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Introduction 

Drought and low soil fertility are among the major abiotic stresses 

affecting the production and productivity of crop plants in several countries 

worldwide. The destructive impact of drought may grow as the specter of 

climate change becomes a reality. Climate change may increase flooding in 

some regions while further intensifying the frequency and magnitude of 

droughts in central Asia, northern and southern Africa, the Middle East, the 

Mediterranean region, and Australia (Ribaut et al., 2003). Furthermore, the 

impact of climate change on precipitation will pose a serious problem for 

water supplies in many areas of the world, a potential crisis that will be 

exacerbated by population growth and the continuing migration of rural 

populations to urban areas. 

Annual loss due to drought across the tropical maize-growing 

environments was estimated to be about 19 million tons, representing a 17% 

loss in production (Edmeades et al., 1992). As per a study by CIMMYT 

(1994), India registered the highest absolute drought-prone area (2.5 million 

hectares), followed by Indonesia (2.2 m ha) and south China (1.15 m ha) 

respectively. In India, nearly 80 per cent of maize is grown as a kharif (rainy 

season) crop (Singh et a/., 2004). During the Kharif season in tropical/sub­

tropical environments, inadequate soil moisture during the growth period, 

particularly during the flowering and grain filling stages, is one of the major 

limiting factors for production and productivity. In the tropics, where over 90% 

of all maize is grown, irrigation is often unavailable or not within the financial 

capacity of the farmers. Drought tolerance of crop plants, therefore, assumes 

considerable importance in the Indian context, where nearly 80 per cent of 

the maize is grown under rainfed conditions. Therefore, genetic 

enhancement of drought stress tolerance of maize in India is considered as 

one of the most important priorities of the National Agricultural Research 

System (NARS). 
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During the past three decades, CIMMYT (International Maize and 

Wheat Improvement Center) scientists devoted considerable efforts in 

improving drought tolerance in maize for the period during and after 

flowering. Extensive research has been conducted in the areas of breeding, 

physiology, agronomy, and most recently, biotechnology. (Beck et aI., 1996; 

Edmeades et al., 2000; Ribaut fit aI., 2002; Banziger et al., 2004). In maize, 

when drought stress occurs just before and during the flowering period, a 

delay in silking is observed resulting in an increase in the length of the 

anthesis-silking interval (ASI) (Hall et a/., 1982; Westgate and Bassetti, 1990; 

Edmeades et a/., 2000) This asynchrony between male and female flowering 

was found to be associated with reduced grain yield under drought stress 

(Hall et al., 1981; Westgate and Boyer, 1986; Bolanos and Edmeades,1993; 

Edmeades et a/., 2000). Selection for grain yield under drought was often 

found inefficient because of the increase in environmental variance relative to 

genetic variance, which decreases the heritability of complex traits like grain 

yield. Under these conditions, selection for secondary traits, such as ASI, 

which are highly correlated to grain yield and have relatively high heritability, 

was demonstrated to increase selection efficiency (Bolanos et a/., 1993; 

Edmeades et a/., 2000). 

The complex expression of drought tolerance makes this trait difficult 

to analyze using traditional genetic and physiological methods. Although 

major progress, to date, has been achieved through conventional breeding 

(Edmeades, 1999; Banziger et a/., 2004), this approach remains slow and 

time-consuming. Combining conventional and molecular approaches might 

increase significantly the potential for genetiC gain under water-limited 

conditions. 

During the past two decades, molecular tools have advanced the 

identification, mapping, and isolation of genes in a wide range of crop 

species. The first DNA markers, restriction fragment length polymorphisms 

(RFLPs), have been widely used to construct linkage maps for several crop 

species, including maize (Helentjaris et a/., 1986), tomato (Paterson et a/., 

1988). During the 1990s, a new class of markers based on the polymerase 
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chain reaction (PCR) revolutionized molecular marker assays; they are easy 

to use and suitable for automation, thereby allowing large-scale and efficient 

screening of progeny. With the development of new PCR-based DNA 

markers such as simple sequence repeats (SSRs) (Powell et aI., 1996), 

amplified fragment length polymorph isms (AFlPs) (Vos et aI., 1995), allele 

specific marker-like molecular beacons (Bohnert et aI., 1999), and most 

recently single nucleotide polymorphism (SNPs) (Gilles et aI., 1999), 

molecular markers have become powerful tools to analyze the plant and 

animal genomes. 

Molecular markers offer considerable advantages in genetic 

dissection of quantitative traits, such as plant yield, disease or insect pest 

resistance, and abiotic stress tolerance (Liu, 2002; Ribaut et al., 2003). This 

specific application is popularly referred to as 'QTl mapping'. QTls indicate 

the genomic regions controlling the expression of a specific quantitative trait, 

and are inferred by statistical analYSis of genotypic data (generated through 

molecular marker assays on segregating experimental mapping populations) 

in conjunction with the phenotypic data (derived by evaluation of mapping 

populations for the target trait(s) of interest). 

The utilization of molecular markers in quantitative trait loci (OTl) 

analYSis and as tools to explore the genetic and phenotypic bases of 

complex traits is an important landmark in genetics and plant breeding. If 

individual genetic components associated with a complex trait can be 

identified, then research can focus on the function of each locus 

independently without the confounding effects of other segregating loci. 

Identification of molecular markers linked to .Ioci involved in drought stress 

tolerance could lead to a better understanding of various components of the 

trait and shall possibly lay the foundation for efficient molecular marker­

assisted selection (MAS) strategies. The extensive knowledge generated 

through the application of molecular markers has given scientists the ability 

to identify genes and pathways that control important biochemical and 

physiological parameters, and to better understand how they are regulated. 
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OTl mapping and MAS for specific target traits is being practiced in several 

institutions across the world, enabling the breeders to exercise selections 

based on genotypic or DNA-based differences rather than phenotypic 

evaluations of segregating progenies (e.g., Ragot, 1995; Tanksley et al., 

1996; Ribaut et al., 2004). 

Under the All-India Coordinated Maize Improvement Project 

(AICMIP), a few cultivars like Harsha and Megha suitable for rainfed 

conditions were released (Dhillon and Prasanna, 2001). Increasing emphasis 

on breeding for drought tolerance in maize is now being placed in the NARS. 

However, published information on genetic variability in maize for drought 

stress tolerance in the Indian context is scanty. This study, therefore, aims at 

fulfilling this important research need. Besides, this investigation shall be the 

first attempt to utilize molecular markers for mapping loci influencing various 

component traits influencing the performance of maize under drought stress 

conditions in India. The Maize Genetics Unit at IARI, New Delhi, is at the 

forefront in applications of molecular markers for diverse purposes, including 

genetic diversity analysis, OTL mapping and MAS for genetic enhancement 

of maize in India for biotic and abiotic stress tolerance (Prasanna and 

HOisington, 2003; Prasanna et al., 2004). These research programmes on 

molecular breeding in maize are being carried out primarily under the Asian 

Maize Biotechnology Network (AMBIONET), facilitated by CIMMYT, Mexico. 

With this background, the objectives of the present investigation 

were: 

(i) To analyze the genetic variability for drought stress tolerance in maize 

germplasm under the Indian conditions; 

(ii) To assay molecular polymorphisms among selected maize inbred 

lines with distinct responses to drought stress; and 

(iii) To map molecular markers linked to loci conferring drought stress 

tolerance of maize in India. 



Review of Literature 

Among the abiotic stresses, drought is considered as the most 

important limitation affecting production and productivity of crop plants 

worldwide. Improvement of drought tolerance in crops is a major objective for 

agriculture, particularly in the developing countries (Edmeades et al., 1998). 

Because of its genetic complexity, drought tolerance is probably the most 

difficult trait to improve through conventional plant breeding (Ribaut et al., 

2002). Although impressive progress has been achieved through 

conventional breeding, the potential for genetic improvement for drought 

stress tolerance in crop plants like maize is still large. Such improvements 

are expected to be accelerated in the coming years, given the rapid increase 

in supply of new molecular tools, and the explosion in genetic information 

generated through genomic approaches. 

Quantitative estimates of yield losses due to drought in the tropics are 

scarce and imprecise. Edmeades et al. (1992) estimated 17 per cent annual 

loss of maize grain yield due to drought in the developing countries. Drought 

tolerance is particularly important in the Indian ecosystems where farming is 

mostly at the mercy of weather conditions. Nearly 65-70 per cent of the 

maize grown in India is under rainfed conditions. Therefore, genetic 

enhancement of drought stress tolerance of maize in India is considered as 

one of the most important priorities of the National Agricultural Research 

System (NARS). In this chapter, salient aspects related to drought tolerance, 

including conventional and molecular breeding and genomics, with particular 

focus on maize, shall be reviewed. 

Definitions of Drought 

Drought, in the meteorological context, is commonly defined as a 

period without significant rainfall (Turner, 1979). There are several definitions 

of drought based on precipitation, potential evapo-transpiration, and 
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temperature and wind velocity for the whole year or a season. Despite more 

than 50 such definitions rNMO. 1975), it is difficult to define drought in the 

context of a crop at a given location. A workable or practical definition, in the 

biological context, could be "The inadequacy of water: availability, including 

precipitation and soil moisture storage capacity, in quantity and distribution 

during the life cycle of the crop to restrict expression of its full genetic yield 

potentiaf' (Chetti, 2002). 

The two terms, water stress and drought stress are often used 

interchangeably. The term drought stress has the advantage over water 

stress, since it can only refer to a deficit, never to an excess of water (Levitt, 

1980). Quisenbury (1982) defined drought as any period during which plant 

and/or soil water deficiencies affect the growth and developments of crop 

plants. These deficiencies may result either from a small moisture supply or 

a large moisture demand. The duration of this drought period will determine 

the amount of damage done to the plant's growth and development. To the 

plant breeder, the term drought tolerance/resistance is related to a moisture 

stress environment and means the ability of one genotype to be more 

productive with a given amount of soil moisture than another genotype. 

Virtually all plant metabolic processes are affected by water stress, if 

the stress is severe or of long duration. Based on seasonal soil water 

availability patterns, Jordan and Miller (1980) have defined three types of 

drought conditions; (1) terminal, (2) unpredictable and (3) unpredictable and 

terminal (as in many Mediterranean regions). 

Plant's Ability to Cope with Drought Stress 

Depending on the timing and the length of the drought stress, plants 

may exhibit different set of mechanisms to cope with the stress (Turner, 

1981). For crops with adequate water at sowing but with a declining water 

supply particularly after flowering (terminal drought), mechanisms to 

conserve moisture loss are required during the vegetative phase. 

Mechanisms to adjust gradually to lowering soil and leaf water potential (for 

example, osmotic adjustment and dehydration) are required if there is an 
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unpredictable water deficit at any growth stage, particularly in the late 

vegetative and flowering stages. 

Drought tolerance is the ability of a genotype to grow and yield more 

satisfactorily in water-deficit prone areas than another. Characteristics that 

impose a limitation on crop productivity should be reversible if stress is likely 

to be relieved. This suggests that, if rainfall probability increases during a 

crop's life cycle, radiation shedding and stomatal closure would be of greater 

benefit than a reduction in leaf area from leaf senescence or shedding 

(Turner, 1982). Three different means of the plant's ability to cope with 

drought stress, in terms of drought escape, drought avoidance, drought 

tolerance and drought recovery, merit particular attention. 

Drought Escape: Drought escape is a particularly important strategy of 

matching the phenological development with the period of soil moisture 

availability to minimize the impact of drought stress on crop production in 

environments where the growing season is short and terminal drought stress 

predominates (Turner, 1986). It is the ability of a plant to complete its 

development, including the reproductive cycle, before the onset of severe 

water deficit. Early maturity is one of the most important factors of drought 

escape (Chang et a/., 1986). 

Drought Avoidance: It is the ability of a plant to maintain high water status 

during the drought period. Although the plant cannot alter an environmental 

stress by itself, it can prevent or decrease the penetration of the stress into 

its tissues. This kind of resistance is called 'stress avoidance' (Levitt, 1972). 

This can be broadly divided into two groups: maximizing water uptake by 

improving the capacity of the root system to acquire water, and optimization 

of the use of absorbed water for the production of dry matter. 

The stress may be excluded or avoided, either partially or completely, 

either by means of a physical barrier which insulates its living cells from the 

stress or by a steady state or exclusion of the stress (a chemical or 

metabolic barrier). The water permeability of the leaf cuticle is determined 
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completely by the amount of cuticular waxes. Plants with thick layers of 

cuticle and stomata are likely to avoid the effects of drought (Blum 1988). 

Drought Tolerance: Drought tolerance is defined as "the mechanism(s) 

causing minimum loss of yield in a water-deficit environment relative to the 

maximum yield in a water constraint free management of the crop" (Singh, 

2002). This definition includes crop yield as an important component. Thus, it 

is the ability of a plant to withstand water stress as measured by the degree 

and duration of low plant water potential. 

Drought tolerance, as an adaptive mechanism, is frequently 

mentioned in the literature, but it is difficult to identify and understand the 

mechanisms contributing to such ability. It is often possible to assume that 

the plant is actually suffering internal water stress and is exhibiting the 

capacity to withstand it. Chang and co-workers (1986) noted that the 

tolerance is attributable to less understood physiological adjustments in the 

plant tissues. Levitt (1980) suggested that stress tolerance occurs, not only 

via dehydration avoidance but also by dehydration tolerance, due perhaps to 

protein adaptations. Many mechanisms have been suggested as important in 

stress tolerance. These are mostly mechanisms that protect the structure of 

the cell and organelle membranes and the cell proteins (Lewin and Sparrow, 

1975). 

Drought Recovery: It is the ability of a plant to resume growth and yield 

satisfactorily after the drought stress. After drought stress, when the rainfall 

or supply of soil moisture does commence, the trait of rapid recovery and 

return to active growth and development of the plant is important. Good 

recovery ability in rice appears to be correlated with vegetative growth 

vigour, high tiltering ability, a shallow root system, and rather long growth 

duration (Loresto et al., 1976). According to Chang and coworkers (1986), 

drought recovery is partly related to vegetative growth vigour. In case of rice, 

considerable differences in the varietal recovery ability after drought stress 

were observed (IRRI, 1976). 
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Breeding for Drought Tolerance in Maize 

The progress in developing crop cultivars with drought stress 

tolerance in general, maize being no exception, has been slow, because of 

lack of knowledge of mechanisms of tolerance, poor understanding of 

inheritance of tolerance, low heritability and lack of efficient techniques for 

screening germplasm and breeding materials (Ribaut et al., 2002; Prasanna 

and Ribaut, 2004). Nevertheless, encouraging progress has been made in 

the recent decades in maize with respect to genetic dissection of drought 

stress tolerance as well as development of germplasm and cultivars with 

varying levels of tolerance to water stress (e.g., Edmeades et al., 1998; 

Banziger et a/., 1999). 

The conventional approach of the plant breeder has been to select 

and breed varieties for high yield, disease resistance, quality, and other 

desirable traits. In general, breeders have conducted this selection and 

breeding under environmentally favorable conditions. There have been two 

important reasons for this. First, the breeders did not want environmentally 

stressful conditions to confound the results of breeding. Second, most 

modern plant breeding programmes have been conducted in areas and for 

areas that have relatively benign environments, or could be rendered so by 

fertilization, reclamation, and irrigation (Epstein and Rains, 1987). 

The need for embarking on focused research programmes for 

improving abiotic stress tolerance of crop plants is now being emphasized 

worldwide. For developing superior crop cultivars for abiotic stresses, it is 

imperative that the nature of the stress condition is defined and the diverse 

range of germ plasm be tested for response to the specific stress. 

The choice of breeding approaches and methods may depend on the 

following considerations (Devine, 1982): 

1. The method of reproduction (self-pollinated vs. cross-pollinated, 

vegetative or sexual. tolerance to inbreeding, seed increase methods 

etc.). 

2. The mode of gene action (multigenic vs. monogenic, dominant vs. 
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recessive, heterosis, epistasis, etc.). 

3. Sources of tolerance available (crop cultivars, uncultivateq forms of the 

crop species, related species etc.). 

4. Priority assigned to the goal in relation to the other agronomic traits (biotic 

stresses, quality factors, etc.). 

Salient components of breeding for drought stress tolerance in a crop 

like maize are briefly discussed below. 

Screening for drought tolerance: Accurate phenotyping of breeding 

materials for traits like drought tolerance is certainly one of the most 

important limiting factors in enhancing the efficiency of breeding for drought 

tolerance. It is not possible to define or measure drought tolerance with the 

same clarity or precision as it is for disease resistance or for morphological 

or physiological traits, nor is it easy to manage experimental drought 

environments with a high level of control and repeatability_ Therefore, extra 

effort is needed in the conceptualization, design, and management of 

phenotyping programs for drought tolerance. 

It is essential that the test environment represent the stress 

environment in which it is ultimately intended to grow the crop. CIMMYT 

researchers have successfully employed modern tools such as Geographical 

Information System (GIS) for characterization of TPEs and identification of 

test sites for drought screening in Sub-Saharan Africa. CIMMYT maize 

breeders in Sub- Saharan Africa, working towards improved drought 

tolerance, now have basic climatic (e.g., total precipitation during the growing 

season), topographic and soil surfaces available to assist them in their work. 

Using the Spatial Characterization Tool, it has been possible to map growing 

season length for the region, providing an initial level of data to assist in the 

process of determining appropriate areas for germplasm of differing 

maturities. This information, combined with ecological zoning of the region 

into mega-environments, enabled better definition of breeding priorities for 

the Sub-Saharan region and generation of appropriate germplasm and 

cultivars with drought tolerance (8anziger et al., 2004). 
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The screening techniques vary with species and with particular 

stress(es) being imposed. It is essential that the test environment represent 

the stress environment in which it is ultimately intended to grow the crop. The 

test procedure(s) should be rapid and less expensive so that large number of 

genotypes is tested. In the tropical/sub-tropical regions of the world, 

scientists have used seasonally rain-free dry periods for screening under 

drought conditions. Efficient screening for drought tolerance calls for a rain­

free environment where the timing and intensity of stress is modulated by 

irrigation, but where the effects of other factors such as disease, day length, 

temperature and soil characteristics have as small an effect as possible on 

the crop performance. 

Two major test systems are used for this purpose. 

1. The 'line source irrigation system' that allows to test materials over a 

gradient of drought (e.g. Mahalakshmi et al., 1990) conditions. Here the 

analysis of the data allows comparing the response curves of the tested 

genotypes to a full range of stress conditions. 

2. An orthogonal comparison of the tested genotypes between non-stress 

and appropriate stress condition or over a range of stress conditions. 

Such a test can be developed in one site by using irrigation to control 

stress (e.g. Mahalakshmi et al., 1990), or it can be performed by testing 

materials over different locations which differ mainly in their water regime. 

Here data can be analyzed by the appropriate statistical procedure 

(ANOVA or linear regression), provided that a sufficient level of stress 

has been achieved in at least one test. This analysis can be 

supplemented by deriving a 'stress susceptibility index' (Fischer and 

Maurer, 1978) or by normalizing cultivar performance under drought 

stress for genetic variation in yield potential and phenology (Bidinger et 

al., 1982). The value of these yield tests for deriving an estimate of 

drought resistance in terms of yield depends on the extent to which the 

main variable causing yield variations among tests is indeed the water 

regime. 
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Minimizing experimental error variance in the field trials for drought 

screening is a major challenge. This could be possibly achieved by: (i) 

selection and management of fields that are as uniform as possible; (ii) 

increasing the number of replicates in the experiment; (iii) ensuring that the 

experiment is bordered uniformly and adequately towards alleys in the field 

and field borders; (iv) using improved statistical designs such as alpha-lattice 

(rather than randomized block designs); (v) choosing an optimal field layout 

that reduces the variation within replicates; and (vi) using statistical analysis 

tools that consider spatial variation. The inclusion of points of reference, 

controls or standards is vital for the success of the field experiments 

(8anziger et al., 2000; Fischer et al., 2003). Two recent Manuals published in 

maize (8anziger et al., 2000) and rice (Fischer et al., 2003) provide highly 

useful tips in optimizing drought phenotypic assays. 

