL, Xgwm459-6AS, Xgwm299-3BL, Xbarc140-5BL, Xgwm-3DL and 

Xgdm38-3DL. Chromosomes involved were 5A (two markers), 6A, 3B, 5B, and 3D 

(two markers). Xgwm459-6AS (r
2
=0.36 in GLM and 0.22 in MLM) and Xbarc165-5AL 

showed significant association both in GLM and MLM. The former exhibited 

association in controlled environment while the later was associated in stress 

environment. The marker Xgwm299-3BL was found associated only with this trait and 

hence termed trait-specific MTA for RL. All the MTAs (except for marker Xgwm459-

6AS) were identified in the stress environment only. 
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4.9.5 Shoot Length MTAs 

 Fourteen markers having significant association with SL were identified (Table 

15). Overall, 11 different chromosomes were involved including 3A, 5A (two markers), 

6A, 2B, 3B, 4B, 5B (two markers), 2D, 3D, 4D, 6D (two markers). The numbers of 

trait-specific MTAs were 3 while the rest were all multi-trait MTAs. The number of 

common MTAs in both models was five and the other MTAs were restricted to GLM 

only. B- and D-genome shared five MTAs each for this trait followed by A-genome 

having 4 MTAs. Among the trait-specific MTAs, Xgwm389-3BS (common in both 

models) was found in control treatment while Xgwm1084-4BS (r
2
=0.33), and Xbarc167-

2BS ((r
2
=0.18 in GLM) both located on chromosome 2B, were found associated in 

stressed environment. Three multi-trait MTAs were common in both models. Among 

these, Xwmc264-3AL and Xgwm459-6AS were found in control treatment while 

Xbarc165-5AL (explaining up to 39% phenotypic variation) was associated in stress 

environment. Other multi-trait MTAs (detected only in GLM) were all confined to 

stress environment. 

4.9.6 Soluble Sugars MTAs 

 For SS there were seven multi-trait MTAs involving chromosome 1A, 5A, 5B 

1D, 3D and 7D (Table 15). The D-genome shared maximum number (three) of SS-

MTAs. Three MTAs with associated markers Xbarc141-5AL, Xbarc140-5BL and 

Xgdm46-7DL were common in both models and in both treatments while the rest were 

all evident in GLM only. Xbarc148-1AS explained phenotypic variation of 12% for this 

trait both under control and drought treatment. Recently, phenotypic QTL (pQTL) for 

Water soluble carbohydrates (WSC) have been demonstrated to be located on 

chromosomes 1D, 4A, 5A, 6B, 7A and 7D by McIntyre et al. (2010). Among these, the 

QTL located on chromosome 5A i.e. wPt-3620 (57.53 cM) for WSC is comparable to 

http://www.publish.csiro.au/view/journals/dsp_journal_fulltext.cfm?nid=102&f=FP12077#R12
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SS-MTA identified by marker Xbarc141-5AL (60.0 cM, Ta-SSR-2004-5A) in the 

current study. Similarly, the QTL for WSC with nearest marker Xbcd351-5BS (77 cM) 

reported by Rebetzke et al. (2008) is comparable to SS-MTA detected by Xbarc140-5B 

in the current study. Another WSC related QTL reported in the same study by Rebetzke 

et al. (2008) with nearest located marker Xgwm437-7DL can be correlated to SS-MTA 

with related marker Xgdm46-7DL. 

4.9.7 Chlorophyll a MTAs 

 The trait Chla was involved in two multi-trait MTAs with their chromosomal 

position being on chromosomes 5B and 6D (Table 15). No trait-specific MTA was 

found for Chla in this study. The MTA with associated marker Xwmc749-6DC was 

common in both approaches and in both environments, and explained phenotypic 

variations of 66% in GLM approach and 39% in MLM approach. The MTA (Xbarc140-

5BL; r
2
=0.25 was found in stress environment only. 

4.9.8 Chlorophyll b MTAs 

 One trait-specific and four multi-trait MTAs were identified for Chlb (Table 15). 

These involved chromosomes 5A, 7A, 5B, 6D and 7D. All the observed MTAs were 

common in both GLM and MLM. The trait-specific MTA marked by Xgwm471-7AS 

explained phenotypic variation of 53% in GLM and 29% in MLM. The multi-trait MTA 

with associated marker Xwmc749-6DC (r
2
=0.62 in GLM and 0.32 in MLM was 

observed in stress environment. 

4.9.9 Total Chlorophyll MTAs 

 Three multi-trait MTAs localized on chromosome 5A, 5B and 6D, and common 

in both approaches were detected for TChl (Table 15). Xbarc140-5BL (r
2
=0.31 in GLM 

and 0.13 in MLM) and Xbarc141-5AL (r
2
=0.21 in GLM and 0.09 in MLM) exhibited 

association in stress treatment only. However, the other multi-trait MTA (Xwmc749-
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6DC) was common in both treatments. Also, this MTA though multi-trait had relation 

with only chlorophyll related parameters. Izanloo et al, (2008) discussed two highly 

significant QTLs for chlorophyll content namely QSpad-aww-5B.1 and QSpad-aww-

5B.2 both lying on the long arm of chromosome 5B, the first one in the wpt3457-

Xgwm271 interval while the second in the wPt-9103-Xwmc99 interval. The two MTAs 

including Chlb-MTA and TChl-MTA detected in the current study by the same SSR 

multi-trait marker namely Xbarc140-5BL (127.0 cM Ta-SSR-2004-5B) lay in the 

immediate vicinity of Xwmc99-5BL or in other words, lying in between the two QTLS 

mentioned. Other chlorophyll related QTLs namely XksuD27-Xfbb59 (6D), Xcdo1395-

Xabc158 (7A) and Xfba354-Xfba69 (7A) reported by Zhang et al. 2010 is in general 

agreement to the MTAs found in this study including Chla-MTA (Xwmc749-6D) and 

Chlb-MTA (Xgwm471-7A). 

4.9.10 Protein Content MTAs 

 There were two trait-specific and six multi-trait MTAs identified for PC 

involving five different D genome chromosomes 2D, 4D, 5D, 6D and 7D (Table 15). 

One trait-specific MTA marked by Xgwm190-5DS was common in both approaches and 

in both environments explaining phenotypic variation of 40% in GLM and 13% in 

MLM. Among multi-trait MTAs, Xbarc172-7DL (r
2
=0.35 in GLM and 0.08 in MLM) 

was common in both models but was evident only in the stress environment. Xgwm111-

7DS (r
2
=0.17) was the only marker which expressed an association with this trait in 

both environments. Further, chromosome 7D contributed three MTAs for this trait 

alone. 

4.9.11 Proline Content MTAs 

 One trait-specific and four multi-trait MTAs covering four chromosomes 

including 1A, 2A, 5A and 5B (two markers) were identified for PRC (Table 15). All the  
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Table 15: Marker trait associations (MTAs) observed in GLM and MLM for all the 

studied traits at p≤001 

Locus Chr cM Trait Model p (Q) r
2
 p (Q+K) r

2
 

Barc148 1A 57.0 SS GLM
CS

 2.11E-03 0.12 - - 

Barc148 1A 57.0 PRC GLM
C
, MLM

C
 1.10E-03 0.26 3.80E-03 0.11 

Barc137 1B 34.0 POD GLM
C
, MLM

C
 8.50E-03 0.29 8.50E-03 0.10 

Barc137 1B 34.0 PH GLM
C
 3.30E-03 0.38 - - 

Xgdm33 1D 8.0 PM GLM
S
, MLM

S
 5.80E-03 0.28 3.40E-03 0.12 

Barc149 1D 14.0 GS GLM
S
 7.10E-03 0.24 - - 

Xgwm458 1D 55.0 PM GLM
S
, MLM

S
 1.31E-10 0.62 2.33E-10 0.26 

Xgwm642 1D 75.0 SS GLM
C
 2.10E-03 0.39 - - 

Xgwm642 1D 75.0 SOD GLM
C
 4.48E-04 0.52 - - 

Xgwm642 1D 75.0 PM MLM
S
 - - 1.40E-03 0.21 

Xgwm359 2A 24.0 DF GLM
S
, MLM

S
 1.80E-03 0.43 1.00E-03 0.30 

Xgwm10 2A 52.0 PH GLM
CS

, MLM
C
 1.77E-04 0.24 1.90E-03 0.09 

Xgwm372 2A 60.0 PRC GLM
C
, MLM

C
 3.90E-03 0.34 5.90E-03 0.15 

Barc167 2B 61.0 SL GLM
S
 7.60E-03 0.18 - - 

Barc128 2B 67.0 TGW GLM
CS

 9.48E-04 0.33 - - 

Xgwm261 2D 23.0 PH GLM
C
 4.50E-03 0.27 - - 

Xgwm484 2D 41.0 SL GLM
C
, MLM

C
 1.83E-03 0.46 5.30E-03 0.11 

Xgwm484 2D 41.0 PM GLM
S
, MLM

S
 3.06E-06 0.72 4.72E-06 0.28 

Xgwm30 2D 64.0 PH GLM
C
, MLM

C
 9.61E-06 0.22 1.71E-04 0.04 

Xgwm539 2D 91.0 PC GLM
C
 5.00E-03 0.19 - - 

Xgwm539 2D 91.0 GS GLM
CS

, MLM
CS

 1.12E-03 0.15 3.70E-03 0.08 

Xgdm6 2D 141.7 PH GLM
CS

 4.10E-03 0.19 - - 

Xgdm6 2D 141.7 TGW GLM
CS

, MLM
CS

 1.46E-04 0.39 5.00E-03 0.07 

WMC264 3A 61.0 RFW GLM
C
, MLM

C
 7.30E-03 0.38 1.43E-03 0.17 

WMC264 3A 61.0 SL GLM
C
, MLM

C
 3.30E-03 0.43 5.10E-03 0.21 

WMC264 3A 61.0 SPP GLM
CS

, MLM
CS

 2.82E-03 0.37 5.91E-03 0.19 

Xgwm389 3B 1.0 SL GLM
C
, MLM

C
 1.30E-03 0.40 6.20E-03 0.13 

Xgwm299 3B 123.0 RL GLM
S
 4.30E-03 0.22 - - 

Xgwm3 3D 43.0 RFW GLM
CS

 3.10E-03 0.26 - - 

Xgwm3 3D 43.0 RDW GLM
C
 4.90E-03 0.24 - - 

Xgwm3 3D 43.0 RL GLM
S
 2.10E-04 0.32 - - 

Xgwm3 3D 43.0 SL GLM
S
 3.66E-04 0.35 - - 

Xgwm3 3D 43.0 SS GLM
C
 3.70E-03 0.24 - - 

Xgwm3 3D 43.0 TGW GLM
CS

,
 
MLM

CS
 3.20E-03 0.30 3.86E-03 0.06 

Xgdm62 3D 83.3 SS GLM
C
 6.10E-03 0.22 - - 

Xgdm38 3D 159.4 RFW GLM
S
 9.70E-03 0.13 - - 

Xgdm38 3D 159.4 RL GLM
S
 4.60E-03 0.14 - - 

Xgwm4 4A 0.0 SPL GLM
CS

,
 
MLM

CS
 1.90E-03 0.27 4.20E-03 0.12 

Barc163 4B 22.0 RFW GLM
C
 3.90E-03 0.13 - - 

(Continued) 
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Locus Chr cM Trait Model p (Q) r
2
 p (Q+K) r