Target traits: The genotype x environment (G x E) effects under stress 

conditions can easily bias selection if based on yield components only, 

especially if there is a range of flowering dates in the germ plasm under 

evaluation (8anziger and Cooper, 2002). Most breeders, therefore, opt for a 

'selection index' that incorporates various yield components and secondary 

morphological traits in their breeding programme to maximize the gain in 

grain yield and stress tolerance while minimizing the possibility of selecting 

the escapes. Proportional weights for each trait used in selection are 

calculated based on the phenotypic and genotypic covariance between that 

trait and grain yield (8anziger and Lafitte, 1997). In maize, considerable 

information is available on the secondary traits and their relevance in 

breeding for drought tolerance. 

A suitable secondary trait is one that is (i) genetically associated with 

grain yield under drought; (ii) highly heritable; (iii) inexpensive and quickly 

measured; (iv) stable over the measurement period; (v) observed at or 

before flowering; and (vi) not associated with yield loss under unstressed 

conditions (Edmeades et al., 1998). A commonly used secondary trait for 

drought tolerance in maize is the asynchrony between silk emergence and 
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pollen shedding under water-limited conditions which is referred to as 

'anthesis-silking interval' (ASI). This secondary trait is highly correlated with 

grain yield; a short ASI is usually associated with good kernel set and high 

grain yield (Edmeades et al. 2000). ASI has a heritability that on average is 

slightly greater than that for grain yield under stress (Bolanos and 

Edmeades. 1996). An advantage to using ASI in breeding is that it is easily 

measured in the field, on either a plant or row basis, and data are available 

at flowering. Thus, it could be used to direct crossing in an accompanying 

well-watered nursery that was planted a few weeks later. 

Stay-green is another trait of interest, because an active green 

canopy is essential to continued production under transient stress. In 

cereals, foliar senescence releases N required by the developing grain from 

the photosynthetic enzymes. Consequently, simultaneous selection for 

delayed senescence and enhanced sink size under drought may still result in 

accelerated senescence because the demands of the grain for N take 

precedence (Chapman and Edmeades, 1999). Greenness per se does not 

guarantee continued C assimilation (Thomas and Howarth, 2000) and may 

be detrimental if it indicates a weak grain sink and/or an inability to 

remobilize stem reserves (Blum, 1997). However, stay-green is generally 

associated with improved performance under drought in cereals since 

photosynthesis is maintained longer in stay-green types (Thomas and Smart, 

1993). In sorgnum, stay-green is considered the most important post­

flowering secondary trait associated with grain production under water­

limited conditions (Borrell, 2000). 

Leaf temperature drops when water evaporates from leaf surfaces, a 

trait affected directly by stomatal conductance, which is affected by feedback 

mechanisms of other processes such as carbon fixation and vascular 

transport of water. Canopy temperature depression (CTO). the difference 

between the temperature of the air and the leaves of a field plot measured 

with an infrared thermometer. is another frequently used indicator of a 

genotype's ability to capture water. CIMMYT wheat breeders successfully 

used CTO measurements on small plots in their heat tolerance nurseries to 
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identify the highest yielding entries (Reynolds et al.. 2000a). When 

measured during grain filling under stress conditions, CTD correlated well 

(genetic correlation coefficients of 0.6-0.8) with final grain production in 

wheat (Reynolds et aI., 2000b). Strong relationships between grain yield and 

canopy temperature have also been reported by Fischer et al (1989) among 

full-sib progenies of a maize population grown under drought conditions, 

though these have been weaker in inbred progeny trials (Bolanos and 

Edmeades, 1996). 

The nature and adaptive value of these secondary traits are quite 

diverse. Some traits, such as stay-green, are of value to a wide range of 

crops, while others are specific to certain crops, such as ASI in maize. 

Another avenue of study has been the quantification of changes in key 

physiological parameters related to plant responses to water-limited 

conditions. Although most of the secondary morphological traits like ASI, 

stay-green, and CTD can be routinely used in breeding programs, this is not 

the case for most physiological parameters, such as osmotic adjustment 

(OA), ABA concentration, or the quantification of the late embryogenesis 

abundant (LEA) proteins, because their measurement is too time consuming 

and/or too expensive and those parameters generally show low correlation 

with yield components. Nevertheless, plant improvement for drought 

environments requires more complete knowledge of the genetic basis of both 

the morphological traits and the physiological parameters involved in the 

plant responses under water-limited conditions. 

The mass and recurrent selections are important in accumulating 

genes for tolerance in the populations/genotypes against abiotic stresses 

such as drought. Full-sib family recurrent selection has been used 

extensively at CIMMYT to improve maize populations for drought tolerance. 

Replicated trial sets of full-sib progenies are evaluated under drought and 

well-watered conditions. Selection is made based on performance in all 

environments and considering other factors such as disease resistance, 

grain texture etc. 
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Eight cycles of recurrent full-sib selection for improved drought 

tolerance in a tropical maize population resulted in a yield gain of 500-800 

kg/ha at all yield levels with only minor changes in maturity. Gains in drought 

tolerance and yield potential thus occurred at the same time. Selection did 

not result in changes in plant water status (Edmeades et al., 1992). Yield 

gains were associated with increased ear growth rate prior to anthesis, rapid 

silk growth, reduced growth of the tassel and of surface roots, and higher 

harvest index, all manifestations of increased partitioning of photosynthates 

to the developing ear. 

Estimates of progress from this selection approach have been 

established in maize using a wide range of germplasm (Bolanos and 

Edmeades, 1993a,b; Edmeades et a/., 2000a,b). Depending on selection 

scheme and selection intensity used, yield increases of 59 to 233 kg/ha-1 

cycle-1 of recurrent full-sib or S1 selection were obtained. Gains proved to be 

fairly similar across drought-stressed and well-watered conditions Le., under 

conditions that produced average trial yields of less than 1 Uha-1 to more 

than 10 Uha-1
• Although a considerable part of CIMMYT's drought tolerance 

research has focused on open-pollinated varieties (OPVs), evidence 

suggests that improvements carry over to lines and hybrids. Hybrids derived 

from drought-tolerant populations out yielded those derived from equivalent 

non-drought tolerant populations by 20%, at a mean drought-induced yield 

level of 1.6 Uha-1
• The probability of obtaining a hybrid with a yield of 30-50% 

greater than this mean value was 3-5 times greater when lines were derived 

from drought-tolerant sources, compared with conventionally-selected source 

populations (Edmeades et al., 1997a,b). 

In CIMMYT's drought breeding programme, selection gains were 

largely the result of reduced barrenness under drought, and an associated 

increase in harvest index (Bolanos and Edmeades, 1993a). The ASI became 

shorter under drought, and selection seemed to have led to significantly 

faster spikelet and ear growth at flowering, but also to a reduction in final 

spikelet number. Fewer spikelets were formed, grew more rapidly, and were 
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ultimately more successful in forming grain, especially under conditions of 

drought at flowering (Edmeades et a/., 2000). 

In 1997, the maize inbred lines selected for drought tolerance at 

CIMMYT -Mexico were introduced to southern Africa and a product-oriented 

breeding programme was launched, in collaboration with the NARS in 

Angola, Botswana, Malawi, South Africa, Tanzania, Zambia, Zimbabwe. 

Between 2000 and 2002, 41 promising hybrids were identified and compared 

with 42 released and pre-released private seed company hybrids in 36-65 

trials across eastern and southern Africa. Average trial yields ranged from 

less than 1 tlha to above 10 tlha. Hybrids from CIMMYT's stress breeding 

program showed a consistent advantage over the private company check 

hybrids at all yield levels. Several drought tolerant maize hybrids and 

varieties are now under cultivation in these countries. With over 30 

institutions and 1000 farmers participating, collabprative trials have become 

an important mechanism for characterizing and comparing maize cultivars 

used in the SADC region and for promoting knowledge and the use of best 

cultivars by private companies, NGO's, extension personnel and farmers 

(Banziger et a/., 2004). 

Molecular Markers and Utility in Genetic Dissection and Breeding for 

Drought Stress Tolerance in Maize 

Most of the traits considered in animal and plant genetic improvement 

programmes are quantitative traits, that is, they are controlled by many 

genes, influenced significantly by environmental factors, and the underlying 

genes usually have small effects on the observable phenotype. In classical 

genetic improvement programmes, selection is carried out based on 

observable phenotypes (of the candidates for selection and/or their relatives) 

but without knowing which genes are actually being selected. 

With the advent of DNA-based markers in the late 1970s, the situation 

changed and researchers could, for the first time, begin to identify large 

numbers of markers dispersed throughout the genetic material of any 

species of interest and use the markers to detect associations with traits of 
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. interest. A milestone paper by Paterson and coworkers (1988) demonstrated 

that, given the availability of large numbers of genetic markers for the 

species of interest (tomato), how the effects and location of marker-linked 

genes impacting a number of quantitative traits (fruit traits in this case) could 

be estimated. This was based on an approach that could be applied to 

dissect the genetic make-up of any phYSiological, morphological and 

behavioral trait in plants and animals. 

During the past two decades, molecular tools have advanced the 

identification, mapping, and isolation of genes in a wide range of crop 

species. The first DNA markers, restriction fragment length polymorphisms 

(RFLPs), have been widely used to construct linkage maps for several crop 

species, including maize (Helenljaris et al., 1986), tomato (Paterson et al., 

1988), and rice (McCouch et al., 1988). During the 1990s, a new class of 

markers based on the polymerase chain reaction (PCR) revolutionized the 

assays; they are easy to use and suitable for automation, thereby allowing 

the large-scale screening of progeny. With the development of new PCR 

based DNA markers such as simple sequence repeats (SSRs) (Powell 

et(Prasanna and Hoisington, 2003). For aI., 1996), amplified fragment length 

polymorphisms (AFLPs) (Vos et al., 1995), allele specific markers-like 

molecular beacons and most recently single nucleotide polymorphism 

(SNPs) (Gilles et al., 1999), molecular markers revolutionized genetics and 

plant breeding, offering a palette of powerful tools to analyze the plant 

genome. 

DNA markers have been enabling the identification of genes and 

genomic regions associated with the expression of numerous qualitative and 

quantitative traits, and have made the manipulation of such genomic regions 

feaSible through marker-assisted selection (MAS) in various crop plants; 

maize is at the forefront of these developments simply inherited traits with 

high heritability and regulated by only a few genes, the use of molecular 

markers to accelerate germplasm improvement has been well documented 

. (e.g., Ragot et al. 1995; Tanksley et al. 1996). Despite the dearth of MAS 

success stories related to germplasm improvement for polygenic traits, MAS 
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has immense potential for improving even polygenetic traits (Ribaut et al., 

2004; Prasanna and. Ribaut, 2004). As Young (1999) wrote in a recent 

review, "Before the advent of DNA marker technology, the idea of rapidly 

uncovering the loci controlling complex, multigenic traits seemed like a 

dream. Suddenly, it was difficult to open a plant genetics journal without 

finding dozens of papers seeking to pinpoint many, if not most, agriculturally 

relevant genes". MAS could aid in overcoming the difficulties associated with 

low heritability, recessiveness and difficult screening assays during the 

introgression of genes/genomic regions associated with drought stress 

tolerance in a breeding programme. 

Microsatellites or Simple Sequence Repeat (SSR) Markers and their 

Utility in Maize: Microsatellites are tandemly repeated DNA sequence 

elements found in abundance in the genomes of just about every known 

organism. They have come into prominence over the last decade because 

they have been found to be remarkably versatile molecular tools (Chambers 

et al., 2000). The tandem repeats may include mono-, di-, tri-, tetra-, penta-. 

hexa- or compound nucleotide units that are arrayed throughout the genome 

(Powell et al., 1996). The existence of dinucleotide repeats, Poly (C-A) - Poly 

(G-T) was first documented in 1982 by Hamada and coworkers. Later, 

Weber and May (1989) developed a general approach for detecting 

polymorphic microsatellites, by designing specific primers for PCR 

amplification and detection. These primers are sequence tagged sites and 

primers complementary to the conserved sequence flanking the repeat can 

be used to amplify the intervening microsatellite region in genotypes of target 

species. It has been estimated that, on an average, a repeat larger than 

20kb in length occurs every 33 kb in plant nuclear genomes compared to 

every 6 kb in mammals. In plant genomes, the A-T repeat motif 

predominates whereas in humans, an A-C or T -G repeat is most common, 

and this appears to be a general feature distinguishing plant and animal 

genomes (Powell et al., 1996). 
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Standard methods for isolation of SSRs involve (i) the creation of a 

small insert genomic library; (ii) library screening by hybridization; (iii) DNA 

sequencing of positive clones; (iv) primer design and locus-specific PCR 

analysis; and (v) identification of polymorphism (Powell et a/., 1996). The 

uniqueness and value of microsatellites as primers arise from their 

multiallelic nature, codominant transmission, ease of detection by PCR, 

relative abundance. extensive genome coverage and requirement of only a 

small amount of template DNA. Also these mapped markers can be 

distributed between labs as primer sequence. The major disadvantages of 

SSRs are (i) these are at present limited to crop plants where cloning and 

. sequencing efforts have resulted in SSR primer database (in public domain); 

(ii) these markers are usually species-specific; and (iii) they require high 

resolution gels for separation of amplified products. 

Chin et al. (1996) conducted a database survey of 576 maize 

sequences from Gen Bank and EMBL databases to determine the 

abundance of maize microsatellites, and identified 200 potential 

microsatellites. They reported that the vast majority of microsatellites were 

found in cDNAs, expressed sequence sites and known genes and hence 

reflect the occurrence of these repeats in or adjacent to maize genes. They 

saw an abundance of trimeric microsetellites within coding sequences. Of 

the 89 trinucleotides identified, 66% were found in coding sequence in which 

about 34% occurred within coding sequences. [n their search, they found 

CTI AG as the most common dinucleotide motif, comprising 47% of all the 

dinucleotide repeats, 50% of which showed polymorphism. 

Application of SSR markers by plant research community is relatively 

recent in comparison with animal genetics. Identification of SSR markers in 

plants is accelerating, and these loci are being incorporated into established 

genetic maps of an increasing number of crops. Mogg et a/. (1999) showed 

that by sequencing the flanking regions of maize microsattelites, a SNP 

could be found every 40 bp. Given that the maize genome is estimated to be 

2.5 x 109 bp in size, there is a potential for up to 62 million SNPs in maize. 

With the recent initiation of a (http://ww\\.zmdb.iastate.edlllzmdb/EST 
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Qroiect.html), a new and potentially rich source of SNPs has been uncovered 

(Edwards & Mogg, 2001). While both SSRs and SNPs can be reliably 

applied on a large scale with only small quantities of DNA required for PCR 

amplification, SNPs are highly amenable for automation. And therefore, offer 

significant advantages for plant breeding purposes. SSRs however are the 

preferred choice when codominant, multiallelic information is required or 

when the infrastructure and resources are limited. At present, nearly 2000 

SSR loci are identified in maize (MaizeDB; 

http://www.agron.missouri.edulssr.html). 

Mapping Quantitative Trait loci (QTl) conferring Drought Tolerance in 

Maize 

A 'Quantitative Trait locus' is a region of the genome that is 

associated with an effect on a quantitative trait (Liu, 2002). The term 'OTl' 

was first suggested by Gelderman (1975) for genes that underlie quantitative 

traits. Conceptually, a OTl can be a single gene, or it may be a cluster of 

linked genes that affect the trait. Using the methods for OTl detection to be 

discussed here, we cannot resolve the difference, and use the term "locus" 

to refer to a chromosomal region. Our interest in OTl mapping is primarily to 

describe the effects of each genomic region on quantitative traits of interest. 

Excellent reviews dealing vvith various aspects of QTl mapping in crop 

plants are available (e.g., Liu, 2002). The first genome wide scan for OTl 

using RFlP was performed on tomatoes by Paterson et al. (1988), wherein 

mapping of OTls for fruit mass concentration of soluble solids and fruit pH 

was carried out using backcross generation of inter specific cross between 

Lycopersicon esculenlum and a wild tomato L. chmielewski;' Since then, 

many such mapping studies based on DNA markers have been carried out 

successfully in different plant species. 

'OTl analysis' is the phrase used currently to study the quantitative 

genetic variation to locate the genes responsible for them and to explain their 

effects and interactions. The enthusiasm for OTl mapping and analyses for 

applied research is strongly associated with the hope of using genetically 
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linked DNA markers as the means of indirect selection for genomic regions 

affecting quantitative traits in plant breeding programs. It may also provide 

insights into facets of quantitative inheritance patterns and other complex 

processes and phenomena that have been exploited, but not yet understood 

(Lee, 1995). 

The first comprehensive analysis of QTLs determining the responses 

of the maize plant to drought stress was carried out by Lebreton et al. (1995). 

This study led to mapping of OTLs for physiological traits associated with 

drought tolerance, namely stomatal conductance, ABA of different tissues, 

leaf water relations parameters, fluorescence, root pulling force, and nodal 

root number. Intensive research on drought tolerance in maize at CIMMYT 

led to the appreciation of the significance of reduced ASI as one of the key 

traits associated with drought tolerance. This was further supported by a 

series of OTL mapping experiments (Agrama and Moussa, 1996; Ribaut et 

al., 1996; Ribaut et al., 1997a,b), which also provided an opportunity to 

analyze the correspondence of QTL positions for ASI in different mapping 

populations. Four of the 5 OTLs for ASI detected by Agrama and Moussa 

(1996) appeared to map in the same chromosomal regions (chromosomes 1, 

5, 6, 8) as those in Ribaut et al. (1996) who identified 6 QTL for this trait, 

which together accounted for 47 per cent of the phenotypic variance (Ribaut 

et al., 1996). The highly significant phenotypic correlation observed between 

ASI and grain yield was confirmed at the genetic level by the co-location of 

four QTLs significant for both traits (Ribaut et al., 1997a). 

Several mapping populations for analysis of drought tolerance were 

developed at CIMMYT. To date, genetic dissection has been conducted in 

four different crosses, at different inbreeding levels (hybrids, F2:F3 families, 

and recombinant inbred lines (RILs), under different water regimes [well­

watered (V\f\N), intermediate stress (IS), and severe stress (SS) conditions) 

and in several different environments (Kenya, Mexico, and Zimbabwe) 

(Ribaut et al., 2002). Initial experiments focused on flowering parameters, 

plant and ear height, leaf size and number, and yield components (Ribaut et 

al., 1996; 1997a). As all the morphological traits, including yield, are complex 
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and regulated by several genes, no major QTL (explaining more than 25% of 

the phenotypic variance) has been identified. The majority of the QTLs 

expressed 3-10% of the phenotypic variance and the total phenotypic 

variance expressed by combining all of the significant QTLs was generally 30 

to 40%, and never surpassed 60%. Recent experiments in India related to 

mapping of QTLs conferring drought tolerance of maize confirmed this trend 

(Prasanna et al., 2004). 

Besides the morphological traits, physiological parameters like relative 

water content, osmotic adjustment, chlorophyll content, ABA content in the 

ear at the flowering stage, have also been systematically analyzed by 

CIMMYT researchers through inter-institutional collaborations, leading to 

identification and localization of several QTLs (Ribaut et al., 2002, 2004). 

QTLs for maize-leaf ABA content under drought stress were also mapped by 

Tuberosa et al. (2002a,b) and Sanguineti et a/. (1999). Sixteen QTL for ABA 

content corresponded with QTL for at least one of the following traits: 

stomatal conductance, drought sensitivity index, leaf temperature, leaf 

relative water content, ASI and grain yield. An increase in ABA content was 

generally associated with decreased stomatal conductance and grain yield 

but increased leaf temperature. However, the opposite effect was observed 

for a QTL on chromosome 7 that aligned with a QTL from a previous study 

for root pulling resistance suggesting that elevated ABA stimulated the 

development of a more extensive root system (Lebreton et a/., 1995). 

An important outcome of the above studies was detection of 

correspondence of genomic locations of QTLs related to physiological and 

morphological traits in many cases. For example, a QTL for chlorophyll 

content was identified on chromosome 2 close to a QTL for ASI (under IS 

and SS) and grain yield (under IS only). Similarly, a QTL for relative water 

content on chromosome 6 corresponds exactly to a QTL for ASI (under IS 

and SS) and grain yield (under IS and SS) (Ribaut et a/., 2002). At the same 

chromosomal region, a dehydrin gene (dhn1) has also been located 

(Campbell and Close, 1997). The QTLs for physiological parameters were 

generally less significant compared to those obtained for morphological 
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given parameter. However, the OTl information generated for the 

physiological parameters is potentially valuable for: (i) developing a 'drought 

tolerance index' for selection of genotypes in MAS experiments; and (ii) 

serving as link between the data generated from functional genomics and 

morphological responses of the genotypes in response to drought stress. 

An interesting approach for studying drought tolerance was proposed 

by the INRA (France) researchers using proteomics (de Vienne et a/., 1999; 

Prioul et a/., 1999). Using large-scale two-dimensional gel electrophoresis, 

they quantified the protein spot intensities and mapped these as 'protein 

quantity loci' (Pal). This approach was used to evaluate a maize Ril 

population under mild drought stress. Differentially expressed proteins from 

the leaf tissue were sequenced for identification of putative candidate genes. 

One of the proteins was an ABA/water stress/ripening induced protein 

located on chromosome 10 that was previously found to be induced by water 

stress in other species (de Vienne et a/., 1999). The location of this 

candidate gene corresponded with a OTl for xylem sap ABA content, leaf 

senescence, and AS!. Other pal corresponding to the OTls for drought 

responsive traits included those on chr.1 (Sh2-ADP-gulcose 

pyrophosphorylase), chr.2 (invertase), chr.5 (invertase), chromosomes 6, 8 

(sucrose phospahte synthase), chromosomes 9 and 10 (Prioul et a/., 1999). 

Similarly, OTls for invertase activity were found close to carbohydrate OTls, 

and some of them formed 'stress clusters' (Pelleschi et al., 1999). 

Molecular Marker-Assisted Selection (MAS) for Drought Tolerance in 

Maize 

Although the information generated with respect to OTl mapping for 

drought tolerance in maize has been impressive and encouraging, very few 

successful experiments on marker-assisted selection (MAS) for improvement 

of drought tolerance in tropical maize have been published. This may be 

attributed to the limited number of major OTls identified per trait, the 

reduced amount of phenotypic variance that they generally express 
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individually, their interaction with the environment, plus the difficulty of 

epistasis evaluation (Ribaut and Hoisington, 1998). Besides the important 

limitation of having to select for several QTLs with less than 10% contribution 

to phenotypic variance, the technical handicap of handling restricted 

population sizes is a major factor, thereby limiting the flexibility and the 

power of selection. The latter constraint can be now overcome with the 

development of improved MAS protocols and availability of reliable PCR­

based markers, which make screening of a substantial segregating 

population possible in a reasonable time period (Ribaut et a/., 1997b, 1999). 

Taking advantage of the development of PCR based-markers, a 

drought-tolerant donor (Ac7643) was crossed to CML247 as a recurrent 

parent. After screening with molecular markers of about 2000 genotypes at 

two backcrosses and two self-pollinations, the best genotype was fixed from 

the donor line for five target regions. The 70 best BC2F3 plants were crossed 

to two CIMMYT tester inbreds (CML254 and CML274). These hybrids, as 

well as the BC2F 4 families derived from the selected BC2F3 plants were 

evaluated in 1997-1998 under several water regimes. Results showed that 

the mean of the 70 selected genotypes performed better than the control 

crossed with the testers, and the best genotype among the 70 selected 

genotypes performed much better than the control under drought conditions. 

No yield reduction was observed under well-watered conditions for the 

hybrids derived from the MAS genotypes (reviewed by Ribaut et a/., 2002). 

Although some of the morpho-physiological traits associated with drought 

tolerance (such as ASI) can be effectively selected based on visual 

observations, molecular markers linked to QTLs for such key traits would 

undoubtedly aid in enhancing the efficiency of selection of drought tolerant 

genotypes as well as continuing a selection programme even in the absence 

of drought stress at flowering. 

Genomics of Drought Tolerance 

Genomics represents an entirely new conceptual approach to the 

study and application of biology. Structural genomics uses the rapid 



25 

generation of huge quantities of precise DNA sequence data to identify 

genes, and the structures of genes and other elements in a genome. The 

functions of these genes can be assessed by a number of high-throughput 

approaches, so-called "functional genomics." These techniques include the 

mapping of complex traits in very large populations, the characterization of 

correlated expression patterns of every gene within a species under all 

possible circumstances, and the use of reverse genetics and high throughput 

mutant screening to identify the phenotypes of mutations in all of the genes 

within a species. The ultimate goal of genomics is to find every gene and to 

determine the roles of each of these genes. Comparative genomics takes 

this goal several steps further: to identify and find the role of every gene in 

every species, to see what changes are significant in making one species 

different (in phenotype, growth habit, adapted environment) from another, 

and to determine how these changes came about. 

Drought tolerance is a highly appropriate target for functional and 

comparative genomics because only such an information-rich approach is 

likely to unveil the key genetic contributors to the complex physiological 

processes involved. One of the important applications of genomics is to find 

and appropriately utilize the best drought tolerance alleles in nature, 

regardless of source, for crop improvement. The technology and biological 

materials needed to accomplish this ambitious goal now exist. All that is 

lacking are the appropriate teams and resources to undertake this important 

task. 

Although the number of genes involved in plant regulation under 

abiotic stress is increasing (Bohnert et a/. 2000) knowledge of their function, 

interaction and perhaps more importantly, the time frame they operate, 

remains poor. Recent developments in functional genomics should help 

overcome this problem and provide important information for evaluating the 

role of potential pathways, since they allow the simultaneous study of the 

expression of several thousand genes. To date, and partly because there are 

many constraints and uncertainties inherent in evaluating germplasm under 

controlled abiotic stress environments, few profiling experiments have 
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reported changes in gene expression in mClize grown under stress conditions 

in the field (Zinselmeier et a/., 2002) or in the glasshouse (Setter and 

Flannigan, 2001, Yu and Setter, 2002, Zinselmeier et a/., 2000). 

Expression Profiling for Identification of Drought-associated Genes: By 

"traditional" molecular approaches (Le., those that are in use from the late 

1970's particularly till 2000), researchers identified a few genes that were 

induced or repressed by a particular environmental cue, such as drought. 

However, these technologies could never yield more than a subset of the 

genes involved, and were biased toward recovering genes with very major· 

changes in expression that were observed over (usually) two chosen points 

in time. The genomic approach to this same question is to test all of the 

genes in a species for their RNA levels at all times before and after drought 

stress induction (Schena et a/., 1996; Ruan et a/., 1998). Because these 

characterizations are fairly quantitative, quite sensitive, and quick to perform, 

they allow the identification of genes that are induced or repressed by only a 

few fold, are expressed at low levels, and are altered in expression only 

during part of the exposure program. These genes with affected expression 

can also be located on the genetic map and, when they appear to co-localize 

with a OTL for drought tolerance, make attractive candidate loci (Byrne and 

McMullen, 1996). 

Microarrays or DNA chip experiments, thus, generate a large amount 

of data on each sample and the expression levels of large numbers of genes 

presenting under contrasting experimental conditions can be observed (e.g. 

Seki et a/. 2001, 2002). The greatest challenge of functional genomics 

approach is the organization and interpretation of these data to identify the 

most informative changes in gene expression, and evaluate their associated 

phenotypes (tolerant versus susceptible). In this regard, OTL data can help 

identify candidate genes responsible for changes in plant phenotype. Indeed, 

the correlation on a linkage map between a differentially expressed 

sequence tag (EST) cDNA and a OTL related to the same physiological 

parameter is a key step in identification of candidate genes. Combining 
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information at three different levels: phenotypic characterization of the plant, 

QTL data, and changes in gene expression, for selected physiological 

pathways and morphological traits, provides an integrated approach for 

better understanding response to a water-limited environment. These three 

sources of information are complementary because the QTL 

characterization, which defines the genetic basis of the key physiological 

parameters, represents the link between differential gene expression 

mechanisms and the morphological plant response. 

Comparative genomics of drought stress tolerance: A few studies carried 

out in the last few years suggested significant common gene content and 

colinear gene order in closely related dicotyledenous plants (Bonierbale et 

al., 1988; Fatokun et a/., 1992; Kowalski et al., 1994). Hence, different plant 

species appear to differ less in the genes they carry than they do in the 

alleles of genes that they contain. Moreover, comparative mapping studies 

suggest that the genetic differences responsible for very different 

morphologies and physiologies might be caused by differences in just a 

handful of genes, probably regulatory loci (Ooebley et al., 1995; Paterson et 

al. 1995). This suggests that critical and common biochemical pathways will 

exist in most plant species, and that the differences observed are due to 

possibly subtle changes in the timing, tissue, or magnitude of expression of 

such pathways. This conclusion makes it both possible and imperative to use 

the information from one species to enhance our understanding of every 

other species. 

For drought tolerance, it is likely that maize and sorghum share the 

same basic tolerance pathways, but sorghum could have acquired superior 

allelic versions of the genes in that pathway as it evolved in drought-prone 

environments. Comparative genomics of these and other species will allow 

the identification of traits that are shared by all plants (and, hence, are 

required for general survival) and those that are only shared by some or aU 

drought-tolerant individuals (and, hence, presumably are required only to 

survive in drought-prone regions). If one can identify the sorghum genes that 
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are responsible for superior drought tolerance, then it is likely that these 

genes could function in maize to provide superior drought tolerance as well. 

This approach may be viewed as merely expanding the allelic variation 

available to maize, in a transgenic sense. Of course, the number of improved 

genes that would need to be added to have a significant effect remains an 

open question. Still, it is clear that using information (and eventually genes) 

from all pertinent species will provide a synergistic route for the improvement 

of any and all individual crops (Bennetzen and Freeling, 1997). 



Materials and Methods 

The genetic materials and methodology employed for addressing each of the 

objectives of the present study are presented below: 

1. Evaluation of Inbred Lines for Drought Tolerance 

Genetic Materials: A series of experiments were carried out over two years 

to evaluate a selected set of indigenous and exotic inbred lines at two 

different locations in India: (i) Acharya N.G. Ranga Agricultural University 

(ANGRAU) Maize Research Station at Amberpet, Hyderabad during Rabi 

(winter season) 2001-02; and (ii) ANGRAU Maize Research Station, 

Hyderabad during 2003-04. These experiments shall be hereafter referred to 

as Experiments I and II, respectively_ 

Experiment I comprised 18 inbred lines, including 9 lines developed by 

the maize research centers in India, 4 lines derived from the CIMMYT maize 

populations, and 5 lines obtained from the CIMMYT Applied Biotechnology 

Centre, Mexico. In Experiment II, a selected set of genotypes developed by 

the CIMMYT Maize Programme, specifically for drought stress tolerance, 

were evaluated. These include 39 DTPY lines (yellow kernel type) and 19 

DTPW lines (white kernel type). The details of pedigree and sources of 

inbred lines analyzed in the present investigation are provided in Table 1. 

Methodology 

Field Screening: The selected maize inbred lines were evaluated against 

drought stress conditions imposed at Hyderabad under two irrigation regimes 

(normal and stress), whereas in experiment II inbred lines were evaluated 

only in stress condition, by following the drought screening procedures 

suggested by Banziger et a/. (2000). The experiments were carried out in the 

winter (dry) season. 



Table 1. Pedigree and sources of inbred lines used in the present study. 

16 CIM500 P27C5HC2/&-4-1-B-1-#-B-B-1 BBBB-2-BB DMR, New Delhi 

17 CIM506 P28TSR(S2)-3-1-3-1-# # #-B-B-B-B-2-BBB DMR, New Delhi 

(Contd.) 



Table 1 (Contd.) 
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43 DTPY1 DTPYC9F11-2-1 

44 DTPY5 DTPYC9F13-2-1 

45 DTPY13 DTPYC9F38-3-1 

46 DTPY18 DTPYC9F38-4-1 

47 DTPY31 DTPYC9F40-3-1 

48 DTPY39 DTPYC9F46-1-1 

49 DTPY47 DTPYC9F46-3-1 

50 DTPY57 DTPYC9F53-3-1 

51 DTPY60 DTPYC9F55-2-1 

52 DTPY62 DTPYC9F65-2-1 

53 DTPY65 DTPYC9F69-3-1 

54 DTPY71 DTPYC9F71-2-1 

55 DTPY75 DTPYC9F72-1-1 

56 DTPY79 DTPYC9F74-1-1 

57 DTPY85 DTPYC9F74-3-1 

58 DTPY91 DTPYC9F81-2-1 

59 DTPY96 DTPYC9F85-1-1 

60 DTPY97 DTPYC9F86-1-1 

61 DTPY100 DTPYC9F86-2 -1 

62 DTPY105 DTPYC9F87 -1-1 
63 DTPY108 DTPYC9F87 -3-1 
64 DTPY116 DTPYC9F 103-5-1 
65 DTPY122 DTPYC9F114-2-1 
66 DTPY128 DTPYC9F114-3-1 
67 DTPY132 DTPYC9F114-4-1 
68 DTPY135 DTPYC9F116-2-1 
69 DTPY138 DTPYC9F125-2-1 
70 DTPY149 DTPYC9F132-2-1 
71 DTPY156 DTPYC9F134-2-1 
72 DTPY162 DTPYC9F134-3-1 
73 DTPY168 DTPYC9F 135-1-1 
74 DTPY174 DTPYC9F 138-1-1 
75 DTPY178 DTPYC9F142-1-1 
76 DTPY184 DTPYC9F142-3-1 
77 DTPY187 DTPYC9F 143-1-1 
78 DTPY194 DTPYC9F143-S-1 
79 DTPY199 DTPYC9F144-2-1 
80 DTPY202 DTPYC9F14S-3-1 
81 DTPY210 DTPYC9F145-4-1 

*ANGRAU: Acharya N.G. Ranga Agricultural Umverslty; 
PAU: Punjab Agricultural University; 
DMR: Directorate of Maize Research; 
IARI: Indian Agricultural Research Institute; 
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CIMMYT, Mexico 

CIMMYT, Mexico 

CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 

CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT. Mexico 
CIMMYT, Mexico 
CIMMYT. Mexico 
CIMMYT, Mexico 
CIMMYT. Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 

CIMMYT. Mexico 
CIMMYT. Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 
CIMMYT. Mexico 
CIMMYT, Mexico 
CIMMYT, Mexico 

CIMMYT: International Maize and Wheat Improvement Center 
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Trials were planted in the last week of November 2001 at Hyderabad 

(Experiment I) and in the first week of December 2003 at Hyderabad 

(Experiment II). The genetic materials in each experiment were evaluated in 

a randomized complete block design with two replications per genotype in 

the control as well as stress block (Experiment I) and with two replications 

per genotype only in the stress block (Experiments II and III). Each plot 

consisted of two rows (Experiment I) and one row (Experiment II), with a row 

length of 3m (15 plants per row). and a spacing of 15-20 cm between hills 

and 75 cm between rows. In all the experiments, the first two plants in the 

beginning and end of each plot were considered as 'border plants' and were 

not used for data recording. Agronomic practices for the control and stress 

blocks were as per the standard procedures, except for the irrigation 

schedule. 

The irrigation schedules for the control and the stress blocks were 

same for the control and stress blocks till three weeks before' flowering. The 

irrigation was stopped three weeks before flowering in the stress block, and 

no irrigation was applied until flowering was completed in the entries, leaving 

the barren genotypes. After the flowering period (around 100 days), both the 

control and the stress blocks were properly irrigated to ensure proper grain 

setting in the genotypes. 

Traits Analyzed: Measurements were taken on the following plant and ear 

characters: (i) plant stand; (ii) plant height (PH); (iii) ear height (EH); (iv) days 

to 50% male flowering or anthesis date (MFLW); (v) days to 50% female 

flowering or silking date (FFLW); (vi) anthesis-silking interval (ASI); (vii) 

tassel size (TS); (viii) number of ears per plant (ENO); (ix) leaf senescence 

(LS); (x) leaf rolling (LR); (xi) total grain yield per plot (TGY); (xii) ear length 

(EL); (xiii) ear diameter (ED); (xiv) number of kernels per ear (KNO); (xv) 

100-kernel weight (HKW). 

Plant height (in cm) was measured from the base of plant to base of 

the tassel. For all the trails male flowering and female flowering were 

measured on an individual plant basis. Male flowering was recorded as the 
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number of days from sowing to the first anther extrusion from of the tassel 

glumes. Female flowering was the number of days from sowing to the first 

visible silk appearance. For Experiment I, ASI was calculated as the 

difference between the FFLW and MFLW on a plant-by-plant basis. In 

Experiment II, ASI was calculated as difference between FFLW and MFLW 

on a plot-by-plot basis. Ear height was recorded from the base of plant to 

base of the first ear. 

Leaf rolling was scored on a scale from 1 to 5 (1 = unrolled, 2 = leaf 

rim starts to roll turgid, 3 = leaf has a V shape, 4 = rolled leaf rim covers part 

of leaf blade, 5 = leaf is rolled like an onion) as suggested by Banziger et a/. 

(2000). Leaf rolling was measured before flowering when leaves were still 

more upright (Figure 1). Leaf senescence was scored on a scale from 1 to 

10, as follows, dividing the percentage of estimated total leaf area that is 

dead by 10 (Figure 2). 

;~~~:~:I~~~f~~~~~~t~itt~tl~~ ;~~lfllii Dmfl;:r~fiite,'@~ 
1 10% 6 60% 
2 20% 7 70% 
3 30% 8 80% 
4 40% 9 90% 
5 50% 10 100% 

Tassel size was scored on a scale from 1 (few branches, small tassel) 

to 5 (many branches, large tassel) (Figure 3). 

The root capacitance of each genotype was measured in Experiment 

III on the DTPY and DTPW inbred lines using a BK Precision (Model 810c) 

Electrical Capacitance Meter (Figure 4), operating at a frequency of 1 kHz in 

range between 200pF and 2J..1F, as per the procedure suggested by van 

Seem et a/. (1998). Electrical contact with the plant was established by 

connecting the negative electrode to the maize stem via a battery clamp at 6 

cm above ground level, usually corresponding to the sec.ond internode. The 

positive electrode was connected to a battery clamp to a copper ground rod 

55 em in length inserted into the potting substrate to a depth of 15 cm and 

positioned 5 cm away from the stem base (Figure 4). The instrument was 

adjusted at the 20-nF level by setting the readout to zero with the zero adjust 
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Figure 1: Scale of leaf rolling in genotypes under drought stress conditions 
1. UnroUed, turgid ; 2. Leaf rim starts to roll; 3. Leaf has V shape; 
4. Rolled leaf covers part of the blade; 5. Leaf rolls like an onion. 
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Figure 2: Scale of leaf senescence In genotypes under drought stress conditions 
1. 10-.4 dead leaf area; 2. 20% dead leaf area; 3.30% dead leaf area; 
4. 40% dead leaf area; 5. 50·.4 dead leaf area; 6. 60% dead leaf area; 
7.70% dead leaf area; 8. 80% dead leaf area; 9. 90% dead leaf area; 
10. 100% dead leaf area 
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Figure 3: Rating of genotypes for tauel size under drought stress conditions 
based on a 1-5 scale (1 showing very few tassel branches to 5 showing 
many branches and large tassel) 



F"lgure 4: Analysis of root capacitance of genotypes using 
a Root Capacitance Meter 
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knob. One capacitance measurement per plant was taken at 200nF after 

allowing 5 seconds for the system to stabilize (Le., allowing the meter to 

reach a constant capacitance reading). 

For grain yield per plant, all the plants in the plot were harvested and 

fresh dehusked ears were weighed. This was converted to ear weight at zero 

percent moisture by adjusting moisture content recorded at harvest. Grain 

yield per plot was then converted to grain yield per plant (in grams) at 15 per 

cent moisture content after making adjustments for shelling percent taken as 

80 per cent using the following conversions: 

Grain yield per plot (g) at 80% shelling (A) = Fresh ear weight (g)/plot x 801100 

Grain yield per plot at zero per cent moisture (8) = A x (100-M)/100 

where M = moisture percent at harvest. 

Grain yield per plot at 15% moisture = 8 x 100/85 

Grain yield per plant = Grain yield per plot I Plant stand 

The number of ears per plant was measured on the basis of the number of 

ears per plot divided by the ptant stand, excluding the border plants. 

Statistical Analysis: The datasets from the three experiments were 

individually subjected to ANOVA using SAS version 6.12 statistical package. 

The general idea of ANOVA is to partition the total variability or total sum of 

square (S5) into components as specified by the underlying linear model: 

Yijk = IJ + R j+ Gj + E ij 

where Yij denotes an observation for r genotype in ith replication, IJ denotes 

overall mean, Ri refers to the effect of ith replication, Gj denotes effect of jth 

genotype, Eij refers to the random error associated with observation in ith 

replication and lh genotype. 