2
 

Barc163 4B 22.0 RDW GLM
C
 9.20E-03 0.11 - - 

Xgwm495 4B 36.0 POD GLM
S
, MLM

S
 8.03E-03 0.18 6.11E-03 0.05 

Xgwm108 4B 106.9 SL GLM
C
 8.80E-03 0.33 - - 

Xgwm624 4D 89.0 SL GLM
S
 7.70E-03 0.12 - - 

Xgwm624 4D 89.0 PC GLM
C
 1.30E-03 0.17 - - 

Xgwm624 4D 89.0 POD GLM
C
 5.20E-03 0.13 - - 

Xgwm624 4D 89.0 TGW GLM
CS

 2.00E-03 0.17 - - 

Xgwm609 4D 91.0 PM GLM
S
, MLM

S
 3.17E-10 0.70 1.15E-09 0.24 

Xgwm304 5A 59.0 PM GLM
C
, MLM

C
 1.57E-03 0.28 7.50E-03 0.17 

Xgwm304 5A 59.0 SPP GLM
S
, MLM

S
 5.68E-03 0.21 3.35E-03 0.13 

Xgwm304 5A 59.0 TGW GLM
CS

, MLM
CS

 6.00E-03 0.31 1.18E-03 0.11 

Barc141 5A 60.0 RFW GLM
S
, MLM

S
 2.08E-04 0.28 6.60E-03 0.02 

Barc141 5A 60.0 RDW GLM
S
, MLM

S
 8.51E-05 0.34 3.50E-03 0.02 

Barc141 5A 60.0 RL GLM
S
 4.50E-03 0.18 - - 

Barc141 5A 60.0 SL GLM
S
 4.90E-03 0.19 - - 

Barc141 5A 60.0 SS GLM
CS

, MLM
S
 2.58E-04 0.22 7.50E-03 0.02 

Barc141 5A 60.0 Chlb GLM
S
, MLM

S
 7.39E-04 0.26 2.50E-03 0.11 

Barc141 5A 60.0 TChl GLM
S
, MLM

S
 3.40E-03 0.21 9.70E-03 0.09 

Barc141 5A 60.0 PRC GLM
CS

, MLM
S
 2.60E-04 0.26 4.50E-03 0.05 

Barc141 5A 60.0 SOD GLM
S
 1.40E-03 0.24 - - 

Barc165 5A 63.0 RFW GLM
S
, MLM

S
 5.95E-04 0.30 1.50E-03 0.03 

Barc165 5A 63.0 RDW GLM
S
, MLM

S
 3.72E-04 0.34 1.10E-03 0.03 

Barc165 5A 63.0 RL GLM
S
, MLM

S
 1.00E-03 0.28 1.50E-03 0.03 

Barc165 5A 63.0 SL GLM
S
, MLM

S
 1.47E-04 0.39 2.72E-04 0.03 

Barc165 5A 63.0 DF GLM
C
 8.00E-03 0.22 - - 

Xgwm443 5B 32.0 RFW GLM
S
 7.60E-03 0.34 - - 

Xgwm443 5B 32.0 SL GLM
S
 8.10E-03 0.37 - - 

Xgwm443 5B 32.0 PRC GLM
S
 8.40E-03 0.37 - - 

Xgwm544 5B 61.0 POD GLM
C
 5.30E-03 0.54 - - 

Xgwm544 5B 61.0 GS GLM
CS

,
 
MLM

CS
 5.98E-04 0.58 2.00E-03 0.26 

Barc140 5B 127.0 RFW GLM
S
, MLM

S
 9.52E-06 0.35 1.24E-04 0.02 

Barc140 5B 127.0 RDW GLM
S
, MLM

S
 6.93E-06 0.42 1.26E-04 0.03 

Barc140 5B 127.0 RL GLM
S
 3.60E-03 0.20 - - 

Barc140 5B 127.0 SL GLM
S
 1.80E-03 0.26 - - 

Barc140 5B 127.0 SS GLM
CS

, MLM
S
 6.53E-04 0.17 6.40E-03 0.01 

Barc140 5B 127.0 Chla GLM
S
 3.80E-03 0.25 - - 

Barc140 5B 127.0 Chlb GLM
S
, MLM

S
 3.70E-04 0.31 1.30E-03 0.14 

Barc140 5B 127.0 TChl GLM
S
, MLM

S
 7.48E-04 0.31 3.30E-03 0.13 

Barc140 5B 127.0 PRC GLM
CS

, MLM
CS

 9.45E-06 0.35 1.03E-04 0.09 

WMC235 5B 139.0 SOD GLM
CS

, MLM
C
 2.81E-05 0.48 9.38E-05 0.13 

WMC235 5B 139.0 PM GLM
S
, MLM

S
 2.43E-07 0.60 3.44E-07 0.26 

(Continued) 
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Locus Chr cM Trait Model p (Q) r
2
 p (Q+K) r

2
 

WMC235 5B 139.0 TGW GLM
S
, MLM

S
 4.80E-03 0.35 6.50E-03 0.11 

Xgwm190 5D 9.0 PC GLM
C
, MLM

CS
 7.50E-03 0.40 7.57E-03 0.10 

Xgwm174 5D 57.0 PH GLM
C
, MLM

C
 4.77E-04 0.26 9.40E-03 0.04 

Xgwm459 6A 0.0 RL GLM
C
, MLM

C
 5.30E-03 0.36 7.40E-03 0.22 

Xgwm459 6A 0.0 SL GLM
C
, MLM

C
 7.10E-03 0.44 5.80E-03 0.20 

Barc76 6B 5.0 SPP GLM
S
, MLM

S
 6.30E-03 0.32 4.70E-03 0.19 

Xgwm132 6B 14.0 SOD GLM
C
, MLM

C
 8.30E-03 0.39 5.10E-03 0.11 

Xgwm132 6B 14.0 PH GLM
S
 6.40E-03 0.31 - - 

WMC749 6D 27.0 Chla GLM
CS

, MLM
CS

 8.90E-03 0.61 7.70E-03 0.39 

WMC749 6D 27.0 Chlb GLM
S
, MLM

S
 5.60E-03 0.62 7.00E-03 0.32 

WMC749 6D 27.0 TChl GLM
CS

, MLM
CS

 7.30E-03 0.62 6.80E-03 0.33 

Xgwm325 6D 53.0 SL GLM
S
 7.70E-03 0.12 - - 

Xgwm325 6D 53.0 PC GLM
C
 1.30E-03 0.17 - - 

Xgwm325 6D 53.0 POD GLM
C
 5.20E-03 0.13 - - 

Xgwm325 6D 53.0 TGW GLM
CS

 2.00E-03 0.17 - - 

Xgwm55 6D 57.0 SL GLM
S
 7.70E-03 0.12 - - 

Xgwm55 6D 57.0 PC GLM
C
 1.30E-03 0.17 - - 

Xgwm55 6D 57.0 POD GLM
C
 5.20E-03 0.13 - - 

Xgwm55 6D 57.0 TGW GLM
CS

 2.00E-03 0.17 - - 

Barc175 6D 79.0 RDW GLM
C
, MLM

C
 8.90E-03 0.54 5.10E-03 0.17 

Barc175 6D 79.0 PH GLM
C
, MLM

C
 1.90E-03 0.38 8.50E-03 0.07 

Xgwm471 7A 17.0 Chlb GLM
S
, MLM

S
 7.10E-03 0.53 7.80E-03 0.29 

Xgwm302 7B 86.0 SPL GLM
S
, MLM

S
 8.14E-03 0.31 7.10E-03 0.17 

Xgwm44 7D 78.0 PC GLM
C
 7.20E-03 0.17 - - 

Xgwm111 7D 89.0 PC GLM
CS

 1.30E-03 0.17 - - 

Xgwm111 7D 89.0 POD GLM
C
 3.90E-03 0.14 - - 

Xgwm111 7D 89.0 TGW GLM
CS

 4.50E-03 0.15 - - 

Barc172 7D 99.0 Chlb GLM
CS

, MLM
S
 9.10E-03 0.20 4.00E-03 0.12 

Barc172 7D 99.0 PC GLM
S
, MLM

S
 2.96E-04 0.35 2.60E-03 0.08 

Barc172 7D 99.0 SOD GLM
CS

 6.50E-03 0.22 - - 

Barc172 7D 99.0 POD GLM
CS

,MLM
C
 7.60E-05 0.40 4.49E-04 0.06 

Barc172 7D 99.0 PH GLM
S
 5.74E-04 0.26 - - 

Barc172 7D 99.0 TGW GLM
CS

 5.70E-04 0.32 - - 

Xgwm37 7D 141.0 PM GLM
S
, MLM

S
 2.20E-03 0.18 3.20E-03 0.06 

Xgwm37 7D 141.0 SPP MLM
S
 - - 9.30E-03 0.07 

Xgdm46 7D 163.0 RFW GLM
S
 9.70E-03 0.28 - - 

Xgdm46 7D 163.0 SS GLM
CS

, MLM
C
 3.54E-04 0.26 1.30E-03 0.02 

 “c”
, control; 

“s”
, stress; 

“cs”
, control and stress 
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Figure 6: Genetic map showing markers used with marker–trait associations (MTAs) 

indicated by grey squares. Font color showing specificity to particular treatment, with 

red for control treatment only, black for stress and blue for both treatments.  The MTAs 

shown are highly significant and common in both GLM and MLM. 