Duncan's Multiple Range Test (DMRT) was carried out using SA5 to 

compare the means of the 15 characters (as mentioned earlier) for the 

genotypes under study, separately for the two irrigation regimes (control and 

stress). DMRT uses several critical values for conducting the test, where the 
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critical values for each subset of mean pairs are associated with the same 

number of steps, R = 2,3, ... ,k. Duncan's procedure also applies a different 

error rate, R = (1 -a)R for each subset associated with R steps, R =2,3, ... ,k, 

in calculating all critical values. This procedure, thus, facilitated differentiation 

of the genotypes for a specific character based on statistically significant 

differences among the mean values .. 

Derivation of 'Drought Tolerance Index' of the Genotypes: 'Drought 

tolerance index' (DTI) for each genotype was estimated on the procedure 

suggested by 8anziger et al. (2000) was followed, with minor modifications. 

This index summarizes the worth of a genotype in terms of drought tolerance 

by making use of information from different traits such as grain yield, ASI, 

senescence etc. To consider together traits measured in different units, the 

phenotypic values, Pi, are usually standardized, as: 

Pi = (Xij - mi)!si 

where mi and si are the mean and standard deviation of trait i in a population 

and xij is the value of the trait i measured on genotype j. A selection index I in 

itssimplest form can then be written as: 1= b1P1 + b2P2 + .... + bnPn 

where Pi is the observed standardized value of the trait i and bi is the weight 

given to that trait in the selection index. 

Weights are chosen based on the relative economic value of each trait 

or based on the relative value of each trait as an indicator of drought 

tolerance (8anziger et al., 2000). 

Ohara.Cler Weight Sign Desirable 

Grain yield 5 + Increased grain yield 

Ears per plot 3 + Increased no. of ears per plot 

ASI 2 - Decreased ASI 

Leaf senescence 2 - Decreased leaf senescence 

Tassel size 2 - Decreased tassel size 

Leaf rolling 1 - Decreased leaf rolling 
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While defining weights, one has to be careful about the right sign: 

positive where larger values are desired (e.g. grain yield), negative where 

lower values are desired (e.g. lodging and ASI). 

2. evaluation of Experimental Crosses for Drought Tolerance 

Genetic Materials: A selected of set of inbred lines were used to generate 

experimental crosses to generate 17 experimental hybrids (CM140 x CM207, 

BioS x CM139, CM140 x CM123, CM139 x BioS, CM139 x 9424, 529 x 

IPA34 , 529 x CM138, Bio-5 x Ac7729, Bio-5 x K64R, CM207 x IPA21A, 

CML247 x Bio-5, 500 x 519, Ac7729 x CML247, K64R x BioS, and 530 x 

IPA21A). Due to significant variation in the flowering times between the 

Indian and exotic maize inbred lines, crosses could not be generated in a 

specific mating design. 

Methodology: The set of 17 experimental hybrids along with some of the 

parental lines were evaluated at ANGRAU Maize Research Station, 

Amberpet, Hyderabad during Rabi (winter season) 2002-03. The trial was 

planted in the last week of November 2002. The experimental materials were 

evaluated under two irrigation regimes (normal and stress) in an RBD 

experiment with two replications per genotype for each of the water regimes. 

Each plot consisted of two rows with a row length of 3m (15 plants per row), 

and a spacing of 15-20 cm between hills and 75 cm between rows. In all the 

experiments, the first two plants in the beginning and end of each plot were 

considered as 'border plants' and were not used for data recording. All other 

aspects of field and water management were as described earlier for the 

evaluation of inbred lines for drought tolerance (Experiments I and II). Details 

of trait measurement and statistical analyses were as explained previously, 

except that measurement on root capacitance was not recorded in this 

experiment. 
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3. Analysis of SSR Polymorphisms in Drought Tolerant and Susceptible 

Inbred Lines 

Genetic Materials: A selected set of 12 inbred lines with distinct tolerance 

and susceptibility responses to drought stress at the flowering stage in maize 

were analyzed in this study. These include four DTPY lines (DTPY65, 

DTPY108, DTPY116 and DTPY194), three DTPW lines (DTPW51, 

DTPW105, DTPW183 and DTPW195), parental lines· of a drought mapping 

population developed .at CIMMYT, Mexico (Ac7643 and Ac7729), besides 

CM139 and CM140, which are the parental lines of a popular single cross 

hybrid in India 'Parkash'. These lines were selected based on: (i) distinct and 

consistent susceptibility/resistance reaction' responses against drought 

(based on the studies carried out during 2001 and 2003); and (ii) agronomic 

performance and current usage in maize breeding programmes in India and 

CIMMYT, Mexico. 

SSR Markers: Initially, 105 microsatellite or SSR markers were analyzed, of 

which 71 markers were found to be polymorphic (Table 2) among the 

selected inbred lines. Primers for these SSR loci were custom synthesized 

through Research Genetics Inc. USA or Sigma Aldrich, UK, based on 

forward and reverse primer sequence information available in public domain 

(MaizeDB; http://www.agron.missourLedu) by the AMBIONET-India Lab, 

IARI, New Delhi. 

The SSR markers were chosen based on their bin (genomic) locations 

to ensure, to the extent possible, uniform coverage of the genome. In 

addition, SSR markers located at specific bin locations with potential utility 

for QTL mapping of drought tolerance in maize (J.-M. Ribaut, personal 

communication) were utilized in the study. The maize SSR loci were 

previously designated as 'bn/g', 'phi', 'umc', 'nc' or 'dupssr' indicating the 

organization credited with their identification and characterization (bnlg 

Brookhaven National Laboratory, USA; phi - Pioneer Hi-Bred International, 

USA: umc - University of Missouri, Columbia, USA; nc - North Carolina State 

University, USA: dupssr- Dupont, USA etc.). 



Table 2. List of polymorphic SSR markers (along with bin locations) 
analyzed in the present study. 
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Methodology 

The following common procedures (unless otherwise specified) were 

followed for analysis of SSR polymorph isms in the selected genotypes. 

(a) Isolation of genomic DNA and DNA quantification; 

(b) DNA amplification using specific SSR primers by polymerase chain 

reaction (PCR); 

(c) Agarose gel electrophoresis, using super fine resolution (SFR) agarose, 

for resolving the amplified products; and 

(d) Molecular marker data analysis. 

(a) Genomic DNA Isolation, Quantification and Quality Analysis: DNA 

was extracted from maize seedlings using the CTAB procedure developed by 

Saghai-Maroof et al. (1984) with suitable modifications. Healthy leaves from 

3-4 week old seedlings (15-20) were collected, and ground into a fine powder 

(2g) .The powder was transferred to labeled polypropylene centrifuge tube 

containing 8 ml of warm CT AB extraction buffer and incubated for 1 h at 

65°C with occasional stirring. The tubes were removed, the contents were 

allowed to cool, and an equal volume (8 ml) of chloroform: isoamylalcohol 

(24:1) was added and mixed thoroughly by gentle inversion. The contents 

were centrifuged at 3500 rpm for 15 min at room temperature. The 

supernatant was transferred into new tubes and 6 ml of chilled isopropanol 

was added. The contents were mixed gently by inversion till strands of 

precipitated DNA were visible, and were left at 4°C overnight for effective 

precipitation of DNA. The precipitated DNA was hooked out and washed with 

1 ml of 70% ethanol and 1.3 ml of 7.5M ammonium acetate. The pellet was 

air dried at room temperature and the dry pellet was dissolved in adequate 

amount of Tris EDTA (TE) buffer. RNase A (2.5 IJI from a stock of 10 mg/ml) 

was added to the dissolved DNA and incubated at 37°C for one hour. DNA 

was again precipitated with the addition of two volumes of absolute ethanol 

and 1/10th volume of 10 mM ammonium acetate, and later on pelleted by 
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high-speed centrifugation for 10 min. The pellet was rinsed with 1 ml of 70% 

ethanol for 20 min, air dried and dissolved in adequate amount of TE. 

Agarose gel electrophoresis (0.8% agarose) was carried out for DNA 

quantification and quality analysis, using standard protocol, by comparison 

with" DNA samples of known quantity (20 ng I 40 ng I 80 ng per IJI) run on 

the same gel. DNA working stocks were prepared for PCR from the original 

stocks by diluting them to a concentration of -10 ng/lJl of DNA. 

(b) peR and Resolution of SSR Amplification Products: PCR was carried 

out using SSR primers (forward + reverse) in MJ Thermal Cycler, USA 

(Model PTC-IOO). The components of the PCR reaction mixture and thermal 

cycling conditions were as follows: 

Stock Final Conc. 15 ~I 

Reaction Mix 

10X peR Buffer (MBI Fermentas) 1X 1.20 

25mM MgCI2 (MBI Fermentas) 0.75mM 0.36 

10mM dNTPs (MBI Fermentas) 0.1mM 0.12 

SSR primers F+R (1 IJI) 0.25 IJm 3.00 

Taq DNA Polymerase (3 (.I/IJI) 0.025 (.1/ (.II 0.10 

(MBI Fermentas) 

ddH20 4.22 

DNA 3.00 

PCR cycling consisted of initial denaturation at 94°C for 2 min, 

followed by 30-35 cycles of amplification, at 94°C for 1 min, 55-65°C (based 

on annealing temperatures standardized for different SSR primers) for 2 min, 

and 72°C for 2 min; the final extension step at 72°C for 7 min was followed 

by termination of the cycle at 4°C. 

The amplified products were resolved in a 3.5% SFR (Amresco) 

agarose gel at 100-125V for 1.30 h using a submarine gel electrophoresis 

system (Biorad), as per the procedure suggested by Kassahun and 

Prasanna (2003). The SFR agarose has the capacity to resolve amplified 

fragments ranging from 75 to 750 bp. A 100-bp DNA ladder or ¢X174/Haelll 
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ladder was run alongside the amplified products to determine the 

approximate size of each SSR allele. 

(c) SSR Allele Scoring: The gels were photographed using a CCO camera 

(Sony XC-75 CE) attached to a gel documentation system with the 

Biocapture software (Vilber Lourrnat, France), and scoring was carried out 

manually. The SSR allele sizes were determined depending on the positions 

of the bands relative to the ladder. Band patterns for each of the SSR 

markers were recorded for each genotype by assigning a letter to each band, 

like a1, a2 etc. sequentially from the largest to the smallest sized band. Any 

band thought to be an artifact or bands which are either too diffuse or highly 

faint or those that are too difficult to score were considered as 'missing data'. 

The SSR amplification patterns were scored, and the data was 

entered in MS Excel in a binary mode "0" for absence of an allele; "111 for the 

presence of an allele; and '9' representing the missing data, if any, for a 'SSR 

marker. 

(d) Statistical Analysis of SSR Data: The data from the 12 inbred lines for 

various polymorphic SSR loci was subjected to statistical analysis as follows. 

For each polymorphic SSR marker, 'Polymorphism Information Content' 

(PIC) was determined as described by Senior et al. (1998) and Kassahun 

and Prasanna (2003). PIC is a measure of allele diversity at a locus and is 

equal to 1 - L:.(p2ij), where Pij is the frequency of the jth allele for ith locus 

summed across all alleles in the locus. PIC is synonymous with the term 

"gene diversity" as described by Weir (1996). 

Genetic similarity (GS) based on SSR data can be calculated for all 

possible pairs of genotypes using various coefficients; this, in turn provides 

information about the genetic distance between genotypes as Genetic· 

Distance (GO) = 1 - GS. In the present study, Jaccard's (1908) coefficient (J), 

based on the formula, J = N11 /(N11 + N10 + N01 ) was used to estimate genetic 

similarities, where Nil is the number of bands present in both individuals; N10 
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is the number bands present only in one of the pair (individual I); N01 is the 

number of bands present only in the individual j. 

Values of GS may range from '1' (identical profiles for all markers in 

the two inbreds) to '0' (no bands in common). The similarity matrix was 

further analyzed using NTSYS-pc 2.11 (Rohlf, 1992), by employing UPGMA 

(Unweighted Paired Group Method using Arithmetic averages) with average 

linkage (Sneath and Sokal, 1973). To test the goodness of fit of a clustering 

to a set of data (in this case, the SSR data) 'cophenetic correlation 

coefficient' or cophenetic value was estimated using the COPH and 

MXCOMP options in NTSYS-pc program. The degree of fit can be 

interpreted subjectively as follows: 

F5(~Vel 
•....• :,.?:.\ .. , .' I'" Interpretation 

0.9::; r Excellent fit 

0.8::; r < 0.9 Good fit 

0.7::;r<0.8 Moderate fit 

r < 0.7 Poor fit 

'Bootstrap' analysis is a general resampling procedure for estimating 

the distribution of a statistic based on independent observations (Efron, 

1965). The technique resamples the actual data to reveal some its subtler 

patterns. The basic notion is that the data themselves, viewed as a frequency 

distribution, represent the best available image of the frequency distribution 

from which they were drawn. Bootstrapping can be effectively utilized for 

estimating the statistical support to the internal branches in a tree 

(Felsenstein, 1985). In the present study, bootstrap analysis was carried out 

on the SSR dataset to determine the statistical support to the internal 

branches of the dendrogram. The WINBOOT software developed by IRRI, 

Philippines (http://www.irri.org) was utilized for bootstrap analysis. 

Principal component analysis (PCA) is an ordination technique that 

produces a visual representation of the relative positions of genotypes in a 

space of reduced dimensions, thus indicating spatial relationships among 

genotypes (Mohammadi and Prasanna, 2003). In the present investigation, 
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PCA was employed to summarize the variation of the original SSR dataset, 

and to make a graphical presentation of the genetic relationships among the 

12 selected inbred lines. The analysis was carried out using NTSYS-pc 2.11. 

4. Mapping QTLs conferring Drought Tolerance in Maize 

Mapping Populations: For the purpose of QTL mapping of drought 

tolerance, 236 RIL families and 240 F3 families were developed at CIMMYT­

Applied Biotechnology Center, Mexico, using Ac7643Ss (drought tolerant) as 

female parent and Ac7729rrZSRWS5 (drought susceptible) as male parent, 

with the respective lines showing considerable contrasts especially for 

anthesis-silking-interval (ASI) under drought condition. The RILs were 

derived by single seed descent method from the F2 plants (Ribaut et al., 

1996, 1997; Fracheboud et a/., 2002). 

Phenotyping of Mapping Populations: "Phenotyping", in the context of 

QTL mapping, refers to analysis or screening of the mapping population (in 

the present case, RILs) for the target trait(s) of interest. The RIL families, 

along with the parental lines, were evaluated under an alpha-lattice design 

with two replications per genotype, and one row per replication, in two 

different water regimes (control and stress conditions), during rabi (dry 

season) 2001-2002 at ANGRAU Research Station at Karimnagar. 

Measurements were taken on the following plant and ear characters: 

(i) plant height (PH); (ii) ear height (EH); (iii) days to 50% male flowering or 

anthesis date (MFLW); (iv) days to 50% female flowering or silking date 

(FFLW); (v) anthesis-silking interval (ASI); (vi) tassel size (TS); (vii) number 

of ears per plant (ENO); (viii) leaf senescence (LS); (ix) leaf rolling (LR); (x) 

grain yield per ear (GY); (xi) kernel number per ear (KNO); and (xii) 100-

kernel weight (HKW), following the procedures described earlier in this 

Chapter. 

The RIL families were also evaluated under drought stress conditions 

during rabi 2003-2004 at the Maize Winter Nursery, Amberpet, Hyderabad, 
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using an alpha-lattice design with two replications and one row· per 

replication. Field management and data recording were as per the 

procedures mentioned earlier. In stress conditions, the irrigation regime was 

designed such that drought at flowering was severe enough to delay silking 

and cause ear abortion. 

The phenotypic datasets from Karimnagar and Hyderabad were 

analyzed separately. The datasets were subjected to ANOVA using Alpha 

and SAS statistical packages. Pearson correlation coefficients were 

calculated, as per the standard procedure, between the pairs of characters 

traits separately for the datasets from the control/well-watered and drought 

stress blocks of the Karimnagar Experiment, and for the drought stress 

dataset for the Hyderabad Experiment. 

Genotyping of Mapping Populations and Linkage Mapping: 'Genotyping' 

refers to analysis of the individuals constituting a mapping population using 

DNA markers that were found polymorphic between the parental lines. The 

mapping populations (RILs) were genotyped at CIMMYT-Applied 

Biotechnology Center, Mexico, earlier by Ribaut et al. (1996, 1997), using 

138 RFLP markers, and the procedure was described by Fracheboud et al. 

(2002). A linkage map of a total length of 2250 cM with an average density 

of 17cM was constructed using Mapmaker Version 3.0 (Lander et al., 1989). 

The longest distance between two consecutive markers (72.2 cM) was 

located on chr.4 between 12.3 and 84.5 cM. Apart from this large gap, five 

other gaps of 40-50 cM were identified on chr.3 (two of them), 5,6 and 10. 

QTL Mapping: The genotypic data and the phenotypic data for each 

environment (Karimnagar/Hyderabad) and the mapping population (RILs) 

were analyzed using composite interval mapping models (Zeng, 1994) map 

QTLs and to estimate their genetic effects. A series of four models was used 

in the analysis: Model I, which is simple interval mapping (Lander and 

Botstein, 1989 or Model III of Zeng, 1994), was used for the selection of 

cofactors; Model II, which is composite interval mapping with unlinked 
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markers as cofactors (Model 11 of Zeng, 1994), was used to maximize QTL 

detection; and Models III and IV (Model I of Zeng, 1994) with selected 

markers as cofactors were used to confirm the QTLs detected in Model II. 

Model III uses two markers flanking the interval with a minimum map 

distance of 30 centimorgan (cM) (size window := 30cM) while Model IV uses 

linked factors within a minimum map distance of 20 cM (size window := 

20cM). Details of the principle behind each of these models were provided by 

Zeng (1994). 

The linkage disequilibrium between a marker and an adjacent 

chromosomal region, indicating the presence of a QTL, is inferred on the 

basis of likelihood ratio (LR) peaks. The general relationship between LOD 

(Ioglo of the odds) and the LR is as follows: LR := 2 In(IO}LOD. LOD scores 

are the ratio of the probability that data show linkage at a specific 

recombination frequency, versus the chance that the data show no linkage; 

therefore the recombination frequency is 0.5. A LOD score threshold of 2.4 

gives a probability of less than 5% that even a single false positive will occur 

anywhere in the genome. 

For a single trait analysis using a RIL mapping population, and for the 

LOD scores of 2.0, 2.5 and 3.0, the corresponding critical LR values are 

9.21, 11.51 and 13.82, respectively. This is applicable for the Type I error 

rates (0 level) of 0.01, 0.0031 and 0.001 for LOD=2.0, LOD=2.5 and 

LOD=3.0, respectively. The Type I error rates (0 level) at different LOD 

thresholds (2.0, 2.5 and 3.0) applicable for mapping populations were 

estimated using chi.sas package developed at CIMMYT-Applied 

Biotechnology Center, Mexico; the principle behind a level is as follows: 

Assume that: 

0= Prob {LR ~ c at a fixed locus} 

where c is assumed to be a critical value used in the test. Then, assuming 

the total number of independent tests over the whole genome is k, the 

genome-wise error rate with the same critical value c would be: 

6 = Prob {LR ~ c at k independent loci} 

= 1-{1-a) k ~ ka 
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We are required to control the genome-wise error rate to a certain 

level, such as a = 0.05. We may use the approximation to obtain a:::: a / k. 

The exact value of k, is however unknown in this case and we have to obtain, 

an approximate value for practical use. Assuming each of the chromosomes 

in a maize genome is 2M in size, one marker on each chromosome arm 

would be assumed to segregate independently. Therefore, we may use k = 
20, a = 0.0025 for a = 0.05, which is approximately equivalent to the a values 

corresponding to LOD=2.5 in case of a mapping population. In the present 

study, the threshold used for QTL detection was set at a LR value 

corresponding to LOD>2.0, 2.5 or 3.0. 