(Continued) 
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Figure 7: Genetic map showing markers used with marker-trait associations 
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MTAs were common in both models except for the marker Xgwm443-5BS. There were 

two MTAs with associated markers Xbarc140-5BL (r
2
=0.35 in GLM and 0.09 in MLM) 

and Xbarc141-5AL (r
2
=0.26 in GLM and 0.05 in MLM) which were common in both 

environments. The trait-specific MTA (Xgwm372-2AL) which explained phenotypic 

variation of 34% in GLM and 15% in MLM was found in the control environment only.  

4.9.12 Superoxide Dismutase MTAs 

 There were five multi-trait MTAs found for SOD activity. Overall five different 

chromosomes (5A, 5B, 6B, 1D and 7D) were involved (Table 15). The two MTAs 

namely Xwmc235-5BL and Xgwm132-6BS were common in both models, the former 

which explained phenotypic variation of 48% in GLM was common in both 

environments while the later explaining phenotypic variation of 39% was evident in 

control environment only. The remaining MTAs marked by Xgwm642-1DL (r
2
=0.52), 

Xbarc172-7DL (r
2
=0.26) and Xbarc141-5AL (r

2
=0.24) were found in the GLM 

approach only. 

4.9.13 Peroxidase MTAs 

 There were seven multi-trait and one trait-specific MTA identified for POD 

activity (Table 15) involving six different chromosomes; 1B, 4B, 5B, 4D, 6D (two 

markers) and 7D (two markers). The D-genome shared maximum MTAs (total four) for 

this trait. Xgwm495-4BL (the only trait-specific MTA for this trait) exhibited association 

only in stress treatment and was common in both models (r
2
=0.22 in GLM and 0.05 in 

MLM. Xbarc172-7DL explained phenotypic variation up to 40% and was visible in 

both control and stress treatment, while, the remaining MTAs were found in controlled 

treatment only. 
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4.9.14 Plant Height MTAs 

 There were four trait-specific and five multi-trait MTAs identified for PH (Table 

15). These are located on chromosomes 2A, 1B, 6B, 2D (three markers), 5D, 6D and 

7D. Among the trait-specific MTAs, Xgwm10-2AS (found in both environment and 

explaining up to 24% phenotypic variations), Xgwm30-2DS (found in control 

environment only and explaining variation upto 22%) and Xgwm174-5DL (found in 

control environment only and explaining variation up to 26%) were common in both 

approaches. Xgwm261-2DS was the only trait-specific MTA that was confined only to 

GLM. Similarly, Xbarc175-6DL marked the only multi-trait MTA for PH that was 

common both in GLM (r
2
=0.38) and MLM (r

2
=0.07). Here also, the contribution of the 

D-genome regarding PH-MTAs was maximum (total six). The marker Xgwm30-2DS 

mapped for PH related QTL by Wu et al. (2012) was also found strongly associated in 

our study to PH-MTA in both GLM and MLM. Mei et al. (2010) have also reported 

involvement of chromosome 2D loci as indicated by marker Xbarc160 under drought 

stress treatment. 

4.9.15 Days to Flowering MTAs 

 Days to flowering trait were found associated with one trait-specific and one 

multi-trait MTAs harboring chromosome 2A and 5A (Table 15). Xgwm359-2AS, a trait-

specific MTA was found in both models (r
2
=0.43 in GLM and 0.30 in MLM) and 

confined only to stress treatment. The other MTA i.e. Xbarc165-5AL was also found 

associated in control environment and explained phenotypic variations of 22%. The 

marker Xgwm359-2AS (24.0 cM) for DF-MTA is in close proximity to Ppd-A1 

(photoperiod sensitive gene, 2AS, 38.1 cM) region as discussed by Maccaferri et al. 

(2011) as well as the QTL for heading (flowering) date i.e. QHd.idw-2A.2 reported by 

Maccaferri et al. (2008). 
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4.9.16 Days to Physiological Maturity MTAs 

 Eight markers having significant association with days to PM were identified 

(Table 15). Overall, six different chromosomes were involved; 5A, 5B, 1D (three 

markers), 2D, 4D and 7D. The number of trait-specific MTAs was three while the rest 

all were multi-trait MTAs. The number of common MTAs in both models was seven; 

the only MTA marked by Xgwm642-1DL was detected in MLM only. D-genome MTAs 

alone were higher in number (total six) than from A and B-genome collectively. Among 

multi-trait MTAs, Xgwm304-5AS (r
2
=0.28 in GLM and 0.17 in MLM) was found in 

control treatment while Xwmc235-5BL (r
2
=0.60 in GLM and 0.20 in MLM), Xgwm484-

2DS (r
2
=0.72 in GLM and 0.84 in MLM) and Xgwm37-7DL (r

2
=0.18 in GLM and 0.06 

in MLM) were found associated in stressed environment. Further, 3 of the trait-specific 

MTAs are located on the same chromosome 1D. The PM-MTA revealed by SSR 

marker Xgwm304-5AS (59.0 cM, Ta-SSR-2004-5A) was in agreement with the QTL 

acc/ctg-7 (5A, 46.55 cM) related to physiological maturity as discussed by Pinto et al. 

(2010). Similar approximation for another PM-MTA by SSR marker Xgwm609-4DL 

(91.0 cM, Ta-SSR-2004-4D) in stressed environment can be made to drought and heat 

adaptive QTL reported on chromosome 4D by the same group. 

4.9.17 Spikes per Plant MTAs 

 Total four MTAs (one trait-specific and three multi-trait) located on 

chromosome 3A, 5A, 6B and 7D were identified for SPP (Table 7). The only trait-

specific MTA marked by Xbarc76-6BS explained phenotypic variation up to 32% under 

stress treatment only. There were two multi-trait MTAs that were common in both 

models. These included Xwmc264-3AL (found in both environment; r
2
=0.33 in GLM 

and 0.18 in MLM) and Xgwm304-5AS (in stress environment only; r
2
=0.21 in GLM and 

0.13 in MLM). Xgwm37-7DL marked the only SPP-MTA that was detected in MLM 
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explaining 7% variation. The marker Xwmc264-3AL reported by Dilbirligi et al. (2006) 

in QTL region 3 (QSpsm.unl-3A.3) having association with number of spikes per square 

meter. The same marker (61.0 cM) for SPP-MTA in this AM study further verifies 

those early findings. A QTL cluster (Xwmc269.3-6B - P4232.1-6B) reported by Wu et 

al. (2012) for different yield related traits including NSP (SPP) can be correlated to the 

SPP-MTA marked by Xbarc76-6BS. 

4.9.18 Spike Length MTAs 

 The trait SPL was associated with two trait-specific MTAs (Table 15). 

Chromosomes involved were 4A and 7B. No multi-trait MTA was detected for this 

attribute. Xgwm302-7BL which was confined only to the stress treatment was common 

to both models (r
2
=0.31 in GLM and 0.15 in MLM. Similarly, Xgwm4-4AS which 

explained up to 27% phenotypic variation was evident in both control and stress 

treatment. These MTAs were also common in both approaches. The MTA reported by 

Liu et al. (2010) for spike length with associated marker Xwmc446-4AS is in close 

proximity to Xgwm4-4AS observed in this study. Also a major QTL reported by Wang 

et al. (2011) on chromosome 4A has some sort of correlation with current findings. 

Another SSR marker Xgwm302-7BL (86.0 cM) found significantly associated to SPL is 

closer to DArT marker wPt-8921-7BL (99.4 cM) loci reported by Neumann et al. 

(2011) for SPL. 

4.9.19 Grains per Spike MTAs 

 There were two multi-traits and one trait-specific MTA identified for GS (Table 

15). These are located on chromosomes 5B, 1D and 2D. The trait-specific MTA was 

marked by Xbarc149-1DS (confined only to stress environment and detected in GLM 

alone) explained phenotypic variations of 24% for this trait. The other two MTAs 
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associated with markers Xgwm544-5BS (r
2
=0.58 in GLM and 0.26 in MLM) and 

Xgwm539-2DL (r
2
=0.15 in GLM and 0.08 in MLM) were common in both approaches 

and in both environments. A QTL (or MTA) related to number of grain per spike 

mapped on chromosome 2D near marker Xgwm539-2DL (91.0 cM) by Wu et al. (2012) 

and Quarrie et al. (2011) is in accordance to current findings. This marker has also been 

reported by Bresghello and Sorrells (2006) having association with grain morphology 

related traits. Further, SSR marker Xgwm132-6BS (14.0 cM) found significantly 

associated in stress environment to grains per spike has also been reported for having 

association with the same trait in multiple rainfed environments by Wu et al. (2012). 

Neumann et al. (2011) has also reported a DArT marker loci (marker wPt-4924) on 

chromosome 6B associated with number of grain per spike but its position does not 

coincide the findings of Wu et al. (2012) (in this study as well). This could be due to the 

difference in the nature of experimental conditions in which the study was conducted, 

the former in normal environment while the later in stressed (rainfed) environment. 

4.9.20 Thousand Grain Weight MTAs 

 Total ten MTAs including nine multi-trait and one trait-specific MTA residing 

on chromosome 5A, 2B, 5B, 2D, 3D, 4D, 6D (two markers) and 7D (two markers) were 

identified for TGW (Table 15). These all were found in both treatments except the one 

marked by Xwmc235-5BL which was confined to stress environment only. Among the 

multi-trait MTAs, Xgwm304-5AS (r
2
=0.36 in GLM and 0.11 in MLM), Xgwm3-3DL 

(r
2
=0.30 in GLM and 0.06 in MLM) and Xgdm6-2DL (r

2
=0.39 in GLM and 0.07 in 

MLM) were common in both models. D-genome alone contributed the maximum 

number of MTAs (total 7) than from the A- and B-genome collectively. This could be 

due to the introgression of favorable alleles in synthetic derived wheats from Ae. 

tauschii. The associated marker Xgwm304-5AS (59.0 cM based on the consensus map of 
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Ta-SSR by Somers et al., 2004) with SPP and thousand grain weight in this study is 

comparable to the MTA with marker Xgwm415-5AS reported recently by Mir et al. 

(2012). It is also in close distance to loci wPt-3924-5A (62.6 cM) for the thousand grain 

weight detected by Neumann et al. (2011). The locus of the same MTA is also in 

agreement with those reported by Breseghello and Sorrells (2006) for kernel related 

traits especially the loci Xbarc117-5A (56.0 cM) and Xbarc141-5AL (60.0 cM). 

Maccaferri et al., 2011 have also reported a major QTL for TGW and Kpsm (grains per 

square meter) from the same region. Another MTA related to TGW with its association 

to marker Xgwm3-3DL marker loci (43.0 cM) lies in close vicinity to Xgwm341-3DL 

marker reported recently with association to TGW by Wu et al. (2012) who also have 

demonstrated another TGW related QTL on chromosome 2D which is comparable to 

TGW-MTA found in this study with associated marker Xgdm6-2DL. The differences in 

chromosomal positions can be correlated to the different germplasm sources used 

(mostly synthetic derived wheats included in this AM study). The same MTA (Xgdm6-

2DL) is also comparable to the QTLs namely QTkw.ncl-2D.2 (located between Xwmc41 

and Xgwm349) and QTkw.ncl-2D.2 (located between Xwmc601 and Xwmc41) reported 

by Ramya et al. (2010). Another MTA for the TGW with associated marker Xwmc235-

5BL is very close to the QTL (QTkw.ncl-5B.3 between Xbarc595-BL- Xgwm497-5BL) 

reported by Ramya et al. (2010). 

4.10 SIGNIFICANT MTAS IN BOTH APPROACHES 

 For further insight, significant markers (p≤0.01) common in both models can be 

seen in Table 15 with their chromosomal position shown in Fig. 7. In total, 61 MTAs 

were found identified for 101 SSRs (all mapped) used in this study. Of these, the 

number of multi-trait MTAs was 37 while trait-specific MTAs were 24 in number. 

There were four trait-specific MTAs for PM which is the highest number of all the 
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traits. All the chromosomes (excluding 2B) were associated with MTAs; the number of 

associated chromosomes ranging from one (for Chla and DF) to six (for PM). 

Chromosome 5A and 5B were characterized with the highest number of MTAs whereas 

chromosomes 1A, 4A, 7A, 1B, 3B, 4B, 7B, 3D and 4D and 7D (each with only one 

trait-specific MTA) were positioned at lowest rank in this perspective. Regarding 

homoeologous chromosomes, group 5 displayed the highest number (25) of MTAs 

while the least was possessed by group 4 (only three MTAs). Distribution of MTAs 

among the three genomes was such that A-genome contained the maximum number (24 

MTAs), followed by D-genome (21 MTAs) while the least being contributed by B-

genome (16 MTAs). As far as the treatment is concerned, there were 16 MTAs confined 

only to control treatment while drought specific MTAs were 27 in number. The number 

of MTAs which was common in both treatments was 18. Further, considering the 

number of markers with significant association, D-genome shared the maximum 

number (15) while both A- and B-genome contributed 11 and 9 markers respectively. 

4.11 NOVEL MTAs 

 Some of the MTAs reported in this study were not coinciding with previous 

findings. Possible reasons may be due to different plant parts used for extraction, 

growth stage differences at sampling time, fewer number of SSR markers used in this 

study, different mapping approach (linkage mapping usually) and most importantly 

different genetic backgrounds. For instance, QTLs for SOD (1A, 1B, 1D, 2D, 3A, 4A 

and 7A) and POD (1A, 2B, 6B and 7B) reported by Jiang et al. (2013) in QTL mapping 

analysis carried on 131 RILs is different from the MTAs reported for POD ( 4B and 7D) 

and SOD (5B and 6B) in this study. Similarly, root length QTLs reported by Ibrahim et 

al. (2012) on chromosome 1D, 2A, 2D, 5B, 5D, 7A and 7D are not accordance with 

RL-MTAs (marked by Xgwm459-6AS and Xbarc165-5AL) detected in current work. 



112 
 

 
 

MTAs which either are worked out and reported for the first time (e.g. MTAs for leaf 

protein content found on chromosome 5D and 7D) or have no relevance with previous 

findings (those for SOD, POD, PRC etc) were referred as novel MTAs. Other such 

novel and important MTAs were Xgwm544-5BS (GS-MTA); Xgwm304-5AS (SPP-

MTA); Xgwm458-1D and Xgwm484-2D (PM-MTA); and Xgwm174-5D and Xbarc175-

6D (PH-MTA). The novel MTAs identified during the current study will contribute 

valuable information for planning new breeding and mapping populations based on 

marker-assisted selection. However, in order to exploit these genomic regions in 

superior germplasm, the MTAs need to be validated before employment in breeding 

panel. 

 The current study presents the worth of in vitro and in vivo field trail data from 

bread wheat core collection in elucidating the genetic basis of many attributes even with 

a relatively small number of genotypes through GWAS, which is relatively a new 

approach particularly in wheat. In contrast to conventional bi-parental linkage mapping, 

it examines genetic variation in diverse germplasm. Information about population 

structure is necessary for association studies. It was noted that SSR markers can 

effectively be used to estimate the population structure. Moreover, different AM results 

were obtained with different tested models; hence, care should be taken for the 

appropriate model before carrying out an AM study. MLM has been applied in GWAS 

of categorical attributes, for instance, Atwell et al. (2010) used MLM to correct for 

population structure in a GWAS of categorical or binary and continuous traits in 

Arabidopsis thaliana inbred lines. An intensive assessment of a range of methods in the 

current study indicated that the most appropriate method for GWAS is MLM. 

 It has been well documented in previous studies that bread wheat yield and its 

related traits are genetically controlled by all the 7 chromosomal groups from A-, B- 
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and D-genomes (Zhang et al., 2010). The results presented here demonstrate that AM 

approach followed in the present study worked well as is evident from significant 

association of several SSR markers with investigated traits in chromosomal regions 

where MTAs/QTLs has previously been identified as well as markers significantly 

associated in chromosomal regions where no such information was available for these 

traits which suggest the need to further investigate these findings. The consensus map 

(Somers et al., 2004) used in this study has proven to be satisfactorily precise enough to 

compare the locations of other markers (for example, DArT markers given in Neuman 

et al. (2011). These results have shown the suitability of using the diverse bread wheat 

germplasm to study the genetic control of drought adaptive attributes using association 

mapping in different water stress environments. Further, it was observed that under 

moisture stress conditions, the AM power to detect relevant loci decreased. The possible 

reason for this phenomenon may be the fact that different genotypes attain same values 

for different attributes via varying adaptive strategies, hence, reducing the occurrences 

of significant MTAs. Albeit, the effects of different chromosomal regions on different 

drought-adaptive and -responsive attributes including antioxidant enzymatic activities, 

osmoprotectants, chlorophyll content, various morphological and phenological trait was 

revealed by AM analysis. Although many of these regions have been discussed 

previously in different biparental populations and core collections of durum and bread 

wheat, the current study has its own impact to review their significance in bread wheat 

diverse germplasm. The novel MTAs highlighted in our research work will contribute 

valuable information for developing new breeding and mapping populations. 

 Because, major focus in wheat breeding program is to improve yield per unit 

area which in itself depend to large extent on TGW, the chromosomal regions including 

2D and 3D (harboring TGW-MTAs) was in general agreement to those reported by 
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other workers (Breseghello and Sorrells, 2006; Ramya et al., 2010; Wu et al., 2012) and 

could be considered as important MTAs for improved TGW along with those located on 

5A and 5B. Similarly relative to TGW, GS also has a potential for wheat yield increase, 

hence, improving GS is very essential for current breeding approaches and requires 

attention. One important MTA for GS was detected in this study on chromosome 2D. 

Since major part of the studied germplasm consisted of synthetic derived wheats, we 

can confer that introgression of favorable alleles for drought tolerance along with 

different yield related attributes including TGW, GYP, GS and SPP have taken place 

from Ae. tauschii (the D-genome donor). For example, a QTL, QTgw.D84-2D 

comparable to the TGW-MTA on chromosome 2D detected in this study has been 

reported by Schubert (2009) to be involved with increased TGW and that allele(s) for 

this QTL is exotic being derived from synthetic wheat (Syn 84).as one of the parent in 

two back cross populations (D84 and T84) studied. The findings are further supported 

by those of Cuthbert et al. (2008). Similarly another QTL for TGW on chromosome 3D 

contributed from synthetic wheat has been reported by Liao et al. (2008). The 

identification of these potential alleles in synthetic derived bread wheat for increased 

GS and TGW on chromosome 2D and 3D is suggesting the use of these alleles in wheat 

breeding program. However, the strong association of TGW on chromosome 3A as 

recently reported by Mengistu et al. (2012) and Ali et al. (2011) was not detected in this 

study. The possible explanation could be the differences in mapping strategies applied 

and most importantly, the interaction with a different genetic background. Other 

important MTAs including RDW (6D), SL (2D), Chla (6D), Chlb (6D and 7D), TChl 

(6D), PC (5d and 7D), POD (7D), PH (2D, 5D and 6D), PM (1D, 2D, 4D and 7D) from 

D-genome are further strengthening the important role of synthetic derived wheats. 
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 Current work had demonstrated the worth of GWAM based on pedigree-based 

diverse germplasm in detecting MTAs for various attributes under drought stress 

environments using diverse wheat germplasm including synthetic derived bread wheat 

(SBW) exhibiting superior alleles and support introgression of these alleles into elite 

breeding germplasm. A QTL/MTA approach based on wide crosses thus can assist gene 

discovery and helps us identify mechanisms that enable plants to adapt to stress 

conditions. This further suggests the dissection of traits through genetic and 

physiological tools which will help breeders’ efforts especially if it displays broad sense 

heritability. It can be said that genetic information obtained in the form of various 

previously identified MTAs/QTLS as well novel MTAs reported only in this study 

could be utilized in MAS for wheat breeding improvement in general and their drought 

tolerance in particular. It is worth mentioning here that besides genotyping, phenotyping 

need to be given much attention. Finally, a shift toward in depth study for traits having 

evolutionary and economic values is needed through mining of superior alleles which is 

possible only by synergy among various research groups involved in different aspects of 

AM. 
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SUMMARY 

 The experimental germplasm comprising of diverse bread wheat genotypes was 

evaluated for physiological traits in hydroponics with PEG (6000) induced drought 

stress. Data was recorded for morpho-physiological and biochemical traits including 

RFW, RDW, RL, SL, SS, Chla, Chl b, TChl, PC, PRC, SOD and POD activities. The 

same germplasm was evaluated for phenological traits in the field both in well-watered 

(irrigated) and drought stress conditions imposed at pre-anthesis stage for two 

successive growing seasons during 2010-2011 and 2011-2012. The attributes focused 

were PH, DF, PM, SPP, SPL, GS, TGW and GYP. ANOVA results have shown that 

genotypes and treatments as well as the interaction between them were highly different 

with respect to their responses under drought treatment. Observed variable responses 

depicted genetic diversity present in the studied germplasm set. In general, drought 

stress effects were inhibitory for RFW (37.3%), RDW (35.1%), RL (37.7%), SL 

(43.9%), PC (19.7%) and chlorophyll content (28.0%), and for most of the phenological 

attributes including PH (12.03%), DF (7.1%), PM (5.6%), SPP (15.9%), SPL (10.1%), 

GS (14.3%), TGW (8.9%) and GYP (28.0%), while increasing trend was observed in 

POD (42,7%),  SOD (22.3%), PRC (114.1%) and SS (22.7%). Overall, both SBW and 

CBW genotypes were almost equivalent or better than the check cultivars for most of 

the analyzed physiological and phenological attributes under controlled as well as in 

drought stress condition. Pearson coefficient of correlation (r) revealed that correlation 

was more prominent under stress for RL and SL (r=0.91), and of TChl with PRC, SOD 

and POD. This suggests that drought stress resulted in mild decrease in chlorophyll 

content only, the reason being increased osmoprotectants and antioxidants including 

both SOD and POD activities. Furthermore, high positive correlation between shoot and 

root length indicated that genotypes with maximum RL and SL may have high degree 
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of drought tolerance. Similarly, the correlation between DF and PM was positive and 

highly significant (r=0.67) but was negative with all other investigated traits which was 

mainly due to earliness in flowering and physiological maturity of the genotypes under 

terminal drought stress which contributed clearly to yield advantage more specifically 

in terms of TGW (r=-0.32 for DF and r=-0.27 for PM) and GYP (r=-0.27 for DF). 