Besides the critical threshold, the decision whether a QTL was present 

a given chromosomal position was based on the following: (i) A QTL was 

declared as present when a significant likelihood ratio (LR) peak was 

detected by Model II and Model III also yielded an LR peak at the same or in 

adjacent position. In this case, it was not required that the LR peak found by 

Model 111 exceed the critical threshold; (ii) if the LR peak identified by Model II 

at a specific position was not confirmed by Model III, the hypothesis of the 

presence of a putative QTL at this position was rejected. This result was 

taken as indicative for the presence of multiple linked QTLs in adjacent 

regions; (iii) when separated by at least two markers and a minimum 

distance of 20 cM, two peaks on one chromosome were considered as two 

different QTLs. Otherwise, the higher peak was chosen to represent the QTL; 

(iv) a QTL solely detected with Model III was regarded as significant without 

further confirmation; and (v) a QTL was declared whenever the LR is 

significant in individual analysis in a specific environment and/or in the joint 

analysis over all environments. 



Results 

1. Analysis of Genetic Variability in the Maize Inbred Lines for Drought 

Tolerance 

Experiments were carried out at the Acharya N.G. Ranga Agricultural 

University (ANGRAU) Maize Research Station at Amberpet, Hyderabad 

during Rabi (winter season) 2001-02 and 2003-04 to evaluate the responses 

of maize inbred lines from India and CIMMYT, Mexico, for their responses to 

drought stress at the flowering stage. These experiments shall be hereafter 

referred to as Experiment I and Experiment II, respectively. 

The .. characters recorded in these experiments were: (i) plant height; 

(ii) ear height; (iii) anthesis-silking interval (ASI); (iv) tassel size; (v) number 

of ears per plant; (vi) leaf senescence; (vii) leaf rolling; (viii) grain yield per 

plot; (ix) grain yield per plant; (x) grain yield per ear; (xi) 100-kernel weight; 

(xii) number of kernels per ear; (xiii) ear length; and (xiv) ear diameter. 

Experiment I: In this experiment, a set of 18 inbred lines, including 9 lines 

developed by different maize research centers in India, 4 lines derived from 

the CIMMYT maize populations, and 5 lines obtained from the CIMMYT 

Applied Biotechnology Centre, Mexico, were evaluated both under well­

watered (control) and stress conditions. 

Analysis of variance (ANOVA) revealed significant differences 

between the two treatments (control vs. stress) for all the characters except 

ear height (Table 3). The differences among the genotypes for several 

characters were found to be significant, except for ear height, grain yield and 

number of kernels rows per ear. ANOVA for the dataset from the stress block 

indicated significant differences among the genotypes for all characters, 

except plant height, ear height, tassel size, leaf rolling, leaf senescence and 

ear diameter (Table 4). No significant differences between the replications 

were noticed for the traits under study, except for leaf senescence. 



Table 3. ANOVA for various characters in the inbred lines evaluated at 
Hyderabad (2001-02; Experiment I) under two different water regimes 

Table 4. ANOVA for various characters under drought stress 
conditions in the inbred lines evaluated at Hyderabad (2001-02; 
Experiment I) 

1 
1.36 0.97 

0.91 0.03 
2.1 3.38 
0.01 0.00 0.05** 
46.21 56.7 

4. 
3.02 0.00 

1. 
2.69 
1. 
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Duncan's Multiple Range Test (DMRT) was carried out to compare the 

mean values for each character for the genotypes under study. A comparison 

of the mean values under the control (Table 5) and stress conditions (Table 

6) revealed significant effects of drought stress on plant and ear characters 

of the maize genotypes under study. For example, among the inbred lines 

Ac7729 recorded a mean plant height of 149.7cm in the control block, 

whereas under stress conditions the mean plant height was only 119cm. 

Significant variation for plant height (67.5cm in IPA21A to 129.9cm in 

CML444) could be noticed among the genotypes under stress conditions; 

however, the range with respect to ear height was not considerable. 

ASI, which is considered as one of the key secondary traits influencing 

the performance of maize under drought stress conditions, ranged from 0 

days in CM207 to 12 days in CIM500, whereas the range for ASI was 1.7 

days (Ac7729) to 2.9 days (CM139) under control/well-watered conditions. 

The lowest ASI values under drought stress conditions (0, 1.6 and 3.4 days) 

were recorded in CM207, CIM506 and FSA17. Interestingly, low ASI values 

in CM207 and CIM506 had not resulted in superior yield performance, as 

compared to FSA 17, although genotypes showing very high ASI values like 

CIM500, Ac7729 and IPA34 recorded very poor grain yields under drought 

stress conditions. 

As indicated by ANOVA, the variation with respect to tassel size, leaf 

rolling and leaf senescence were not significant among the genotypes 

analyzed, indicating their highly limited utility in differentiating drought 

tolerant lines from the susceptible ones. For number of ears per plant which 

is an indicator of productivity of the genotype, Bio-5, IPA29B and CIM506 

recorded the highest values (1.05, 1.00 and 0.95, respectively) under control 

conditions, whereas FSA17, IPA29B and CM140 were found to be relatively 

more promising than other lines under drought stress conditions with the 

highest values (0.60, 0.50 and 0.30, respectively). 

Analysis in terms of grain yield under control conditions revealed good 

per se performance of IPA29B, CIM500 and CM139. Under the drought 

stress conditions, the performance of IPA29B, FSA17, Ac7643 and CM140 
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was encouraging (Figure 5). These genotypes were also relatively superior 

with respect to kernel number per ear, although they were not among the 

top~ranked genotypes for 100-kernel weight. IPA29B and FSA 17 were also 

promising in terms of ear length and ear diameter under drought stress 

conditions. Overall, based on DMRT ranking for different characters 

influencing the performance of the genotypes under control/well-watered as 

well as drought stress conditions, FSA17, IPA29B, Ac7643 and CM140 can 

be considered as promising among the inbred lines analyzed in Experiment I. 

Among the highly susceptible lines were IPA34 (Figure 5), CIM500 and 

Ac7729 (Table 7). 

'Drought tolerance index' (OTI) for each genotype was calculated 

using the model suggested by Banziger et a/. (2000), with some minor 

modifications, as explained in 'Materials and Methods'. The model gives 

different weightage for traits such as grain yield, ASI, leaf senescence etc., 

based on the relative value of each trait as an indicator for drought tolerance. 

Based on DTI values, FSA17 (9.90) and IPA29B (7.90) can be considered as 

drought tolerant, whereas Ac7643 (4.80), CM140 (2.80) and CIM506 (2.30) 

were moderately tolerant. A comparison of the yield performance of the 

genotypes under both control and stress conditions, in conjunction with % 

yield penalty over control (Table 7), revealed that almost all genotypes were 

severely affected by drought stress at flowering stage. Nevertheless, 

IPA29A, Ac7643 and FSA 17 were relatively less affected compared to other 

genotypes. Taking into account both OTt and % yield penalty over control, 

the study revealed the potential of IPA29B, FSA17, Ac7643 and CM140. It is 

important to note that elite maize lines such as Bio-5 (derivative of LM5), 

CM207 and CM139, were highly vulnerable to drought stress at the flowering 

stage and so were inbred lines derived from CIMMYT maize populations, like 

CML247, Ac7729, K64R, CML444, CIM493, CIM495, CIM500 and CIM506. 

Experiment II: In this experiment, a selected set of genotypes developed by 

the CIMMYT Maize Programme, specifically for drought stress tolerance 

under tropical/sub-tropical maize-growing regions, were evaluated under 



· Table 7. Comparison of yield performance and drought tolerance indices 
of inbred lines under control and stress conditions [Experiment I; 
Hyderabad 2001-02) 

1.1 
-5.1 
-8.1 

-12.0 
1.2 
-7.5 

er et al. (2000) 



A 

B 

c 
Figure 5: Performance of maize inbred lines under drought stress conditions 

(Left: Controltw.ll-watered; Right: Drought 5tres$ed) 
A. IPA29B; and B. CM140, showing moderate drought tolerance; 
C. IPA34 showing MV8fe _ceptibillty 
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drought stress conditions at Hyderabad (2003-04). These included 39 DTPY 

lines (yellow flint kernel type) and 19 DTPW lines (white flint kernel type). 

Due to paucity of seed material, these lines could not be simultaneously 

evaluated under control/well-watered conditions. 

Performance of the DTPY Lines: Thirty-nine DTPY inbred lines along with 

one check (CM140) were evaluated in Hyderabad (winter/dry season 2003-

04). The responses of the inbred lines under drought stress were evaluated 

for the following characters: ASI, grain yield per plot, grain yield per ear, ear 

number per plant, number of kernel rows per ear, number of kernels per ear 

row, ear length, ear diameter, kernel number per ear and 100-kernel weight. 

ANOVA revealed significant differences among the genotypes for ASI, grain 

yield per plot, ear length and number of kernels per row. The effect of 

replication was found to be non-significant for all characters (Table 8). 

The mean values with respect to various characters in the DTPY lines 

and the check (CM140) under drought stress conditions, along with ranking 

of genotypes on the basis of DMRT, were presented in Table 9. Most of the 

DTPY lines recorded male flowering 75-78 days after planting. ASI in 

majority of the DTPY lines was near 4.5 to 5 days, thereby affecting the grain 

yields. The lowest mean ASI values were recorded in DTPY122, DTPY199 

and DTPY5 (-0.5, -0.5 and 1.0 day, respectively). While DTPY1, DTPY18 

and DTPY132 did not produce any ear with seed set, DTPY100 and 

DTPY174 were highly promising in terms of ear number per plant. 

With· respect to grain yield per plot and grain yield per ear, the 

performance of DTPY116, DTPY65 and DTPY149 under drought stress was 

highly encouraging. among the DTPY lines analyzed (Table 9). These 

genotypes were also significantly superior to CM140 (check). However, 

CM140 recorded significantly higher seed set (kernel number per ear) in 

comparison with the DTPY lines. Among the DTPY lines, DTPY199, DTPY5 

and DTPY47 recorded high mean values for kernel number per ear. 

IPA29B and FSA 17 were also promising in terms of ear length and ear 

diameter under drought stress conditions. Overall, based on DMRT ranking 



Table 8. ANOVA for various characters urtder drought stress conditions 
in the OTPY inbred lines evaluated at Hyderabad (2003-04; Experiment II) 
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for different characters influencing the performance of the genotypes under 

drought stress conditions, FSA17, IPA29B, Ac7643 and CM140 can be 

considered as promising among the inbred lines analyzed in Experiment I. 

A comparison of 'Drought tolerance index' (OTI) values for the OTPY 

liRes (Table 9) indicates that most of the genotypes (23 out of 39 OTPY lines) 

were severely affected by drought stress at the flowering stage, thereby 

recording negative OTI values; the check (CM140) recorded a OTI value of 

10.00. Nevertheless, the performance of OTPY199 (19.2), OTPY100 (1B.9), 

OTPY165 (1B.O), OTPY116 (15.9), OTPY149 (13.7), OTPY5 (13.1) and 

OTPY13B (11.3) was notable among the inbred lines evaluated in this 

experiment. 

Performance of the OTPW Lines: In this experiment 19 OTPW inbred lines 

along with CM140 (check) were evaluated in Hyderabad during the winter/dry 

season 2003-04. The responses of inbred lines for drought resistance were 

recorded in the drought stress block with respect to the following characters: 

ASI, root capacitance, ear per plot, grain yield per plot, grain yield per ear, 

kernel rows, number of kernel per row, ear length, ear diameter, total seed 

per plot, and 100-kernel weight. 

ANOVA revealed significant genotypic differences for various 

characters analyzed, except for root capacitance, grain yield per ear and 

number of kernel rows per ear. The effect of replication was found to be 

significant only for kernel number per ear (Table 10). 

The mean values with respect to various characters in the OTPW lines 

(besides the check, CM140) under drought stress conditions, along with 

ranking of the genotypes on the basis of OMRT, were presented in Table 11. 

Unlike the OTPY lines, there was significant variation among the OTPW lines 

for male flowering, with the lowest mean value (69.50 days in DTPW20B) and 

highest mean value (BO.50 days in DTPW46). 

ASI in the OTPW lines ranged from -0.50 (DTPW20B) to 6.50 

(OTPWB8 and OTPW176). OTPW208, OTPW51 and OTPW211 recorded the 

lowest ASI values among the genotypes analyzed. Root capacitance did not 



Table 10. ANOVA for various characters under drought stress 
conditions in the OTPW inbred lines evaluated at Hyderabad (2003-04; 
Experiment II) 

3.40 7.20* 
48. 58.30 
0.04 0.15 0.1 

86.00 484.00** 
105.25 3.68 2.88 
5.00 
3.98 11.90* 

26.70 
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shoW correspondence with the performance of the genotypes under drought 

stress conditions. The range was 14.77nF (OTPW1) to 36.00nF (OTPW46). 

Many of the OTPW lines were comparable to the check, CM 140 with 

respect to ear number per plant. Particular mention must be made of 

OTPW1, DTP51 , DTPW195 and OTPW46, which showed higher mean 

values for ear number of plant than other genotypes under study. It is also 

significant to note that DTPW195, OTPW51 and OTPW1 were also highly 

impressive in terms of grain yield per plot and grain yield per ear, indicating 

their drought stress tolerance potential (Table 11). These genotypes were 

also significantly superior to CM140 (check) for these important traits. 

OTPW195 and OTPW51 also top-ranked for kernel number per ear, and 

were superior to CM140, which was third-ranked for this trait among the lines 

analyzed in this Experiment (Table 11). 

The OTI values of the OTPW lines summarize the drought 

tolerance/susceptibility responses (Table 11). Eleven out of the 19 OTPW 

lines recorded negative OTI values, indicating their susceptibility to drought 

stress at the flowering stage, whereas the check (CM140) recorded a OTI 

value of 9.05. Nevertheless, the present study resulted in identification of 

three highly promising lines, OTPW51 (17.65), OTPW195 (15.34), OTPW1 

(11.90), which recorded very high OTI values and were significantly superior 

to the CM140 (check). 

2. Analysis of Genetic Variability in the Experimental Hybrids for 

Drought Tolerance 

In this experiment, drought stress responses of 17 experimental 

hybrids were evaluated under two different regimes: well-watered (control) 

and severe water stress condition at the flowering stage during winter/dry 

season at Hyderabad in 2002-03. The characters recorded included both 

plant and ear characters, such as plant height, ear height, ASI, tassel size, 

leaf rolling, leaf senescence, grain yield per plot, number of ears per plant, 

grain yield per ear, ear length, ear diameter, number of kernel rows, number 

of kernels per ear row, kernel number per ear and 100-kernel weight. 
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As indicated in Table 12, ANOVA revealed highly significant 

differences between the two different water regimes (control vs. stress) for 

all the characters except ear height, tassel size, grain yield per ear and 100-

kernel weight. ANOVA for the dataset from the stress block revealed that 

significant difference between the hybrids for grain yield per plot, ear length, 

ear diameter, number of kernel rows and 100-kernel weight (Table 13). The 

variation attributable to replication alone was non-significant for all the 

characters analyzed in this experiment. 

The mean values for various characters in the experimental hybrids 

under control and drought stress conditions, along with ranking of genotypes 

on the basis of DMRT, were presented in Tables 14 and 15. Considerable 

variation could be noticed among the experimental hybrids under both well­

watered and drought stress conditions for flowering characters, including 

male flowering, female flowering and AS!. The lowest mean ASI values under 

drought stress conditions were recorded in CM140 x CM123 (2.7 days), 

CIM500 x CIM519 (4.7 days), BioS x CM139 (4.7 days) and FSA17 x IPA34 

(5.4 days). In the control block, Ac7729 x CML247, CIM500 x CIM519 and 

BioS x CM139 recorded the lowest ASI values. 

There was no variation with respect to leaf rolling in the genotypes in 

the control block, while variation with respect to leaf senescence and tassel 

size was not high. The ranges of scores for tassel size and leaf rolling in the 

experimental hybrids in the stress block were relatively less in comparison to 

that observed for leaf senescence. Under drought stress conditions, FSA 17 x 

IPA34 was least affected in terms of leaf senescence (score of 2.5) than 

other experimental hybrids under study. CM207 x IPA21A recorded the 

highest leaf senescence score of 7.0. 

BioS x Ac7729, BioS x K64R, CM139 x IPA3 and FSA17 x IPA34 were 

the top-ranked genotypes for grain yield under control conditions (Table 14). 

However, as seen in Table 15, the performance of BioS x Ac7729 and BioS x 

K64R was only moderate under drought stress conditions. Particularly 

impressive was FSA17 x IPA34 (Figure 6) which was ranked second for 

grain yield under stress conditions, besides its good per se performance 



'Iable 12. ANOV A for various characters in the experimental crosses 
revaluated at Hyderabad (2002-03) under two different water regimes 
r!:'.",,\'. 

Table 13. ANOVA for various characters under drought stress 
conditions in the experimental crosses evaluated at Hyderabad 
(2002-03) 
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Table 16. Comparison of yield performance and drought tolerance 
indices of experimental hybrids under control/well-watered and 
drought stress conditions [Hyderabad 2002-03) 

1675.5 1054.0 37. 
361.0 37.5 89.6 

2078.5 567.5 72.7 
1467.5 159.5 89.1 
1708.5 582.0 65.9 

CM119 x CIMS06 433.0 0.0 100.0 
CM119 x CM138 1475.9 517.5 64.9 
BioS x Ac7729 3406.5 272.5 92.0 

3380.0 289.5 91.4 



A 

B 

Figure 6: FSA17 x IPA34. an experimental hybrid. showing 
promising perfoonance in both controllwell_atered 
condition (A) and drought stress condition (8) 
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'under the control/well-watered conditions. Among the various experimental 

hybrids analyzed in this experiment, CM140 x CM123 was top-ranked for 

grain yield, besides recording high ear number per plant, ear length and ear 

diameter. Equally impressive were CM 139 x I PA3 and CM 119 x CM 138 

which recorded good grain yield coupled with high kernel number per ear. 

Based on OTI values, which take into account simultaneously the 

performance of the genotypes for several key traits influencing drought 

tolerance, CM140 x CM123 (14.4) and CIM500 x CIM519 (12.0) are clearly 

superior over the rest of the experimental hybrids (Table 16). These hybrids 

were followed by FSA17 x IPA34 (7.6) and CM140 x CM207 (7.2). A 

comparison of the yield performance under control and stress conditions, and 

consequently the % yield penalty over control, indicate that most of the 

experimental hybrids were severely affected by drought stress. The lowest % 

yield penalty (37.1) was recorded by CM140 x CM123, while three other 

experimental hybrids, (CM119 x CM138; CM140 x CM207 and FSA17 x 

IPA34) showed the next best figures of 64.9%, 65.4% and 65.9%, 

respectively. All other hybrids suffered yield penalty of more than 70%, 

including CIM500 x CM519 which showed very high OTI value. 

In conclusion, taking into account both the OTI and the % yield penalty 

over control, the present study led to the identification of three most 

promising experimental hybrids, namely CM140 x CM123, FSA17 x IPA34 

and CM140 x CM207. 

3. Molecular Characterization and Genetic Diversity Analysis of the 

Selected Maize Inbred Lines 

A set of 12 inbred lines, namely OTPW195, DTPW51, DTPW105, 

DTPW183, DTPY65. DTPY116, DTPY108, DTPY194, CM139, CM140, 

Ac7729 and Ac7643, with distinct responses to drought stress at the 

flowering stage were analyzed for polymorphism at the molecular level using 

microsatellite (SSR) markers. Among the 12 inbred lines analyzed, 

DTPY116, DTPY65, DTPW51, DTPW195, CM140, Ac7643 showed 

promising performance under drought stress conditions, while DTPY108, 
~----
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DTPY194, DTPW105, DTPW183, Ac7729 and CM139 were drought­

susceptible. Two of the inbred lines, CM139 and CM140 also served as 

'reference lines' for SSR analysis, as they were extensively analyzed at the 

molecular level by Maize Genetics Unit, IARI under the Asian Maize 

Biotechnology Network (AMBIONET). 

Molecular analysis of the selected set of inbred lines was carried out 

using 71 polymorphic SSR loci covering various bin (chromosome) locations. 

The objectives of this study were: (i) to effectively differentiate the selected 

inbred lines using SSR markers; (ii) to analyze the genetic relationships 

among these lines, which would in turn aid in their utilization in breeding 

programmes, including development of mapping populations and breeding 

materials. 