Based on high correlation coefficients (r) with grain yield, the major contributing 

factors under drought treatment were PH (r=0.53), SPP (r=0.80), SPL (r=0.59) and GS 

(r=0.62). In order to find out the most appropriate combination of the studied attributes 

for grain yield, PCA and biplot analysis were conducted using mean values. 

Considering PC1 and PC2, it was very clear that mostly morpho-physiological and 

biochemical tend towards PC1 while PC2 revealed to agronomical traits. The first two 

axis i.e. PC1 (eigen value=8.1) and PC2 (eigen value=3.2) explained up to 57% of the 

total variability. Eigenvectors from biplot analysis clearly indicated that PH, SPP, SPL, 

and GS have positive correlation with GYP; while DF and PM were negatively 

correlated. This means that genotypes with early flowering and maturing tendency, 

offer a sort of drought escape or avoidance strategy to cope with the deleterious effects 

of water deficit conditions. However, the association of TGW with GYP was not so 

strong which may be attributed to shorter duration for grain filling due to a 

comparatively short wheat cycle. Based on DSI values, the genotypes were classified as 

drought susceptible (DSI>1.0), relatively drought tolerant (DSI>0.5 to 1.0), or 

extremely drought tolerant (DSI≤0.5). Overall, 22 genotypes were displaying DSI 

below 1. Among these, the genotypes AA17, AA19, AA24, AA28, AA44, AA45 and 

AA46 (all synthetic derived wheats) possessed least DSI values than the rainfed check 

cultivars i.e. AA53, AA54 and AA55. Some of these genotypes including AA19, AA24, 

AA28 and AA46 have been recommended for further micro-yield wheat trials by 
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WWC-NARC, Islamabad. In all, results of present study suggest that selection strategy 

would be reliable if it is based on early flowering, grain number per spike grain yield 

per plant and most importantly upon low DSI (DSI<1) for increasing yields under 

drought conditions. 

 The second objective was to evaluate and compare glutenin compositions and 

their effect on key quality parameters in D-genome synthetic hexaploid derivatives 

(SDW) and conventional bread wheat (CBW) germplasm. Several unique D-genome 

encoded HMW-GS were found along with favorable alleles at A- and B-genomes. D-

genome encoded subunit Dx5+Dy10 which is known to encode superior grain quality 

attributes was observed in 63.64% genotypes followed by 1Dx2+1Dy12 (30.91%).  

Apart from HMW-GS, PCR based allele specific markers were used to identify allelic 

variation at Glu-3 loci (LMW-GS). Six different alleles at Glu-A3 locus and eight 

alleles at Glu-B3 locus were identified by allele specific markers. At Glu-A3, the allele 

Glu-A3c was present in majority of the genotypes (45.45%), while Glu-A3a was present 

only in two genotypes (AA39 and AA41). The frequency of other alleles was found to 

be 27.3%, 5.5%, 12.7% and 5.5% for Glu-A3b, Glu-A3d, Glu-A3f and Glu-A3g 

respectively. Allele-specific markers revealed eight different alleles at Glu-B3 locus in 

the present screening. Key quality parameters such as protein, SDS-sedimentation 

volume and carotenoids differed significantly within genotypes. Results with NIR 

spectroscopy for grain quality traits of wheat was found promising and economical. In 

synthetic derivatives, more diversity for Glu-A1 (0.38) and Glu-D1 (0.59) was. 

Similarly, protein content (13.8±0.9) and SDS-sedimentation volume (3.5±0.3) were 

slightly higher in synthetic derivatives as compared to bread wheat cultivars. 

Conclusively, the germplasm set having drought tolerant characteristics possessed 

desirable glutenin alleles and grain quality characteristics. The diverse origin of the 
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genotypes will enhance the genetic base of breeding programs and will contribute to 

new alleles from D-genome synthetic hexaploids, for both drought tolerance and grain 

quality. 

 The third research objective was to investigate genetic diversity among the 

studied wheat germplasm. All genotypes were therefore screened with 101 polymorphic 

SSRs where 25, 29, and 47 SSRs belonged to the A-, B-, and D-genomes, respectively 

to find the diversity present and to perform the AM analysis. The scoring patterns of 

SSRs loci have shown a total of 525 alleles across 55 wheat accessions. Number of 

alleles per locus ranged from 2 to 14 with an average of 5.2 which indicated that the 

diversity among wheat accessions was relatively high. PIC values also confirmed these 

results. Population structure analysis was performed using STRUCTURE software 

version. 2.1. Q matrix was recorded by running structure at K=2 and 7, where the 

highest value of ΔK occurred demonstrating its maximum likelihood. The data obtained 

through structure analysis was further validated by clustering (UPGMA) method. For 

AM analysis, K=2 from population structure data was used. The number of MTAs at 

p≤0.01 was 115 and 63 with GLM and MLM approaches, respectively. Therefore, a 

clear decrease of significant associations was observed in MLM. The MTAs common in 

both approaches were either multi-trait (total 37) or trait-specific (total 24). The 

distribution of MTAs amongst the three genomes was maximum (24 MTAs) for the A-

genome, followed by the D-genome (21 MTAs) and the least for the B-genome (16 

MTAs). As far as treatment is concerned, there were 16 MTAs confined only to control 

treatment with drought specific MTAs being 27 in number. The number of MTAs 

common in both treatments was 18. Significant associations of several SSR markers 

with investigated traits in chromosomal regions were detected. Results show the 

suitability of using diverse bread wheat germplasm to study the genetic control of 
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drought adaptive attributes using association mapping in different water stress 

environments. Further, linkage mapping analysis in populations designed specifically 

for appropriate objectives will point out to what degree the AM identified regions play a 

role in particular genetic backgrounds. It can be said that the genetic information 

obtained in the form of various previously identified MTAs/QTLS as well novel MTAs 

reported only in this study could be utilized in MAS for wheat breeding in general and 

drought tolerance in particular through better understanding of the complex genetic 

traits. The results in GWAS are strongly influenced by the choice of germplasm, size of 

the population, and number and distribution of markers used. For instance, exotic 

germplasm or diverse materials can be helpful to minimize LD and find associations for 

variety of traits. Similarly, germplasm from gene bank core collections are suited for 

AM of traits that are less influenced by adaptation; and elite material is more useful for 

studying quantitative traits. Large population size and large number of molecular 

markers is needed to accurately estimate genetic relationships in association mapping 

studies. There is general agreement that two SSR markers per chromosome arm are 

needed for a good starting point. However, factors like length of the chromosome, 

diversity of the species, diversity of the particular sample, and cost and availability of 

different marker systems need consideration as well. In this perspective, the scope of 

current research is somehow limited. Identified MTAs can help allow the assessment of 

genetic potential of specific genotypes prior to phenotypic evaluation and allow 

breeders to incorporate desirable alleles efficiently into wheat germplasm. However, to 

utilize these genetic regions in improved germplasm is still distant away in reality and 

the MTAs need to be validated before deployment in breeding programs. Therefore, 

high throughput genotyping technology such as genotype-by sequencing (GBS) or 

single nucleotide polymorphism (SNP) markers would be useful to develop finer 
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genetics maps and to identify more functional diagnostic markers that are tightly linked 

to drought tolerances across wheat accessions. Alternatively, significant multiple loci 

can be selected and validated by developing near-isogenic lines in different genetic 

backgrounds and for testing them in multiple locations or a targeted environment. For 

parental selection, mixed model can be used to calculate the breeding values of existing 

inbreds to aid the selection of parents for crossing through marker-assisted recurrent 

selection and genomic selection. 
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APPENDICES 

Appendix I: Macro and Micro-nutrient’s composition of Hoagland’s Solution (Hoagland and Arnon, 1950) 

Macronutrients         

Stock Compound MW Amount  Stock Conc. Volume  Final Conc. 

   
(g)/L (mM) (mL)/L (mM) 

A KNO3 101.1 82.2 812.0 8.0 6.5 

 
Ca(NO3).4H2O 236.2 118.1 500.0 8.0 4.0 

B MgSO4.7H2O 246.5 61.6 250.0 8.0 2.0 

 
NH4H2PO4 115.0 28.8 250.0 8.0 2.0 

Micronutrients         

C MnCl2.2H2O 197.9 0.1 0.5 1.0 0.5 

 
H3BO3 61.8 0.3 4.6 1.0 4.6 

 
ZnSO4.7H2O 287.5 0.1 0.2 1.0 0.2 

 
CuSO4.5H2O 249.7 0.1 0.2 1.0 0.2 

 
(NH4)6Mo7O24.4H2O 1236.0 0.1 0.1 1.0 0.1 

D FeNaEDTA 371.1 14.7 39.6 1.5 5..34 
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Appendix II: Solutions and gels used in SDS PAGE electrophoresis 

Separation Gel (7.5 %): 

Sollution A = 5 mL; Solution C = 5 mL; APS (10%) =200 µL; dH2O = 10 mL; 

TEMED = 15 µL 

Stacking Gel (4.5%): 

Sollution B = 2.5 mL; Solution C = 1.5 mL; APS (10%) = 70 µL; dH2O = 6 mL; 

TEMED = 17 µL 

Solution A (100 mL): 

Tris HCl (3M) = 36.3 g; SDS (0.4%) = 0.4g; 

Dissolved in distilled water (dH2O) with final volume upto 100 mL. pH adjusted 

8.8 with Conc. HCl 

Solution B (100 mL): 

Tris HCl (0.493M) = 5.98 g; SDS (0.4%) = 0.4g 

Dissolved in dH2O with final volume upto 100 mL. pH adjusted 7.0 with Conc. 

HCl 

Solution C (100 mL): 

Acrylamide (30%) = 30 g; Bis-Acrylamide (0.8%) = 0.8 g 

Dissolved in dH2O with final volume upto 100 mL 

Staining Solution (1 L): 

Methanol (100%) = 440 mL; Acetic Acid (100%) = 60 mL; CBB (R250) = 2.25 g 

Dissolved in dH2O with final volume upto 1000 mL. 

Destaining Solution (1 L): 

Methanol (100%) = 200 mL; Acetic Acid (100%) = 50 mL; dH2O = 750 mL 
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Appendix III:  

Phosphate Buffer  

Dipotassium Hydrogen Phosphate (K2HPO4) = 2.175 g; Potassium Dihydrogen 

Phosphate (KH2PO4) = 1.70 g 

Dissolved each separately in 20 mL dH2O; mixed and made final volume upto 400 mL; 

then added 2.5 g of Polyvinylpyrrolidone (PVP) and 9.25 g of 

Ethylenediaminetetraacetic Acid (EDTA); dissolved properly, pH adjusted to 7 and 

finally made volume up to 500 mL with dH2O. 

Bio-Red Color Dye 

Coomassie Briliant Blue G-250 (GBB-250) = 100 mg; 

Dissolved in 50 mL of 95% ethanol; then added 100 mL of 85% Phosphoric Acid 

(H3PO4); diluted to 200 mL with dH20 and kept at 4 
0
C. 

Buffer for Superoxide Dismutase 

Methionine = 0.194 g; EDTA = 0.00367g; Nitroblue Tetrazolium (NBT) 0.0061g 

Dissolved all in dH2O and made final volume to 100mL. 

Riboflavin 

Dissolved 0.0016 g of Riboflavin in 5 mL of distilled water.  

Ninhydrin Reagent 

Ninhydrin =1.25 g; Glacial acetic acid = 30 mL; Phosphoric Acid (6M) = 20mL 

DNA extraction buffer  

1% SDS; 100mM Tris-HCl; 100mM NaCl; 10mM EDTA 
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Appendix IV: Allele-specific PCR markers for the discrimination of Glu-A3 and Glu-B3 

alleles. PCR conditions were: 35 cyles each of 94
0
C/35 s–A/45 s–72

0
C/90 s (A is annealing 

temperature given below for respective markers) 

Marker  Primer Sequence Allele Size (bp) Ann. Temp 

gluA3aF AAACAGAATTATTAAAGCCGG 
a 529 60

0
C 

gluA3aR GGTTGTTGTTGTTGCAGCA 

gluA3bF TTCAGATGCAGCCAAACAA 
b 894 60

0
C 

gluA3bR GCTGTGCTTGGATGATACTCTA 

gluA3cF AAACAGAATTATTAAAGCCGG 
c 573 58

0
C 

gluA3cR GTGGCTGTTGTGAAAACGA 

gluA3dF TTCAGATGCAGCCAAACAA 
d 967 58

0
C 

gluA3dR TGGGGTTGGGAGACACATA 

gluA3eF AAACAGAATTATTAAAGCCGG 
e 158 58

0
C 

gluA3eR GGCACAGACGAGGAAGGTT 

gluA3fF AAACAGAATTATTAAAGCCGG 
f 552 60

0
C 

gluA3fR GCTGCTGCTGCTGTGTAAA 

gluA3gF AAACAGAATTATTAAAGCCGG g 
1345 58

0
C 

gluA3gR AAACAACGGTGATCCAACTAA 
 

gluB3aF  CACAAGCATCAAAACCAAGA 
a 1095 55

0
C 

gluB3aR  TGGCACACTAGTGGTGGTC 

gluB3bF  ATCAGGTGTAAAAGTGATAG 
b 1570 56

0
C 

gluB3bR  TGCTACATCGACATATCCA 

gluB3cF  CAAATGTTGCAGCAGAGA 
c 472 56

0
C 

gluB3cR  CATATCCATCGACTAAACAAA 

gluB3dF  CACCATGAAGACCTTCCTCA 
d 662 58

0
C 

gluB3dR  GTTGTTGCAGTAGAACTGGA 

gluB3eF  GACCTTCCTCATCTTCGCA 
e 669 58

0
C 

gluB3eR  GCAAGACTTTGTGGCATT 

gluB3fF  TATAGCTAGTGCAACCTACCAT 
f 812 62

0
C 

gluB3fR  CAACTACTCTGCCACAACG 

gluB3gF  CCAAGAAATACTAGTTAACACTAGT

C g 853 60
0
C 

gluB3gR  GTTGGGGTTGGGAAACA 

gluB3hF  CCACCACAACAAACATTAA 
h 1022 60

0
C 

gluB3hR  GTGGTGGTTCTATACAACGA 

gluB3iF  TATAGCTAGTGCAACCTACCAT 
i 621 58

0
C 

gluB3iR  TGGTTGTTGCGGTATAATTT 

gluB3befF  GCATCAACAACAAATAGTACTAGA

A bef 750 60
0
C 

gluB3bef

R  
GGCGGGTCACACATGACA 

  Wang et al., 2009 (Glu-B3 alleles); Wang et al., 2010 (Glu-A3 alleles) 
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Appendix V: Traits including root fresh weight (RFW), root dry weight (RDW), root 

length (RL), shoot length (SL), soluble sugars (SS) and protein content under 

hydroponics for control (C) and PEG (6000) induced drought stress (S) 