The study revealed considerable polymorph isms for the SSR loci in 

the inbred lines analyzed (Figure 7). A total of 331 SSR alleles were detected 

across the 71 polymorphic SSR loci, at an average of 4.69 per locus (Table 

17). The highest number of alleles was observed in phi037 (1.08), bnlg1064 

(2.03), dup21 (2.05), bnlg121 (2.06), bnlg1520 (2.09) and bnlg1272 (9.00) 

with seven alleles each. Only two SSR alleles were found in case of 

bnlg1347 (1.10). Nine SSR loci revealed six alleles each (Table 17). The 

SSR loci analyzed included those with di-repeats (54), tri-repeats (7), tetra­

repeats (6), penta-repeats (2), and cmlex repeats (2). 

Based on SSR allele frequencies, the PIC (polymorphism information 

content) values were estimated for different polymorphic SSR loci analyzed 

(Table 17). The PIC values ranged from 0.42 for phi097 (1.01) to 0.93 for 

bnlg594 (10.06). It is notable that out of the 71 polymorphic SSR loci, 10% 

recorded PIC values more than 0.80, 48% more than 0.70, 83% more than 

0.60 and 93% more than 0.50. Only 7% of the SSR markers analyzed have 

recorded PIC values less than 0.50. The average PIC value across all the 

SSR loci analyzed was 0.68. Nine SSR markers (bnlg1556, bnlg1064, 

dup21, bnlg121, bnlg1520, bnfg11B2, phi080, bnlg1518 and bnlg594) 

showing PIC values equal to or more than 0.80 are particularly worth 

mentioning. Such markers are highly useful for genotype differentiation. 



Table 17. Polymorphism information content (PIC) of SSR loci across the 
12 inbred lines analyzed in this study 

Contd. 



Table 17 (Contd.) 
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SSR profiles for some of the inbred lines displayed clear deviation 

from the expected pattern where inbred lines are assumed to be highly 

homozygous, and thereby should reveal only a single band (allele) per locus 

for a large majority of the loci, if not all. However, double bands could be 

clearly seen at a few of the SSR loci in all the inbred lines (Table 18) (Figure 

7). However, it can be noticed from Table 18 that the frequencies of SSR 

heterozygosity were very low in all the inbred lines, indicating that the genetic 

materials analyzed were reasonably homozygous and 'genetically pure'. 

Among the lines, minimum SSR heterozygosity was observed in Ac7643 with 

a frequency of 0.028 and maximum in case of DTPY65, DTPY116 and 

DTPY194 with relative frequency of 0.10 (Table 18). The frequencies of SSR 

heterozygosity were very low in all the inbred lines indicating high 

homozygosity and genetic purity of all inbred lines in this study. There was 

no correspondence between a particular SSR locus and the heteroygosity, 

as the heteroygotes were found to be spread over various SSR loci 

analyzed. 

Three of the 12 inbred lines DTPW195, DTPY194 and Ac7729 did not 

reveal any 'nulls' (no amplification product for that specific SSR primer pair), 

while the other inbred lines showed 1 or 2 nulls across the 71 polymorphic 

SSR loci. The exception in this case was Ac7643 with five nulls (Table 18). 

The occurrence of the null alleles was verified in each of these cases by 

reamplification using the same primer pair and resolution of amplification 

products to rule out the possibility of non-amplification because of 

experimenta~ error. 

Ninety-six out of 331 polymorphic SSR alleles (across 71 polymorphic 

SSR loci) were found to be 'unique' or 'rare'. In this case, the unique or rare 

allele is one that was found to occur in only one out of the 12 inbred lines. 

DTPW195 showed the maximum number of such rare SSR alleles (13), 

followed by CM139 (11), DTPW183 and DTPY116 (10 each), while 

DTPY194, DTPW105 and CM140 showed 9 rare alleles each. Analysis of the 

distribution of these 96 unique or rare alleles in various SSR loci (Table 18) 

revealed that the highest number was in phi037 and phi015 (4 alleles each) 



M 1-------- ... 12 1 +--- -------. 12 M 
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Figure 7: SSR polymorphism exhibited by the selected maize inbred lines. 
a: bnlg42O; b: bnlg1182; c: phi101; d : bnlg389; e: bnIg1729; f: bn1g2244 
Lane Information: 
1: DTP195W; 2: DTP51W; 3: DTP105W; 4: DTP183W; 5: DTP65W; 
6: DTP116Y; 7: DTP108Y; 8: DTP194Y; 9: CM139; 10: CM14O; 

11: Ac7729; 12: Ac7643. M represents the 100-bp molecular size 
standard. 



Table 18. Frequency of heteroygotes, nulls and rare SSR alleles in the inbreds 
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among the SSR loci analyzed, whereas bnlg147, bnlg 1 064, bnlg1526, 

bnlg420, nc013, phi119 and phi080 showed 3 unique alleles each and 50 

other loci showed 1 or 2 unique alleles each. 

Diversity Analysis using SSR Markers: The SSR dataset was analyzed by 

computing pair-wise genetic similarities (GS) among the various entries using 

Jaccard's genetic similarity coefficient (Table 19). The GS matrix indicates 

the level of genetic divergence among the inbred lines under study. In 

general, the analysis revealed very high genetic divergence as reflected by 

the low GS values. 

The highest GS value was between DTP194Y and DTP195W, 

whereas the lowest GS value was between DTP183W and CM139. On the 

base of average of similarity of inbred lines DTP194Y (0.20) and DTP108Y 

(0.145) showed maximum and minimum genetic similarity among the 12 

inbred lines under study. GS values were very low for majority of the 

genotype pairs, in 98% of genotype pairs it was less than 0.20. Therefore, 

there was high genetic divergence among the genotypes analyzed. 

The GS matrix was further analyzed by UPGMA clustering algorithm 

using NTSYS-pc version 2.11 (Rohlf, 1992). The dendrogram derived from 

this analysis was depicted as Figure 8. The 'cophenetic correlation 

coefficient' obtained using Mantel's test of correspondence between the GS 

matrix and the dendrogram was 0.78, indicating 'good fit' between GS matrix 

and the dendrogram. 

The dendrogram obtained using the SSR data in the present study 

could be possibly 'cut' at different points to derive variable number of 

clusters. However, to arrive at an objective decision to determine the 

. acceptable number of clusters, canonical discriminant analysis was carried 

out using SPSS9.0 statistical software. The analysis clearly revealed that 

there were four major clusters, with two sub-groups each in Group II and 

Group III (Figure 8). The analysis also revealed higher inter-group variance 

than intra-group variance. 



Table 19. Pair-wise genetic similarity values among the selected maize inbred 
lines based on analysis of SSR data using Jaccard's similarity coefficient 





Figure 9: Thre~imen.ional illustration of the genetic relationship. among tile 
inbred line. baMd on Principal Component Analysis of the SSR 
dataset. 
1: OTPl95W; 2: DTP51W; 3: OTP105W; 4: OTP183W; 5: OTP65W; 
6: OTPl16Y; 7: OTP108Y; 8: OTPl94Y; 9: CMl39; 10: CMl40; 
11: Ac7729; 12: Ac7643 
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Group I included OTPW195 and OTPY65. Group II has two sub­

groups: itA including OTPY51 and OTPW183, and liB comprising OTPW105 

and OTPY108. Group III included two sub-groups: IliA including OTPY116 

and OTPY194 and IIIB comprising CM140 and Ac7643. Group IV which 

includes CM139 and Ac7729 was found to be genetically distinct from the 

other three groups. 

Bootstrap analysis was carried out to ascertain the statistical strength 

of each of the nodes identified by cluster analysis. The analysis was carried 

out under high stringency (1000 permutations). Of the six nodes in the 

dendrogram, one was supported by large bootstrap values (more than 50%) 

and the others had moderate support (30-50%) (Figure 8). This clearly 

indicates that the SSR dataset generated in this study was robust and 

reliable enough to decipher the genetic relationships among the inbred lines 

analyzed. 

To complement the cluster analysis in terms of understanding the 

relationships among the entries under study, Principal Component Analysis 

(PCA) was carried out. PCA further aided in depicting the relationships 

among the various entries in a three-dimensional mode (Figure 9). The 

analysis once again highlighted the distinctness of Ac7729 from rest of the 

inbred lines, and the close genetic similarity between the OTPW lines as 

compared to other lines. All the OTPY inbred lines are grouped with drought 

tolerant lines Ac7643 and CM140. Cluster analysis, bootstrap analysis and 

PCA revealed genetic relationships among the drought tolerant and 

susceptible lines. This study would aid in selection of proper parental lines for 

generation of mapping populations and segregating progenies for further 

utilization. 

4. Mapping of QTLs for various traits influencing drought stress 

tolerance of maize in India 

The two maize inbred lines used as parental lines to develop 210 the 

RIL families, Ac7643 (drought tolerant) and Ac7729 (drought susceptible) 

were tropical maize lines derived from La Posta and Tuxpeno Caribb, 
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germplasm, respectively, at CIMMYT, Mexico. The RIL families along with 

the parental lines were genotyped at CIMMYT Applied Biotechnology Center, 

Mexico. A linkage map was constructed using the genotypic dataset based 

on analysis using 129 RFLP markers. The linkage map in this case spans a 

total length of 2250cM at an average molecular marker interval size of 17 cM. 

The 210 RIL families, along with the parental lines, were evaluated 

first at the ANGRAU Research Station at Karimnagar, during winter/dry 

season 2002-03. The trial was conducted under two different water regimes 

(control/well-watered and drought stress) in an alpha lattice design with two 

replications per genotype under each treatment/water regime. The responses 

of entries were recorded for several characters influencing the performance 

of the genotypes under drought stress conditions. The same set of RIL 

families, along with the parental lines, was phenotyped at DMR Winter 

Nursery, Amberpet Farm, Hyderabad during winter/dry season 2003-04. The 

procedures followed for undertaking the trials were similar at Karimnagar and 

Hyderabad, except that the Hyderabad trial was undertaken only under 

drought stress conditions and not simultaneously under control/well-watered 

conditions due to paucity of the seed material. 

Analysis of the RIL Dataset from Karimnagar (2002-03): The Karimnagar 

location, where the experiment was undertaken during 2002-03, was 

con~istently dry during the entire winter season (November 2002 to May 

2003), thus allowing control of stress severity by irrigation. In the stress 

block, irrigation was withdrawn three weeks before flowering. After the 

severe stress during flowering, irrigation was resumed at the end of the 

flowering stage, until harvest to allow grain filling of the pollinated embryos. 

ANOVA revealed significant differences among the genotypes for all 

the characters analyzed under both control/well-watered and drought stress 

conditions (Table 20). 

Correlations among various characters: Pearson correlation coefficients 

were computed between different plant and ear characters recorded in the 



Table 20. ANOVA for various characters in the RILs evaluated at 
Karimnagar (2002-03) and Hyderabad (2003-04) under drought stress 
conditions 

*Significantat P = 0.05; ""Significant at P = 0.01. 
Note: 1. The variation due to replications was not significant for any character analyzed at 
locations. 2. Root capacitance of the genotypes was not analyzed at Karimnagar. 



A 

B 
~ 10: Responses of Recombinant Inbred Unes (RILs) to drought stress at 

flo_ring stage (Karimnagar 2002-03) 
A. RIl68 under controllwell-watentd and drought stress conditions; 
B. RlL 105 under controllwell-watered and drought stress conditions 
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RIL mapping population at Karimnagar; the analysis was done separately for 

the datasets from the control/well-watered (WW) and stress blocks (Table 

21). MFLW and FFLW were found to be highly correlated under WW as well 

as drought stress conditions (r = 0.77 and 0.61, respectively). Correlation 

between ASI and MFLW was non-significant under stress and also under the 

WW condition. On the other hand, the correlations between ASI and FFLW in 

both the water regimes were positive and significant (r = 0.33 and r = 0.34, 

respectively). 

A comparison of the average ASI value in stress condition (1.08 days) 

versus the same under WW condition (3.4 days) indicates the effect of 

drought stress on ASI. The average MFLW values in the WW and stress 

blocks across the RIL families were comparable (68 and 67 days, 

respectively). However, drought stress led to a distinct delay in silk 

emergence as revealed by the mean FFLW values under WW and stress 

conditions (69 and 71 days, respectively). Therefore, it was the delay in 

FFLW that led to a higher mean ASI value in the stress block as compared to 

the ASI value in the control. 

Grain yield is the ultimate criterion to judge the per se performance of 

a genotype under drought stress conditions. Under the WW conditions, grain 

yield recorded significant correlations with all characters, except leaf rolling. 

With MFLW, FFLW, ASI and leaf senescence, the correlations of grain yield 

were found to be negative and significant. In contrast, grain yield recorded 

significant correlations with all characters, except ear height under drought 

stress condition. The correlations were negative and significant with MFLW, 

FFLW, ASI, leaf rolling and leaf senescence. The most important characters 

showing strong correlation with grain yield under drought stress conditions 

were ear number per plant, kernel number per ear and ear diameter. 

Ear number per plant, which indicates the productivity of the genotype, 

recorded highly significant and positive correlation with grain yield under both 

normal and stress conditions. The correlation of ear number per plant with all 

other characters, except leaf rolling, was found to be significant under VVW 

conditions. Under the drought stress conditions, the same character 
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displayed significant and negative correlations with FFLW, ASI, leaf rolling 

and leaf senescence, and positive and significant correlations with kernel 

number per ear, 100-kernel weight and grain yield. 

QTL Analyses: QTL mapping was performed using adjusted means of the 

RIL dataset for various characters. The localization of QTLs for each trait is 

primarily based on linkage disequilibrium between the markers and a 

chromosomal region (QTL) contributing to the target trait of interest. The map 

distances in the linkage map developed by analysis of genotypic dataset of 

the 210 RIL families along with phenotypic trait means and molecular marker 

data for each individual in the mapping population, was utilized for QTL 

analysis by a QTL mapping software developed by Zeng (1994). This 

powerful statistical package utilizes a 'family' of four interval mapping models: 

Model 1 uses a Simple interval mapping (SIM) approach that does not 

include any marker as cofactor. The next three models are based on 

Composite Interval Mapping (CIM), which uses a mixed model and likelihood 

methods. In Model 2, pre-selected unlinked markers, closely linked to 

significant QTL peaks identified through SIM (Model I), are used as cofactors 

to reduce the residual variation throughout the genome. In Models 3 and 4, 

markers flanking the tested interval are used as cofactors to block the effects 

of possible QTL that are close to the interval of interest. These two models 
, 

. tests two different "window" sizes: 30cM and 20cM, respectively. 

QTL d~tection was inferred on the basis of likelihood ratio (LR) peaks. 

In the context of interval mapping, the log likelihood ratio is called the LOD 

score (Lander and Botstein, 1989).The general relationship between LOD 

(log10 of the odds) and the LR is as follows: LOD=0.217 LR. For a single trait 

analysis using a RIL mapping population, and for the LOD scores of 2.0, 2.5 

and 3.0, the corresponding critical LR values are 9.21, 11.51 and 13.82, 

respectively. This is applicable for the Type I error rates (0 level) of 0.01, 

0.003 and 0.001 for LOD=2.0, LOD=2.5 and LOD=3.0, respectively. At each 

.significant QTL, allelic effects and additivity (applicable to RILs) were 

obtained directly from the output of the software. QTL identification was thus 
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achieved by successively running the four models and comparing the 

different outputs. 

A total of 52 QTLs, including 22 QTLs under the control/well-watered 

condition and 30 QTLs under drought stress conditions (as listed in Table 

22), were detected through the above-mentioned analysis of the RIL dataset 

from Karimnagar. These QTLs were distributed on almost all chromosomes, 

except chr. 7 (Table 22) (Figure 11). No significant QTLs at LOO>2.0 could 

be identified for leaf rolling, leaf senescence, tassel size, root capacitance 

and 1 DO-kernel weight. 

Plant Characters: Five QTLs were detected for plant height, with one on 

chr. 1 (188 cM), three on chr. 3 (three OTLs on 29 cM, 104 cM and 197cM) 

and one on chr. 8 (88 cM), together explaining 25 per cent of total phenotypic 

variance for this trait under drought stress conditions. In contrast, only one 

QTL could be detected under the WW regime, located on chr. 9 (81 cM). 

Nevertheless, this OTL accounted for about 11 % of the phenotypic variance. 

The QTLs that contributed to an increased plant height in the RIL mapping 

population under WW and stress conditions were from the drought­

susceptible parent (Ac7729), as demonstrated by the negative value of the 

mean additivity of those QTLs. In contrast, one OTL on chr. 3 (197 cM) that 

led to an increase in plant height was from the drought-tolerant parent 

(Ac7643), indicated by the positive value. 

Several QTLs could be identified for ear height both under Wand 

drought stress conditions. Of the 4 OTLs detected for ear height under WW 

conditions, three were located on chr. 4, of which the one at 15 cM was at 

repulsion phase with the rest. Under the drought stress conditions. six QTLs 

could be detected of which three were on chr. 3 (two in repulsion phase). 

Significantly, one of the OTLs in chr. 4 (167 cM) was exactly the same as 

that in the WW conditions. Also. the six QTLs identified in the stress data 

accounted for nearly 31 % of the phenotypic variance. 

Three OTLs were detected for MFLW, one each on chr. 4 (142 cM). 6 

(110 cM) and 9 (132 cM) under WW conditions, whereas under drought 



Table 22. QTLs detected for salient yield components under controllwell­
watered and drought stress conditions at Karimnagar (2002-03; RIL dataset) 



Table 22 (Contd.) 
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Anthesis-silking interval - Stress 

10 68 9.34 umc354-umc182 3.89 -0.23 
Total RZ 3.89 

Grain yield - Control 
1 153 9.42 umc119-umc33 4.00 16.48 
4 146 9.88 umc156-umc318 3.51 -16.44 

Total R2 6.99 
Grain yield - Stress 

2 169 11.54 bnI6.29-umc137 3.11 5.44 
192 11.97 umc150-umc344 4.73 5.18 

3 220 13.17 umc17-umc96 5.66 5.76 
5 103 14.76 bnI6.22-bnI5.71 6.06 -5.68 

Total R2 18.90 
Ear number per plant - Control 

1 160 6.75 umc119-umc33 2.50 0.15 
2 89 6.51 umc34-umc371 2.37 0.17 

Total R2 4.76 
Ear number per plant - Stress 

3 236 13.13 umc17-umc96 4.92 0.17 
5 103 25.03 bnI6.22-bnI5.71 11.33 -0.20 
10 - 68 9.54 bnf7.49-umc354 3.69 0.12 

Total R2 18.13 
100-kernel weight - Control 

4 101 18.08 bnI5.46-bnI5.71 8.04 -0.38 
8.04 

100-kernel weight - Stress 
2 166 9.23 bn/6.29-umc137 3.17 0.40 

Total RZ 9.59 
Kernel number per ear - Control 

1 135 9.89 umc167-bnI5.59 5.40 9.49 
2 75 9.47 ume34-ume371 0.94 8.17 
3 192 11.77 ume39-umc17 3.87 8.80 
4 149 9.66 umc318-ume66 4.27 -7.14 
10 96 13.05 ume354-ume182 5.50 9.40 

167 12.57 ume334 4.85 -7.82 
Total R2 24.62 

Kernel number per ear - Stress 
2 122 13.50 ume8-ume55 2.52 -7.72 

170 9.42 bnI6.29-ume137 2.96 6.15 
205 10.51 ume150-ume344 4.81 6.10 

10 56 13.29 bnI7.49-ume354 6.83 8.15 
78 9.47 ume354-umc 182 4.90 7.12 

Total R2 19.21 
*LR: Likelihood ratio 
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stress, four OTls were identified, with one each on chr. 1 (259 cM), 2 (108 

cM), 4 (153 cM) and 9 (113cM). These OTls collectively accounted for 

14.01 % and 17.93% of phenotypic variance (R2
), respectively, under VVW 

and stress regimes. Except for the OTls detected on chr.9 that were 

contributed by the drought susceptible parent (Ac7729), the rest were from 

the drought tolerant parent, Ac7643, as can be inferred from the + and -

signs of additive variances (Table 22). 

In contrast to MFlW, only one OTl each were detected for FFlW 

under WW and stress conditions. These were located on chr. 4 (141 cM) in 

VVW dataset and chr. 8 (138 cM) in the stress dataset, with very low R2 

values. However, the OTl on chr. 4 in this case corresponded exactly with 

that detected for MFlW. 