Gen. RFW RDW RL SL SS PC 

  C S C S C S C S C S C S 

AA1 0.23 0.12 0.12 0.07 14.70 10.07 31.00 23.30 385.13 461.67 14.20 9.49 

AA2 0.24 0.14 0.13 0.08 14.10 7.10 40.83 21.43 389.57 476.39 9.09 6.99 

AA3 0.29 0.15 0.15 0.09 14.23 11.73 41.93 30.33 440.56 527.71 14.18 12.93 

AA4 0.17 0.09 0.09 0.06 11.60 6.57 30.50 16.50 347.38 420.97 14.53 11.53 

AA5 0.17 0.11 0.09 0.07 15.00 8.20 45.40 24.83 339.38 419.60 10.16 7.80 

AA6 0.18 0.09 0.10 0.05 15.13 5.20 45.83 16.07 337.63 421.27 9.47 7.72 

AA7 0.15 0.09 0.08 0.06 10.53 5.23 30.40 13.43 337.91 417.76 14.18 10.96 

AA8 0.16 0.09 0.08 0.05 12.53 5.27 40.90 13.50 334.46 415.01 16.98 12.05 

AA9 0.30 0.22 0.16 0.12 16.37 12.47 46.07 35.97 434.53 522.18 13.75 11.38 

AA10 0.16 0.14 0.08 0.08 11.73 10.27 37.07 32.77 369.45 442.82 10.98 8.53 

AA11 0.16 0.14 0.08 0.08 12.97 11.20 39.30 34.93 360.36 433.68 12.11 8.28 

AA12 0.15 0.10 0.08 0.07 12.37 7.17 40.70 16.67 348.12 420.99 15.22 13.38 

AA13 0.18 0.09 0.09 0.05 11.73 3.30 30.83 9.57 370.20 443.90 16.37 15.60 

AA14 0.15 0.10 0.08 0.06 12.57 4.13 36.43 6.87 361.72 445.60 16.74 10.94 

AA15 0.16 0.10 0.09 0.05 10.60 3.57 35.63 6.27 382.96 459.95 16.66 12.73 

AA16 0.15 0.12 0.08 0.07 10.57 4.13 23.23 6.13 369.18 442.97 15.24 12.01 

AA17 0.15 0.11 0.08 0.07 10.57 3.17 23.10 5.30 353.03 430.44 13.75 10.13 

AA18 0.14 0.11 0.07 0.07 5.13 4.40 17.93 6.20 362.28 439.54 14.62 11.45 

AA19 0.20 0.16 0.07 0.08 13.33 9.97 38.87 31.60 462.79 585.35 14.95 13.66 

AA20 0.16 0.10 0.08 0.06 11.13 3.17 25.77 5.40 380.51 459.46 16.01 12.87 

AA21 0.15 0.09 0.08 0.05 13.60 2.33 28.33 5.10 383.77 457.48 14.63 12.07 

AA22 0.18 0.09 0.09 0.05 12.73 4.17 32.40 7.20 370.01 456.57 15.12 10.27 

AA23 0.30 0.16 0.16 0.09 17.00 10.53 46.03 30.27 477.11 613.60 15.76 14.93 

AA24 0.32 0.18 0.16 0.09 16.47 13.90 39.97 28.90 499.99 622.31 15.73 14.83 

AA25 0.25 0.20 0.13 0.11 15.20 12.37 42.30 32.07 544.73 667.60 16.36 14.48 

AA26 0.30 0.16 0.15 0.08 16.43 12.63 39.80 32.40 378.32 460.70 15.22 11.62 

AA27 0.23 0.17 0.12 0.09 16.23 12.17 43.33 26.40 397.78 479.78 14.27 14.99 

AA28 0.26 0.18 0.13 0.10 15.37 12.27 45.07 35.67 469.65 613.51 14.35 12.91 

AA29 0.17 0.16 0.09 0.08 15.47 11.40 37.67 24.20 396.97 472.53 13.61 11.10 

AA30 0.34 0.19 0.17 0.10 16.77 12.80 42.27 29.17 498.64 634.77 15.21 13.99 

AA31 0.21 0.14 0.11 0.07 10.50 9.17 26.43 18.03 379.67 461.62 14.79 9.97 

AA32 0.30 0.20 0.15 0.11 15.10 12.30 46.00 32.43 544.33 667.25 17.83 16.04 

AA33 0.28 0.17 0.15 0.09 16.53 11.37 35.77 21.57 432.06 510.97 14.33 10.15 

AA34 0.28 0.14 0.14 0.08 16.97 9.57 44.40 22.73 408.63 498.86 17.06 12.19 

AA35 0.29 0.19 0.15 0.10 15.77 13.47 48.40 36.20 472.43 602.98 14.97 13.65 

AA36 0.29 0.15 0.15 0.07 19.67 10.63 47.83 20.43 403.37 486.54 10.36 7.79 

AA37 0.29 0.10 0.15 0.06 18.40 7.00 48.20 17.67 408.24 501.43 13.51 10.09 

AA38 0.39 0.19 0.19 0.10 19.67 13.03 44.90 35.47 486.24 616.73 15.46 13.39 

AA39 0.19 0.17 0.16 0.07 12.30 14.23 32.20 34.93 442.01 563.15 12.87 8.92 

AA40 0.39 0.19 0.20 0.10 20.23 13.70 55.40 39.27 472.40 609.74 14.07 12.32 

AA41 0.38 0.13 0.20 0.06 19.77 9.77 52.03 17.97 454.60 535.64 14.37 9.64 

AA42 0.36 0.12 0.18 0.06 19.20 9.30 48.40 16.03 369.53 443.20 13.99 9.94 

AA43 0.25 0.16 0.13 0.08 15.00 10.63 44.73 19.93 367.99 454.48 15.06 10.36 

AA44 0.15 0.20 0.08 0.10 13.83 14.00 45.23 22.20 509.94 543.64 16.65 11.11 

AA45 0.25 0.22 0.13 0.11 15.97 13.97 45.87 36.27 483.98 620.60 18.08 14.98 

AA46 0.30 0.21 0.15 0.11 16.00 14.13 45.60 36.63 489.43 633.27 15.58 14.89 

AA47 0.23 0.16 0.12 0.08 16.30 11.30 47.27 26.43 375.72 450.24 15.88 11.22 

AA48 0.17 0.09 0.09 0.05 11.47 3.83 32.07 12.80 385.75 474.11 15.38 9.91 

AA49 0.11 0.11 0.06 0.05 7.77 6.50 12.17 14.27 385.69 459.72 15.18 15.22 

AA50 0.25 0.18 0.13 0.10 14.90 12.37 40.20 28.20 465.59 606.02 14.35 14.96 

AA51 0.16 0.12 0.08 0.06 14.40 8.70 36.93 16.87 362.56 450.66 13.83 10.46 

AA52 0.16 0.11 0.08 0.06 13.97 6.30 31.80 12.27 367.08 443.07 15.71 12.37 

AA53 0.18 0.11 0.09 0.05 17.50 6.07 41.77 13.20 381.64 449.89 14.81 10.13 

AA54 0.17 0.09 0.09 0.05 17.07 3.03 42.37 10.87 401.17 486.85 15.30 11.01 

AA55 0.15 0.13 0.08 0.07 14.33 10.13 32.43 21.93 408.06 513.22 14.47 12.51 

SE 0.01 0.01 0.80 1.31 14.92 0.97 

5%LSD  0.04 0.02 2.22 3.64 41.58 2.70 
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Appendix VI: Traits including chlorophyll a (Chla), chlorophyll b (Chlb), total 

chlorophyll (TChl), protein content (PC), superoxide dismutase (SOD) and peroxidase 

under hydroponics for control (C) and PEG (6000) induced drought stress (S) 
Gen. Chla Chlb TChl PRC SOD POD 

  C S C S C S C S C S C S 

AA1 1.12 0.83 0.74 0.49 1.86 1.31 1.36 2.57 17.65 20.80 12.19 21.86 

AA2 1.10 0.88 0.71 0.45 1.82 1.33 1.15 2.38 9.69 13.13 10.07 20.53 

AA3 1.14 0.94 0.83 0.62 1.98 1.56 1.48 3.61 18.19 22.46 23.98 25.27 

AA4 0.84 0.63 0.67 0.44 1.51 1.07 1.15 2.59 15.99 16.68 13.42 17.98 

AA5 0.90 0.70 0.62 0.39 1.52 1.08 1.07 2.27 10.85 13.41 9.12 17.81 

AA6 0.84 0.64 0.65 0.44 1.49 1.08 1.46 2.50 10.46 14.32 10.02 17.73 

AA7 0.86 0.61 0.63 0.43 1.48 1.04 1.11 2.03 14.84 17.47 15.63 23.21 

AA8 0.90 0.65 0.66 0.44 1.55 1.09 1.32 2.24 14.89 19.23 12.66 21.47 

AA9 1.20 0.92 0.85 0.61 2.05 1.54 1.53 3.81 13.23 19.22 15.78 26.66 

AA10 0.97 0.75 0.67 0.45 1.65 1.20 1.13 2.73 11.79 15.79 13.49 23.45 

AA11 0.93 0.70 0.59 0.39 1.52 1.09 1.15 2.41 12.71 14.85 13.97 20.38 

AA12 0.89 0.69 0.62 0.45 1.52 1.14 1.36 3.14 13.05 15.22 16.82 21.61 

AA13 0.89 0.69 0.62 0.46 1.51 1.14 1.19 2.32 14.99 18.25 18.95 20.16 

AA14 0.88 0.66 0.66 0.44 1.54 1.10 1.40 2.12 17.43 20.95 17.73 21.47 

AA15 0.86 0.67 0.68 0.45 1.54 1.12 1.31 2.12 15.56 20.40 20.16 21.78 

AA16 0.84 0.63 0.68 0.50 1.53 1.14 1.33 2.08 16.21 19.78 17.81 21.47 

AA17 0.89 0.65 0.68 0.48 1.57 1.13 1.26 2.50 16.54 20.14 16.21 23.40 

AA18 0.87 0.65 0.67 0.47 1.55 1.13 1.31 2.24 16.95 19.90 15.89 20.72 

AA19 1.17 0.89 0.86 0.63 2.03 1.52 2.15 4.99 17.22 22.41 17.05 26.97 

AA20 0.85 0.59 0.64 0.46 1.49 1.05 1.33 2.49 15.34 17.44 21.03 23.28 

AA21 0.94 0.68 0.72 0.51 1.66 1.19 1.19 2.05 15.07 18.04 21.79 25.51 

AA22 0.95 0.69 0.66 0.43 1.61 1.12 1.19 2.12 14.27 15.47 20.08 22.35 

AA23 1.18 0.85 0.90 0.65 2.08 1.50 1.53 4.13 21.07 27.38 20.06 32.05 

AA24 1.21 0.77 0.91 0.49 2.12 1.26 1.49 3.95 15.71 22.69 20.56 30.98 

AA25 1.18 0.94 0.88 0.63 2.07 1.57 1.84 4.27 16.56 21.24 19.27 29.20 

AA26 0.89 0.61 0.61 0.40 1.50 1.00 1.27 2.92 13.91 15.33 24.33 28.25 

AA27 0.93 0.64 0.65 0.42 1.57 1.06 1.14 2.39 15.24 16.03 17.06 21.69 

AA28 1.20 0.88 0.89 0.64 2.09 1.51 1.59 3.80 19.79 24.64 23.60 36.94 

AA29 0.90 0.63 0.66 0.44 1.56 1.07 1.38 3.03 17.02 18.76 19.01 27.81 

AA30 1.18 0.91 0.92 0.64 2.09 1.55 1.82 4.11 15.47 22.22 16.64 29.01 

AA31 0.96 0.71 0.66 0.44 1.62 1.15 1.06 2.15 13.67 14.75 16.96 22.58 

AA32 1.15 0.86 0.90 0.65 2.05 1.51 1.72 4.12 27.03 29.34 26.47 37.83 

AA33 0.90 0.67 0.69 0.51 1.59 1.18 1.24 2.15 16.53 17.62 16.10 23.57 

AA34 0.93 0.67 0.70 0.46 1.62 1.14 1.19 2.25 14.27 17.73 18.82 22.60 

AA35 1.17 0.86 0.91 0.65 2.08 1.52 1.64 4.26 18.98 23.99 18.89 28.96 

AA36 0.94 0.67 0.65 0.42 1.59 1.09 1.14 2.39 10.14 16.34 15.63 20.91 

AA37 0.77 0.57 0.53 0.39 1.29 0.95 1.27 2.53 14.88 16.59 15.50 19.36 

AA38 0.80 0.56 0.57 0.48 1.37 1.03 1.77 4.60 16.56 23.46 17.81 32.18 

AA39 1.04 0.76 0.74 0.53 1.77 1.29 1.45 2.28 14.31 16.69 14.66 23.13 

AA40 1.16 0.89 0.89 0.62 2.05 1.51 1.48 3.80 15.18 22.49 19.66 34.38 

AA41 0.82 0.53 0.53 0.28 1.35 0.81 1.08 2.54 11.66 15.16 12.01 21.91 

AA42 0.83 0.56 0.52 0.31 1.35 0.88 1.04 2.01 15.23 18.56 17.70 21.84 

AA43 1.12 0.84 0.85 0.57 1.97 1.41 1.22 2.84 14.47 15.90 17.86 24.05 

AA44 1.03 0.78 0.67 0.45 1.71 1.23 1.33 3.41 19.85 20.72 16.59 20.07 

AA45 1.18 0.89 0.89 0.65 2.07 1.54 1.92 4.66 19.81 24.92 21.46 32.18 

AA46 1.16 0.87 0.87 0.67 2.03 1.54 1.83 4.70 18.68 25.85 20.81 32.01 

AA47 0.95 0.70 0.64 0.44 1.60 1.14 1.41 3.01 13.93 16.86 15.52 21.75 

AA48 1.03 0.71 0.73 0.46 1.76 1.17 1.24 2.11 14.08 14.80 13.60 21.15 

AA49 0.85 0.66 0.57 0.38 1.42 1.05 1.44 2.83 15.79 17.23 17.62 20.94 

AA50 1.17 0.97 0.89 0.69 2.06 1.66 1.50 4.08 18.70 24.54 21.75 32.10 

AA51 0.97 0.73 0.68 0.41 1.65 1.14 1.24 2.31 11.32 12.18 12.07 17.14 

AA52 0.97 0.68 0.71 0.46 1.68 1.14 1.13 2.28 12.51 13.98 15.00 19.69 

AA53 0.96 0.70 0.69 0.46 1.65 1.16 1.15 2.76 15.11 17.74 15.00 23.68 

AA54 0.97 0.72 0.67 0.48 1.65 1.21 1.86 3.90 15.20 18.98 16.83 27.07 

AA55 1.04 0.83 0.72 0.58 1.76 1.41 1.98 3.54 13.88 18.42 15.95 25.65 

SE 0.04 0.03 0.04 0.18 1.41 2.18 

5%LSD 0.07 0.07 0.12 0.51 3.92 6.07 
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Appendix VII: Traits including plant height (PH), days to flowering (DF), physiological maturity 