In case of ASI, two OTls were identified, one each on chr. 2 (84 cM) 

and chr. 10 (56 cM), for the VVW data, and one on chr. 10 (68 cM) for the 

stress data. While the two OTls detected for VVW data explained 13% of the 

phenotypic variance, the one on chr. 10 in the stress dataset accounted for 

only about 4% of the phenotypic variance. The OTls that contributed to an 

increase in the ASI were all from Ac7729. 

Ear Characters: The OTls identified for grain yield under WW and stress 

conditions were different. In the VVW conditions, two OTls were identified 

one each on chr. 1 and 4. In contrast, four QTls were detected for the same 

trait under drought stress conditions, with two on chr. 2, one on chr. 3 and 

one on chr. 5. The four QTls under drought stress conditions explained 

nearly 19% of the phenotypic variance. Except for one QTl on chr. 5, rest of 

the four were from the drought-tolerant parent, Ac7643. 

For ear number per plant, three QTls were identified, one each on 

chr. 3 (236 cM), 5 (103 cM) and 10 (68 cM). These QTls collectively 

accounted for 18.13% of phenotypic variance. Only two QTls (one each on 

chr. 1 and 2) were detected for the same trait under VVW conditions, together 

explaining only about 5% of the phenotypic variance. All the OTls influencing 

ear number per plant under VVW and drought stress conditions were from 
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Ac7643, except for one OTl on chr. 5 contributed by Ac7729. 

In case of 100-kernel weight, the analysis revealed one OTl on chr. 4 

(101 cM) from Ac7729 under WW conditions, and one OTl from Ac7643 on 

chr. 2 (166 cM) under drought stress conditions. These two OTls accounted 

for about 8% and 9% of the phenotypic variance, respectively, in the two 

irrigation regimes. 

Several OTLs were identified both under WW and stress regimes in 

case of kernel number per ear. The six OTLs (four from Ac7643 and two from 

Ac7729) identified on various chromosomes in the WW regime together 

accounted for nearly 25% of the phenotypic variance, while the five OTls (a" 

except one contributed by Ac7643) in case of stress dataset explained nearly 

20% of the phenotypic variance. In the latter, three of the five OTls were 

identified on chr. 2, of which two (at 170 cM and 205 cM) were in repulsion 

phase with one at 122 cM (Table 22). The two OTLs on chr. 10 for the same 

trait were in coupling phase with each other. 

Further analysis of the results presented in Table 22 and Figure 11 

clearly revealed that as many as 7 out of the 24 OTls influencing the 

performance of the RILs under drought stress conditions were located on 

chr. 2, followed by 5 OTLs on chr. 3, and 4 OTLs on chr. 10. In contrast, 

analysis of the results from the WW conditions revealed 5 OTLs on chr. 4, 

followed by 3 OTLs on chr. 2. 

When the OTL locations were compared across different traits, certain 

interesting findings emerged. For instance, a OTL ,located on chr. 3 (29-30 

cM) flanked by the markers umc313 and umc50 showed significant effects on 

both plant height and ear height; another OTL on chr. 3, with umc17 and 

umc96 as flanking markers, influenced both grain yield and ear number per 

plant in the stress block. One OTl on chr. 5 (103 cM), contributed by 

Ac7729, showed its effect both on grain yield and ear number per plant under 

drought stress conditions. Similarly, another OTl on chr. 2 (166-169 cM) 

flanked by markers bn16.29 and umc137 influencing grain yield, 100-kernel 

wight and kernel number per ear under drought stress conditions. 
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The range of R2 values of the QTLs identified in this study was 0.94-

11.33%, while the range of total phenotypic variance accounted by 

combining all the significant QTLs ranged from 4.53-24.62% in case of \fV\N 

conditions, and 3.89-31.33% under stress conditions. The study was 

successful in identifying QTLs that could account for significant proportion of 

phenotypic variance for some characters like plant height (stress), ear height 

(control and stress), male flowering (control and stress), ASI (control), grain 

yield (stress), ear number per plant (stress) and kernel number per ear 

(control and stress). 

Analysis of the RIL Dataset from Hyderabad (2003-04): ANOVA revealed 

significant differences among the genotypes for different characters analyzed 

under drought stress conditions (Table 20). 

Correlations among various characters: Pearson correlation coefficients 

were computed between different plant and ear characters recorded in the 

RIL mapping population under drought stress conditions at Hyderabad 

(2003-04) (Table 23). MFLW and FFLW were found to be highly correlated, 

while plant height and ear height did not show significant correlation with 

MFLW. However, the correlation between FFLW with plant height was found 

to be negative and significant. Correlations of ASI with MFLW and MFLW 

were negative and non-significant. 

ASI recorded negative and significant correlations with almost all 

characters under study, except ear height, leaf rolling and root capacitance. 

Similarly, grain yield showed significant correlations with all characters, 

except root capacitance and leaf rolling. Similarly, 100-kernel weight showed 

significant correlations with all characters, except root capacitance. The 

correlations of grain yield with MFLW, FFLW, ASI, leaf rolling and leaf 

senescence were negative and significant. Ear number per plant recorded 

highly significant and positive correlation with grain yield, and significant 

correlations with many other characters, except MFLW and root capacitance. 
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QTL Mapping: OTL mapping was performed using adjusted means of the 

RIL dataset for various characters. The localization of OTLs for each trait 

was based on the procedures described earlier for the Karimnagar 

experiment. A total of 14 OTLs (as listed in Table 24) were detected in the 

RILs under drought stress conditions for six most important traits that 

determine the per se performance of a maize line under drought stress 

conditions; these were plant height, ear height, anthesis-silking interval (AS I), 

grain yield, ear number per plant and kernel number per ear (Figure 12). The 

OTLs identified for male flowering, female flowering, leaf rolling, leaf 

senescence, tassel size, root capacitance and 1 DO-kernel weight were not 

reported due to their low level of significance (LOO<2.0). 

Plant Characters: Three OTls were detected for plant height, with one each 

on chr. 1(183 cM), chr. 3 (230 cM) and chr. 8 (87 cM), together explaining 

14.53% of total phenotypic variance for this trait under drought stress 

conditions. Interestingly, OTLs for ear height were identified on the same 

chromosomes, namely 1, 3 and 8. Except for chr. 3, the other two OTls were 

flanked by t~e same markers (Table 24). The data indicated that all the OTls 

contributing to an increase in plant height and ear height in the Ril mapping 

population at Hyderabad were from Ac7729. It is also important to note that 

the three OTLs in case of plant height accounted collectively 14.53% of 

phenotypic variance, while those detected for ear height had a R2 value of 

20.58%. 

In case of ASI, only one OTls could be identified on chr. 1 (238 cM) 

under drought stress conditions, explaining nearly 5% of the phenotypic 

variance. This specific OTl was contributed by Ac7643. 

Ear Characters: The OTLs identified for grain yield under WW and stress 

conditions were different. In the WW conditions, two OTls were identified 

one each on chr. 1 and 4. In constrast, four OTLs were detected for the same 

trait under drought stress conditions, with two on chr. 2, one on chr. 3 and 



Table 24. QTLs detected for salient yield components under drought 
stress conditions at Hyderabad (2003-04; RIL dataset) 

J~~~:.,~ ... ~~ .. W~)lCR~{!k2l: ~. 'F, ' /;: ;;;Marl(~r~'> ,:J;,$~J;'W~' '~~~;{~J)'Y W; Ad(nti~itY'; ,.' :; 
Plant height 

1 183 11.20 umc33-umc83 4.32 -4.26 
3 230 10.03 umc96-umc174 5.24 -4.26 
8 87 11.97 umc120-umc346 4.33 -4.66 

Total R7 14.53 
Ear height 

1 174 25.60 umc33-umc83 9.56 -4.31 
3 29 18.05 umc313-umc50 6.71 -3.25 
8 94 9.86 umc 120-umc346 5.16 -2.69 

Total R7 20.58 
Anthesis-Silking Interval 

1 238 10.53 umc316-umc107 4.98 0.63 
Total R2 4.98 

Grain yield 
2 166 11.20 bnI6.29-umc137 5.82 13.20 
10 84 12.53 umc354-umc182 3.84 15.32 

9.44 
Ear number per plant 

2 166 16.07 bnI6.29-umc137 7.34 0.47 
3 170 11.98 bnI15.20-umc3 4.41 0.42 
10 91 17.22 umc354-umc182 7.04 0.51 

Total R7 19.28 
Kernel number per ear 

2 166 11.30 umc83-umc316 5.76 -7.81 
7 120 10.71 umc80-umc91 5.24 8.30 

Total R""Z 9.77 
*LR: likelihood ratio 
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one on chr. 5. The four OTls under drought stress conditions explained 

nearly 19% of the phenotypic variance. 

Two OTls, one each on chr. 2 and 10, were detected for grain yield. 

These two OTls, contributed by Ac7643, showed high additivity, but 

accounted for only a small proportion of the phenotypic variance (9.44%). 

Interestingly. however, the same OTls were also found to influence the 

expression of ear number per plant. In addition, ear number per plant was 

also affected by another OTl on chr. 3. The three OTls for ear number per 

plant collectively accounted for 19.28% of the phenotypic variance. 

The study also resulted in identification of two OTls, one each on chr. 

2 (166 cM) and 7 (120 cM) influencing kernel number per ear under drought 

stress conditions. Of these, the OTl on chr. 2 was from Ac7729, while the 

one on chr. 7 was from Ac7643; both these OTls accounted for about 10% 

of the phenotypic variance. 

Further analysis of the results presented in Table 24 and Figure 12 

clearly revealed that except for one aTl on chr. 7, all the others were 

localized on chromosomes 1, 2, 3, 8 and 10. There was an excellent 

correspondence of OTl locations between different characters analyzed as 

explained above. The study was also successful in identifying OTls that 

could account for significant proportion of phenotypic variance for plant 

height, ear height and ear number per plant. Of particular importance are the 

following OTls: (i) chr. 1 in the marker interval of umc33 and umc83; (ii) chr. 

2 (166 cM) flanked by the markers bnl6,29 and umc137; (iii) chr. 8, flanked 

by markers umc120 and umc346; and (iv) chr. 10, flanked by umc354 and 

umc182. These OTls showed effects on diverse characters under drought 

stress conditions, thus highlighting their potential utility in molecular marker­

assisted breeding for drought tolerance in maize. 

Identification of 'consensus QTls': A comparison of the OTl information 

obtained based on analyses of the Karimnagar and Hyderabad datasets 

(Tables 22 and 24, respectively) revealed the correspondence of OTls in the 

Rils influencing specific characters under drought stress conditions in both 
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locations. These were: (i) for plant height, chr. 1 QTL (183-188 cM) and chr. 

8 QTL (87-88 cM); (ii) for ear height, chr. 3 (29-30 cM) and chr. 8 (94-96 cM); 

(iii) for grain yield, chr. 2 (166-169 cM). 

Significant is the fact that the same QTLs were found to be important 

in drought mapping experiments undertaken by CIMMYT (Ribaut et al., 2002, 

2003; Prasanna and Riballt, 2004) using the same set of RILs at Mexico, 

Kenya and Zimbabwe. Such 'universal drought QTLs' could be of great value 

in molecular marker-assisted breeding for drought tolerance in maize, 

besides genomics. 



Discussion 

Food production in the tropics is influenced by two major forces 

affecting supply and demand: (i) declining availability of good quality 

agricultural land and water; and (ii) an annual population increase of around 

80 million people. Water deficit is now recognized as a major threat to food 

security, sustainability of production systems, and the well being of people 

living in drought-prone areas. It adversely affects the lives of 2.6 billion 

people (43% of the world population) that are engaged in agriculture 

(Edmeades et al., 2000). 

Drought is not uncommon in developing countries and represents, 

after low soil fertility, the second most important cause of yield loss for maize 

(around 17% annually) [Edmeades et a/. , 1992]. In India, development of 

drought tolerance in crop plants like maize assumes particular significance 

considering the fact that nearly 75 per cent of the maize acreage is under 

rainfed conditions (Singh et al., 2004). Maize is thought to be more 

susceptible than other rainfed crops because of its near-synchronous 

development of florets which are usually borne on a single ear and single 

stem, and its physical separation of male and female flowers. 

Genetic improvement for tolerance to drought stress is an important 

component in stabilizing food crop production in the tropics. Breeders, 

agronomists, physiologists, molders, and molecular geneticists must forge 

new alliances to accelerate the search for unique drought adaptive 

mechanisms using full range of genetic diversity available. This will require 

development of efficient screening techniques which expose genetic 

variability for such traits, critical field evaluations to determine their true worth 

(Boyer, 1996), identification of promising genotypes, and rapid transfer of 

drought tolerance into elite germ plasm. 

The present investigation was, therefore, aimed at (i) analyzing the 

genetic variability in the maize germ plasm for drought stress tolerance and 

identifying promising maize inbred lines and experimental hybrids with 
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desirable agronomic performance; (ii) analyzing the molecular 

polymorphisms in a selected set of drought tolerant and susceptible maize 

inbred lines, and (iii) mapping of QTls for various characters influencing the 

performance of maize genotypes under drought stress conditions. 

Analysis of Genetic Variability in the Maize Inbred Lines for Drought 

Tolerance 

To evaluate the genetic variability in maize germplasm for tolerance to 

drought stress at the flowering stage, two experiments were undertaken in 

the present study at Maize Winter Nursery, Hyderabad during 2001-02 and 

2003-04. Experiment I comprised 18 inbred lines, including 9 lines developed 

by the maize research centers in India, and 4 lines derived from the CIMMYT 

maize populations, and 5 lines from CIMMYT, Mexico. In Experiment II, a 

selected set of lines developed by the CIMMYT Maize Programme, 

specifically for drought stress tolerance, were evaluated. These included 39 

DTPY lines (yellow kernel type) and 19 DTPW lines (white kernel type). 

For most plant breeders, drought tolerance has a meaning only if it 

confers greater yield or stability under stress. Grain yield itself has limitations 

as an index for stress tolerance, as grain yield in a particular drought 

environment is influenced not only by genetic differences in drought 

tolerance, but also by differences in time to flowering (drought escape) and 

differences in yield potential. Selection for grain yield under drought has also 

often been considered inefficient because of the increase in environmental 

variance relative to genetic variance, which decreases yield heritability as 

yield decreases. 

Under these conditions, selection for secondary traits which are 

correlated to grain yield and have relatively high heritability may increase 

selection efficiency (Bolanos et al., 1993). CIMMYT physiologists have 

evaluated many secondary traits for their value in a drought breeding 

programme. Grain yield, ears per plant, ASI, leaf senescence, tassel size 

and leaf rolling were recommended for use in estimating drought tolerance 

index of the genotypes (Edmeades et al., 2000; Banziger et. aI., 2000). 
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Putative drought tolerance traits have been reviewed extensively (Blum, 

1988; Ludlow and Muchow, 1990; Fukai and Cooper, 1995; Subbarao et al., 

19996), although very few have proven useful in drought breeding 

programmes. Ideally, a secondary trait should be: (i) genetically associated 

with grain yield under drought; (ii) highly heritable; (iii) genetically variable; 

(iv) cheap and fast to measure; (v) stable over the measurement period; (vi) 

observed at or before flowering, so that undesirable parents are not crossed; 

(vii) an estimator of yield potential before final harvest; and (viii) not 

associated with yield loss under unstressed conditions (Edmeades et aI., 

2000). 

When drought stress occurs just before and during the flowering 

period, a delay in silking is observed resulting in an increase in the length of 

the anthesis-silking interval (ASI) (Hall et al., 1982; Westgate and Bassetti, 

1990; Bolanos and Edmeades, 1993) This asynchrony between male and 

female flowering was found to be strongly associated with grain yield 

decrease under drought (Du Plessis and Dijkhuis, 1967; Hall et al., 1981; 

Westgate and Boyer, 1986; Bolanos and Edmeades, 1993). 

ASI meets most of the requirements of a useful secondary trait for 

selection purposes, and has found a leading place among the plethora of 

traits that are putatively linked to stress tolerance and reproductive fitness in 

maize (Edmeades et al., 2000). The benefits of selection for reduced ASI 

under drought spill over as tolerance to several other stresses that exert their 

influence during the flowering period (Banziger et al., 2000). 

In the present study, ASI was found to vary from 0.0 to 12 days in 

Experiment I and from -0.5 to 5.1 days in the DTPY lines and from -0.1 to 6.5 

days in the DTPW lines. It should be mentioned that the range of ASI values 

in Experiment II were relatively lesser than those recorded in Experiment I. 

This could be because in Experiment II, all the 39 DTPY and 19 DTPW lines 

were selected from populations specifically developed for drought tolerance 

in a breeding programme undertaken at CIMMYT. Some of the DTP lines 

showed low ASI values, and in some cases negative ASI; for example, 

DTPY199 among DTPY lines and DTPW208 among DTPW lines with -0.5 
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days and -0.1 days. In contrast, CIM500, IPA34, CML247 and Ac7729 

recorded larger ASI in drought stress conditions; these lines were also 

drought susceptible. Ac7729 is one of the parental lines of the RIL mapping 

population utilized in the present study, and showed an ASI value of 8.6 days 

in Experiment I. In contrast, the drought tolerant parent, Ac7643 showed 

lower ASI in this experiment. Though in majority of the cases, larger ASI 

resulted in lesser grain yield and huge yield penalty (in comparison to the 

control/unstressed condition), some lines with low ASI values were also 

drought susceptible. This indicates that there are several other factors, apart 

from ASI, that determine the response of a maize genotype to drought stress 

at the flowering stage. 

Ear number per plant plays an important role in determining the yield 

under drought stress conditions. In the present study, this particular trait was 

considered as an indicator of barrenness rather than prolificacy. In 

Experiment I, greater number of ears per plant was recorded in some highly 

promising inbred lines, namely FSA 17, IPA29B and CM140. These lines 

were also promising on the basis of grain yield in both unstressed and stress 

conditions. The number of ears per plant is generally determined by the 

supply of C and N near flowering. Determination of the number of kernels per 

ear occurs during the lag phase between pollination and the onset of the liner 

phase of grain biomass is constant with time (Tollenaar, 1977). Maize is 

characterized by a greater number of potential ears per plant and kernels per 

ear than are observed at maturity (Fischer and Palmer, 1983) and both of 

these yield components are particularly sensitive to environmental stresses. 

Leaf rolling ratings have been used to visually assess W because leaf 

rolling reduces radiation interception, most breeders consider it deleterious 

for production. Genotypic differences have been reported in several species 

(e.g., Turner et al., 1986) and trait is highly heritable (Biolanos and 

Edmeades. 1996) leaf rolling may, however, also indicate structural 

characteristics of leaves that have no obvious relationship to W. 

Delayed leaf senescence may indicate access to a larger W staygreen 

in sorghum is probably controlled by a single major gene (Walulu et al., 
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1994) and is therefore easily modified. Heterosis also appears to delay leaf 

death under drought (Wan Oosterom et al., 1996). Since N cannot be taken 

up readily from a dry soil a small sink may also be the cause of apparent 

staygreen. We estimate that an increase in grain yield under drought from 

2.0 to 2.8 that will increase N demand by developing kernels by an amount 

equal N contained in 30% of the leaf biomass. There is also evidence that 

leaves in maize exhibiting staygreen may not always be metabolically active 

(Smart et al., 1995). 

Reduction in tassel size could lead to increased ear growth and 

improved ear fertility under stress. Lack of major changes in leaf rolling, 

tassel size and leaf senescence in the control/unstressed vs. stressed 

conditions in the present study reflects their lack of adaptive value under 

drought and consequently, the small weighting they received for formulating 

the DTI values of the genotypes under study. Similar observations were 

made by Bolanos and Edmeades (1996). 

Genetic variation in ear growth characteristics appears to be important 

in stress environments. Drought tolerance in advanced selection cycles of 

the tropical maize population 'Tuxpeno sequia was associated with increased 

ear biomass at anthesis, reduced number of. florets per ear, and reduced silk 

delay and reduced barrenness under drought stress (Edmeades et al., 1993). 

Drought tolerant selections also developed a greater number of kernels per 

ear under stressed and unstressed conditions, though prolificacy under well­

watered conditions remained unchanged (Bolanos and Edmeades, 1993a). 