(PM), spikes per plant (SPP), spike length (SPL), grains per spike (GS), thousand grain weight 

(TGW), grain yield per plant (GYP) and drought susceptibility index (DSI) under drought stress 

and irrigated conditions during 2010/11 and 2011/12 

Gen PH DF PM SPP SPL GS TGW GYP DSI 
 C S C S C S C S C S C S C S C S  
AA1 97.7 79.2 122.0 114.0 152.0 142.0 15.3 11.8 12.5 10.8 72.0 62.5 35.5 33.4 39.1 23.1 1.21 

AA2 100.0 81.2 117.5 111.0 146.5 137.0 13.3 10.8 13.1 11.5 54.0 46.0 31.6 27.3 22.7 13.5 1.20 

AA3 98.3 88.7 109.5 102.5 141.0 134.5 13.5 11.2 13.6 12.6 70.5 64.7 46.5 43.7 41.8 31.4 0.74 

AA4 98.7 85.7 116.5 108.5 146.0 137.0 8.8 7.2 15.6 13.2 68.7 61.5 47.1 42.2 29.7 17.6 1.21 

AA5 100.0 87.3 113.5 106.5 142.5 135.0 13.3 10.7 12.8 11.0 63.0 56.5 42.8 39.7 35.9 23.9 0.99 

AA6 98.7 85.0 123.5 115.0 153.0 141.5 16.8 13.0 12.0 10.5 57.7 48.3 36.3 33.3 35.2 19.7 1.30 

AA7 96.0 86.7 116.5 90.3 146.5 138.5 11.0 8.5 12.8 10.8 66.0 56.7 43.2 39.0 32.0 17.2 1.38 

AA8 97.0 84.2 111.5 104.5 142.0 133.5 12.2 9.5 14.6 11.9 65.2 55.3 36.6 31.6 29.0 15.6 1.37 

AA9 98.3 91.0 111.5 105.5 141.0 136.5 15.3 13.8 13.8 12.7 51.5 46.7 43.6 39.7 34.5 26.6 0.67 

AA1 98.0 88.8 117.5 109.0 146.0 137.8 10.8 8.2 12.3 10.9 39.7 31.5 44.9 39.6 19.1 10.1 1.41 

AA1 92.0 78.2 119.5 114.0 148.5 140.0 12.7 10.2 11.5 10.4 54.0 45.7 40.9 35.8 27.9 16.5 1.21 

AA1 95.8 82.2 113.5 105.5 142.0 134.0 14.0 11.5 13.7 11.3 45.3 38.3 42.5 38.9 28.9 16.7 1.25 

AA1 97.3 86.7 116.5 108.5 146.0 138.5 11.3 8.5 13.8 12.4 50.8 44.0 44.0 39.1 27.3 14.6 1.38 

AA1 102.0 88.7 113.5 105.5 143.0 136.0 14.5 12.0 16.3 12.5 62.0 55.5 44.7 41.2 40.1 27.5 0.94 

AA15 91.0 78.2 119.5 111.5 148.0 138.5 16.8 13.5 14.9 12.2 66.3 57.5 47.0 43.9 47.9 36.9 0.68 

AA16 96.7 85.8 114.0 106.0 145.0 137.5 17.3 14.2 15.6 12.9 60.3 45.3 46.2 42.0 42.6 33.4 1.14 

AA17 100.2 89.3 116.5 109.0 146.0 138.5 18.8 16.7 14.8 12.7 43.8 37.7 50.2 46.7 39.5 31.3 0.62 

AA18 95.8 89.3 115.5 108.0 147.0 140.0 14.3 11.5 14.3 12.2 52.0 45.0 48.6 44.4 36.1 23.0 1.08 

AA19 103.0 92.0 109.5 102.5 140.0 135.5 15.8 14.7 12.7 12.3 47.3 42.3 46.9 43.7 35.2 27.5 0.65 

AA20 100.0 86.5 117.5 106.5 145.0 135.0 11.7 9.0 10.8 9.2 46.2 37.8 41.5 37.9 24.3 12.6 1.43 

AA21 106.7 92.8 116.5 107.0 144.0 136.0 10.7 7.8 12.1 10.7 49.2 40.5 43.6 39.4 22.8 12.5 1.34 

AA22 91.0 81.5 116.5 107.0 147.0 138.5 9.8 7.5 11.5 10.6 47.3 38.0 45.4 40.3 21.1 11.5 1.35 

AA23 91.5 83.7 117.5 111.5 149.5 141.0 15.0 12.5 11.4 10.8 47.3 42.8 42.5 38.8 30.1 20.3 0.96 

AA24 95.8 89.8 108.5 103.0 139.5 134.5 18.0 16.8 12.0 11.5 48.3 45.0 53.2 50.6 46.1 38.4 0.49 

AA25 95.2 89.7 117.5 111.5 149.0 142.5 9.0 6.3 12.1 11.3 47.3 41.8 51.0 47.4 23.8 12.5 1.40 

AA26 98.5 82.7 112.5 105.5 142.5 135.5 10.2 7.7 12.4 10.7 48.8 39.7 44.1 40.3 21.8 12.3 1.29 

AA27 96.3 78.8 115.5 106.5 144.5 137.0 12.7 10.2 10.8 9.8 41.5 33.3 40.3 36.2 23.2 12.3 1.38 

AA28 103.0 92.8 111.5 104.0 143.5 137.0 16.2 16.5 12.5 11.8 62.5 59.7 47.8 44.6 47.3 41.7 0.35 

AA29 99.2 86.3 117.5 108.5 145.0 116.5 8.8 7.0 12.1 10.2 52.8 44.0 45.7 41.6 21.2 12.7 1.19 

AA30 95.2 87.3 113.5 107.0 143.5 137.5 16.0 13.3 10.9 10.7 42.7 36.8 43.9 40.0 29.7 19.0 1.07 

AA31 96.5 74.8 123.5 107.0 153.5 141.0 7.5 5.3 10.3 9.3 39.2 30.0 40.6 35.3 11.9 5.6 1.56 

AA32 95.2 86.7 111.5 105.0 143.0 135.5 12.8 11.8 12.8 11.3 47.5 41.0 47.3 44.1 28.8 20.4 0.86 

AA33 92.5 80.5 116.5 107.0 146.5 138.0 9.3 8.7 13.1 11.5 52.5 43.8 37.9 34.5 18.4 12.7 0.93 

AA34 94.3 80.3 113.5 105.5 145.0 137.5 11.3 9.5 12.8 11.2 59.8 50.8 36.1 32.6 24.4 14.7 1.17 

AA35 92.5 80.7 113.5 105.5 143.5 137.0 11.5 10.5 10.3 9.7 40.5 35.0 44.8 41.6 20.9 15.3 0.79 

AA36 85.8 74.2 113.5 104.0 143.0 135.5 12.7 11.7 9.3 8.8 38.8 31.7 43.0 39.2 23.2 14.5 1.11 

AA37 87.8 76.7 117.5 111.0 143.5 134.0 9.2 8.0 10.9 10.7 49.3 41.3 42.1 36.5 19.0 12.1 1.08 

AA38 92.2 81.8 113.0 105.5 143.0 136.5 13.5 11.8 12.3 11.5 42.5 37.3 45.7 42.5 26.1 18.7 0.84 

AA39 85.8 80.7 116.5 108.5 147.5 139.0 10.3 9.7 12.1 11.6 64.0 55.3 44.2 40.3 29.2 20.6 0.88 

AA40 91.3 81.7 113.0 105.5 143.0 137.0 9.7 8.5 13.9 12.1 48.5 42.2 48.0 44.7 22.4 14.4 1.06 

AA41 94.2 82.7 112.5 104.0 142.5 135.0 12.2 10.0 12.8 11.2 47.2 40.7 45.7 42.1 26.1 16.1 0.89 

AA42 89.0 74.5 118.5 109.5 146.0 136.0 9.8 7.8 12.5 10.9 51.3 40.5 46.6 40.7 23.9 13.1 1.34 

AA43 90.3 75.2 121.5 113.0 148.0 138.5 11.5 8.8 12.3 11.3 55.3 45.8 44.7 39.5 28.4 16.0 1.30 

AA44 91.2 79.5 114.5 106.5 145.0 138.0 13.3 11.7 14.8 12.2 70.8 62.8 40.9 36.8 38.7 27.1 0.64 

AA45 90.3 83.0 110.5 104.5 141.5 136.0 12.3 11.5 12.8 11.9 50.2 45.0 45.1 42.0 27.9 21.7 0.65 

AA46 93.2 86.3 109.5 102.5 140.0 134.5 14.7 13.8 11.4 11.5 57.0 51.2 46.9 43.8 37.9 30.1 0.61 

AA47 86.7 78.0 113.5 105.0 143.0 134.5 11.3 9.8 10.1 9.3 59.0 50.3 40.4 36.4 27.0 17.0 1.10 

AA48 87.0 75.3 113.0 104.5 142.5 134.5 10.5 8.5 11.1 10.8 48.3 40.5 39.4 35.7 20.0 12.4 1.13 

AA49 84.0 70.8 117.5 111.0 147.0 138.0 10.3 8.5 9.4 9.5 48.0 40.3 38.2 34.4 18.9 11.7 1.12 

AA50 81.7 70.3 123.5 115.0 150.0 141.5 11.2 10.2 10.4 10.3 45.7 41.3 44.0 40.6 22.4 17.1 0.70 

AA51 83.0 70.5 119.5 109.0 147.5 136.0 13.5 9.8 9.4 9.1 42.0 32.2 36.4 32.7 20.6 10.0 1.53 

AA52 81.2 70.5 115.5 104.5 145.0 135.0 11.8 8.7 10.4 9.5 40.2 31.2 36.3 33.2 17.0 8.4 1.50 

AA53 89.7 81.8 118.5 112.5 149.0 143.0 13.8 13.0 13.8 12.3 44.2 38.2 34.9 31.5 21.3 15.6 0.79 

AA54 83.5 79.0 115.5 109.5 145.5 140.0 14.5 13.3 12.1 11.9 40.3 35.0 37.2 34.3 21.8 16.0 0.79 

AA55 85.0 78.5 111.5 106.0 143.5 138.5 14.0 13.3 11.1 10.7 38.8 34.2 36.5 33.6 19.8 15.3 0.67 

SE 0.94 1.59 1.91 0.63 0.43 1.17 0.21 2.14  

5%LSD  2.61 4.42 5.30 1.75 1.20 3.26 0.59 4.20   

 