An analysis of the per se performance of the genotypes under both 

control and stress conditions, in conjunction with % yield penalty over control 

(Table 7) in Experiment I, revealed that most of the genotypes were severely 

affected by drought stress at flowering stage. It is important to note that elite 

maize lines such as CM139, CM207 and Bio-5 (derivative of LM5) from the 

Indian maize breeding programme, as well as several inbred lines from 

CIMMYT maize populations developed for unstressed conditions (CML247, 

Ac7729, K64R, CML444, CIM493, CIM495, CIM500 and CIM506) were 

found to be highly vulnerable to drought stress at the flowering stage. 



71 

Taking into account both drought tolerance index (OTI), which is 

based on several important secondary traits besides yield, and % yield 

penalty over control, the present study revealed the potential of IPA29B, 

FSA17, Ac7643 and CM140. FSA17 and IPA29B were developed by the 

Maize Breeding Unit, Division of Genetics, IARI, under the rainfed maize 

research programme, while Ac7643 is a drought tolerant line developed from 

Population 43 (La Posta Sequia) at CIMMYT, Mexico. CM140, not developed 

purposely for drought tolerance, incidentally has favourable genes conferring 

moderate drought tolerance under Indian conditions. CM140 is the male 

parent of a popular single cross hybrid, Parkash, developed at Punjab 

Agricultural University, Ludhiana (Dhillon and Prasanna, 2001). Parkash was 

also reported to exhibit moderate drought tolerance (N.S. Malhi, personal 

communication). Since the female parent of Parkash, CM139 is drought 

susceptible, it appears that the moderate drought tolerance of Parkash is due 

to CM140. 

A set of OTPY and OTPW lines from CIMMYT were analyzed for their 

drought stress tolerance through Experiment II. The drought tolerant source . 
germplasm from which these OTPY and OTPW lines were derived, were 

developed by combining drought tolerant sources from Mexico, USA, Africa, 

and Thailand. Changes in biomass, GY, and harvest index 'i"ith selection in 

these populations have been reported (Edmeades et al., 1999). Although 

these lines were ranked highly in experiments carried out at CIMMYT, many 

of the lines did not respond favourably under drought stress conditions at 

Hyderabad. 

A comparison of OTI values for the OTPY lines (Table 9) indicated that 

most of the genotypes (23 out of 39 OTPY lines) were severely affected by 

drought stress at the flowering stage, thereby recording negative OTt values; 

the check (CM140) recorded a OTI value of 10.00. In this experiment,· 

OTPY199 (19.2), OTPY100 (18.9), OTPY165 (18.0), OTPY116 (15.9), 

DTPY149 (13.7), OTPY5 (13.1) and DTPY138 (11.3) with high OTI values 

(indicated in parentheses) were found to be highly promising among the 

inbred lines evaluated. The trend was similar in the OTPW lines, where 11 



72 

out of the 19 DTPW lines recorded negative DTI values, indicating their 

susceptibility to drought stress at the flowering stage, whereas the check, 

(CM140) recorded a DTI value of 9.05. Nevertheless, the study resulted in 

identification of three highly promising lines, DTPW51 (17.65), DTPW195 

(15.34), DTPW1 (11.90), which recorded very high DTI values and were 

significantly superior to the CM140 (check). 

Evaluation of Experimental Hybrids for Drought Stress Tolerance 

Hybrid maize technology led to significant increases in production and 

productivity of maize in both the developed and developing countries. 

Commercial cultivation of single-cross hybrids in particular has revolutionized 

maize cultivation by breaking the yield barriers. In India, research and 

development on single-cross maize hybrids has gained momentum in the last 

10 years, although a number of double-cross and three-way cross hybrids 
~ 

have been developed and released by several public sector institutions 

(Dhillon and Prasanna, 2001), under the All-India Coordinated Maize 

Improvement Project (AICMIP). However, most of the hybrids being 

developed under AICMIP are targeted for favourable conditions, and not 

specifically under drought stress. Therefore, there is a distinct need to utilize 

proven sources of drought tolerance in developing hybrids that can perform 

reasonably well under both normal and drought stress conditions. 

In this experiment, drought stress responses of 17 experimental 

hybrids were evaluated under two different regimes: well-watered (control) 

and severe water stress condition at the flowering stage during winter/dry 

season at Hyderabad in 2002-03. ASI was found to vary from 2.7 days 

(CM140 x CM123-4) to 8.5 days (K64R x Bio-5) under stress condition, 

whereas under unstressed/well-watered conditions, ASI ranged from 1.35 

(Ac7729 x CML247) to 3.45 (CM207 x IPA21A). 

Taking into account both the DTI and the % yield penalty over control, 

the present study led to the identification of three most promising 

experimental hybrids, namely CM140 x CM123, FSA17 x IPA34 and CM140 

x CM207.Among the crosses, CM140 x CM123 was found to be most 
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promising with high DTI value, maximum grain yield under drought stress, 

lower % yield penalty, maximum number of ears per plant, less leaf rolling, 

moderate leaf senescence and tassel size. FSA 17 was drought tolerant, 

CM140 was moderately tolerant, and CM123, CM207 and IPA34 were highly 

susceptible to drought stress at flowering stage. 

Molecular Characterization and Genetic Diversity Analysis of Selected 

Maize Lines 

Molecular markers have been utilized for a variety of purposes 

including DNA fingerprinting of genetic resources, examining genetic 

relationships between individuals, construction of linkage maps, mapping 

genes/QTLs and marker-assisted selection. DNA-based markers are 

considered not only as valuable tools for plant breeding programmes but also 

for studies related to phylogenetics, evolution and biodiversity conservation. 

Among the various DNA-based markers, the microsatellite or simple 

sequence repeat (SSRs) markers, have become highly popular and 'the 

marker system of choice' in diverse crop plants, including maize, owing to 

their abundance in the genome, robustness, reproducibility, hypervariability 

and codominance (Powell et al., 1996; Prasanna and HOisington, 2003). 

Application of SSR markers to genetic analysis in maize began with 

an initial study by Senior and Heun (1993). Since then, the power and 

potential of SSR markers for a wide range of applications in genetics and 

breeding of maize has been well-demonstrated by several researchers (e.g., 

Taramino and Tingey, 1996; Smith et al., 1997; Pushpavalli et aI., 2001, 

2002; Kassahun and Prasanna, 2003; Prasanna and Hoisington, 2003), as 

substantial numbers of maize microsatellites are available in the public 

databases. Microsatellite genotypic data from a number of loci have the 

potential to provide unique allelic profiles or DNA fingerprints for establishing 

genotype identity. 

The present study identified some drought tolerant DTPY and DTPW 

lines, besides CM140, an Indian maize inbred line. These selected inbred 

lines, along with a few elite but drought susceptible lines such as CM139 and 
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Ac7729 have been further analyzed for microsatellite polymorph isms and to 

ascertain the genetic relationships among these lines. The study included 12 

genotypes, namely DTPW195, DTPW51, DTPW105, DTPW183, DTPY65, 

DTPY116, DTPY108, DTPY194, CM139, CM140, Ac7729 and Ac7643. 

Among these, DTPW51, DTPW195, DTPY65, DTPY116, Ac7643 and 

CM140 are drought tolerant, while DTPW105, DTPW183, DTPY108, 

DTPY194, Ac7729 and CM139 are drought susceptible. CM139 and CM140 

also served as 'reference lines' for molecular analysis since these lines were 

characterized in detail by the Maize Genetics Unit at IARI under the Asian 

Maize Biotechnology Network (AMBIONET) programme. While carrying out 

SSR profiling, due consideration was given to stratified sampling of 

polymorphic SSR loci covering bin locations on various chromosomes (Table· 

2). 

The study revealed a total of 331 SSR alleles across the 71 

polymorphic loci, at an average of 4.69 SSR alleles per locus, with the 

maximum number of alleles (seven) in phi037 (1.08), bnlg1064 (2.03), dup21 

(2.05), bnlg121 (2.06), bnlg1520 (2.09), bnlg1272 (9.00) and a minimum of 

two in bnlg1347 (1.10). The PIC values ranged from 0.42 for phi097 (1.01) to 

0.93 for bnlg594 (10.06). The average PIC value across all the SSR loci 

analyzed was 0.68. It is notable that 9 SSR markers (bnlg1556, bnlg 1 064, 

dup21, bnlg121, bnlg1520, bnlg11B2, phiOBO, bnlg151B and bnlg594) 

recorded PIC values equal to or more than 0.80 are particularly worth 

mentioning. The PIC values recorded in this study are comparable with those 

reported by several earlier reports on molecular analyses of inbred lines in 

maize (e.g., Smith ef aI., 1997; Senior et al., 1998; Kassahun and Prasanna, 

2003; Prasanna and HoiSington, 2003), although the germplasm and the 

SSR loci analyzeo in these stUdies were different. 

A number of reports indicated that SSR loci with dinucleotide repeats 

are the most frequent polymorphic class of microsatellites among the plant 

species examined to date (Morgante and Olivieri, 1993; Wang ef al., 1994). 

Fifty-four of the 71 SSR loci analyzed in this study have di-repeats. Except 

phiOBO (8.08-8.09), which has a penta-repeat, all the other eight loci with PIC 
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values equal to or exceeding 0.80 have di-repeats. Such SSR markers with 

high PIC values are extremely valuable in genotypic identification as well as 

for QTL mapping experiments. 

Genotypic differences with respect to SSR variation is often attributed 

to stepwise mutations at the SSR loci leading to several alleles (Robinson 

and Harris, 1999) as welf as possible errors during DNA replication (Moxon 

and Willis, 1999; Jarne and Lagoda, 1996) due to "slippage" of DNA 

polymerase when copying the repeat region. Larger changes in repeat 

number at a specific SSR locus, leading to high level of polymorphism, are 

also considered to be the result of processes such as unequal crossing over 

(Strand et al., 1993). Mutations in regions flanking microssatellite repeats can 

make the evolution of microsatellite loci even more complex. Recently, 

researchers reported that interspecific and intraspecific size variation at 

microsatellite loci could also be caused by 'indels' (insertions-deletions) in 

the flanking region and not necessarily only at the microsatellite repeat 

region (Angers and Bernatchez, 1997; Grimaldi and Crouau-Roy, 1997). 

The inbred lines analyzed in this study can be considered as highly 

homozygous and 'genetically pure', considering the extremely low 

frequencies of the heterozygous SSR loci (Table 18). The SSR 

heterozygosity could be mainly due to residual heterozygosity (Smith et al., 

1997) or presence of active transposable elements leading to allelic diversity 

(Prasanna and Sarkar, 1997). Alternatively, mutations could have occurred 

in a parental stock at a specific SSR locus, leading to two different alleles on 

homologous chromosomes. Prasanna and Sarkar (1997) demonstrated the 

presence of active transposable elements such as Ubiquitous (Uq) in some 

of the Indian maize inbred lines, such as CM111, that are commonly used in 

Indian maize breeding programmes. Since the heterozygosity was restricted 

to highly limited number of SSR loci, the possibility of DNA/seed 

contamination can be ruled out. 

'Null' alleles were noticed at a few of SSR loci in some of the maize 

inbred lines analyzed in the study (Table 18). Such 'null' alleles might occur 

due to mutations in the binding region of one or both of the microsatellite 
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primers thereby inhibiting primer annealing (Callen et al., 1993). Occurrence 

of 'null alleles' has been often observed by researchers working with SSR 

loci in various crop species, including maize, and the null alleles problem is 

not amenable to troubleshooting, since there is no direct way to turn these 

(partially) dominant loci into codominant ones to give consistent effects 

(Robinson and Harris, 1999). 

Ninety-six out of 331 polymorphic SSR alleles were found to be 

'unique' or 'rare', as these were found to occur in only one out of the 12 

inbred lines in each case. This reflects the genetic divergence among the 

lines. Such unique or rare SSR alleles are also valuable in DNA fingerprinting 

for effective discrimination of the inbred lines. DTPW195 showed the 

maximum number of such rare SSR alleles (13), followed by CM 139 (11), 

DTPW183 and DTPY116 (10 each), while DTPY194, DTPW105 and CM140 

showed 9 rare alleles each. 

The genetic similarity matrix (Table 19) and the dendrogram depicting 

the genetic relationships among the 12 inbred lines (Figure 8) highlight the 

high genetic divergence among these genotypes. The highest GS value was 

between DTP194Y and DTP195W, whereas the lowest GS value was 

between DTP183W and CM139. On the base of average of similarity of 

inbred lines DTP194Y (0.20) and DTP108Y (0.145) showed maximum and 

minimum genetic similarity among the 12 inbred lines under study. The high 

genetic divergence between CM139 and CM140, as well as CM139 with rest 

of the inbred lines under study reconfirmed the earlier observations by 

Pushpavalli et al. (2001) and Prasanna and Hoisington (2003). This is the 

first report of the analysis of the genetic relationships among the drought 

tolerant and susceptible lines, including the DTPY and DTPW lines. 

There were primarily four major clusters: Group I included DTP195W 

and DTP65Y. Group II has two sub-groups: IIA including DTP51W and 

DTP183W, and liB comprising DTP183W and DTP108Y. Group III included 

two sub-groups: iliA including DTP116 and DTP194Y and IIIB comprising 

CM140 and Ac7643. Group IV which includes CM139 and Ac7729 was found 

to be genetically distinct from the other three groups. 
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Bootstrap analysis was carried out to ascertain the statistical strength 

of each of the nodes identified by cluster analysis. The analysis was carried 

out under high stringency (1000 permutations). Of the six nodes in the 

dendrogram, one was supported by large bootstrap values (more than 50%) 

and the others had moderate support (30-50%) (Figure 8). Bootstrap values 

with just above 30% at certain nodes within a major group/sub-group suggest 

the requirement of additional data for finer differentiation of the genetic 

relationships. The analysis clearly indicates that the SSR dataset generated 

in this study was, in general, robust and reliable enough to decipher the 

genetic relationships among the inbred lines analyzed. 

To complement the cluster analysis in terms of understanding the 

relationships among the entries under study, Principal Component Analysis 

(PCA) was carried out. PCA further aided in depicting the relationships 

among the various entries in a three-dimensional mode (Figure 9). The 

analysis once again highlighted the distinctness of CM139 and Ac7729 from 

the rest of the inbred lines, and the close genetic similarity between the 

DTPW lines as compared to other lines. It was interesting to note that all the 

DTPY inbred lines are grouped with drought tolerant lines Ac7643 and 

CM140. 

Thus, the present investigation not only highlighted the genetic 

divergence among the different drought tolerant and drought susceptible 

inbred lines from India and CIMMYT, but also provides potentially useful 

information for objective selection of parental lines in developing mapping 

populations as well as for breeding studies. 

Phenotyping of RILs and Mapping of QTLs for Drought Stress 

Tolerance in Maize 

Whole-plant response to drought stress is a complex process 

conditioned by a number of component responses that both interact and 

differ in their individual responses to the intensity and duration of water 

deficits, making it difficult to isolate individual traits with major effects on 

tolerance. In recent years, developments in molecular marker technologies 
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and their use in QTL analysis have provided effective new opportunities for 

the study of plant responses to the environment (e.g., Prioul et al., 1997; 

Ribaut et al., 2002, 2003; Prasanna and Ribaut, 2004). Molecular markers 

provide opportunities not only to identify QTLs (and their functions)· that 

determine complex phenotypes such as drought tolerance, but also to 

improve greatly· the efficiency of genetic improvement by facilitating the 

introgression of desirable traits through the us of linked markers (Ribaut et 

al., 2002, 2004). 

In the present study, the responses of the same set of 210 RILs, along 

with parental lines, to drought stress were recorded for several characters. 

These experiments were undertaken during the winter/dry season at 

Karimnagar (2002-02) and Hyderabad (2003-04). 

Correlations among various characters under drought stress: Genetic 

correlations among various characters influencing the per se performance of 

the RIL mapping population under drought stress conditions were analyzed 

in the present study. 80lanos and Edmeades (1996), through an analyses of 

correlations between grain yield (GY) under severe drought stress and 

secondary traits, obtained from trials of inbred progenies from maize 

populations, showed a strong dependence of GY on ears per plant (r;:: 0.90) 

and grains per ear (r;:: 0.71). A moderately strong correlation (r;:: -0.60) was 

reported between GY and ASI, while genetic correlations between GY and 

leaf rolling, stay green, leaf angle, canopy temperature, tassel branch 

number, leaf chlorophyll concentration, and plant height were generally less 

than 0.20. Similar results were reported for two other maize populations by 

Guei and Wasson (1992). 

In the present study, ASI was found to be negatively correlated with 

the grain yield under drought stress, confirming the usefulness of lower ASI 

as the secondary trait in drought tolerance (Edmeades et al., 2000). A short 

ASI is usually associated with good kernel set and high grain yield. ASI has a 

heritability that on average is slightly greater than that for grain yield under 

stress (Bolanos and Edmeades. 1996). An advantage of using ASI in 
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breeding is that it is easily measured in the field, on either a plant or row 

basis, and data are available at flowering. Thus, it could be used to direct 

crossing in an accompanying well-watered nursery that was planted a few 

weeks later. 

Lesser leaf rolling and delayed leaf senescence are additional 

secondary traits that are often considered by maize researchers in breeding 

for drought tolerance (Sanziger et a/., 2000). In the present study, negative 

correlation between leaf rolling; tassel size and leaf senescence with grain 

yield were found, indicating their value in breeding for drought tolerance. 

However, in several instances, lower value for leaf rolling or leaf senescence 

did not necessarily result in higher grain yield. 

Measuring roots is difficult and selection difficult to apply in a breeding 

programme. Use of root capacitance meters could facilitate the selection for 

desirable root characteristics in genotypes adapted to drought environments. 

This method offers advantages over other methods in the portability of the 

instrument and the speed with which large numbers of plants may be 

screened in the field. On average, it would take a researcher approximately 

20 h to obtain root fresh mass for the same 20 plants. Thus, capacitance 

meters have a potential to become a valuable tool in enhancing our 

understanding of the root systems, particularly in cultivar comparisons across 

uniform soils at or near field capacity (Van Seem et a/., 1998). Several 

researchers have used electrical capacitance measurements for rapid 

assessment of root dimensions (reviewed by Van Seem et a/., 1998). Van 

Seem et al. (1998) reported a positive correlation between root electrical 

capacitance and total root volume; however, the capacitance measurement 

cannot assess the root ciistribution. In the present study, the correlation 

between root capacitance and GY of the genotypes under drought stress 

conditions was found to be non-significant. Van Seem et a/. (1998) reported 

similar results for full-vigour genotypes. A number of factors appear to affect 

accurate measurement of root capacitance under field conditions, including 

the level of soil moisture and the essential requirement of a continuous path 

between the meter, electrodes, plant roots, and soil (Dalton, 1995). Careful 
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thought must be given to experimental design, as the biggest limitation of the 

capacitance method is its sensitivity to water content in the soil. 

Consequently, capacitance readings obtained from root bound, full-vigor 

genotypes might not accurately estimate root fresh mass, leading to non­

significant or poor correlations with other important traits affecting the 

performance of the maize genotypes under drought stress conditions. 

Therefore, there is a distinct need to optimize the assays for analysis of root 

capacitance before their routine use in breeding for drought tolerance. 

In the present study, GY was also highly correlated with kernel 

number per plant under drought stress conditions at both Karimnagar and 

Hyderabad, confirming the observations made earlier by Bolanos and 

Edmeades (1996). Grain number per plant in water-deficient maize appears 

to depend directly on the flux of current photosynthate during the two weeks 

bracketing flowering (Schussler and Westgate, 1995), implying that the 

reserves of pre-flowering assimilates are either scarce or are not attracted to 

the ear. Kernels on drought-affected plants frequently abort in the few days 

following successful pollination (Westgate and Byer, 1986). Furthermore, 

acid invertase activity in ovaries of water-stressed plants is much reduced, 

impairing sink strength (Westgate, 1977). Once kernels enter the linear 

phase of biomass accumulation, they develop the sink strength needed to 

remobilize the C reserves. In the present study, the correlation coefficients 

between most of the important secondary traits and GY were found to be 

high. 

QTL Analyses: The Ril datasets from Karimnagar and Hyderabad were 

analyzed separately using a powerful aTl mapping software that makes use 

of different Composite Interval Mapping (elM) Models (Zeng, 1994). The use 

of molecular markers to study drought tolerance in a set of Rils is a powerful 

approach for dissecting the genetics of this complex trait. Rils permit 

replications of genotypes under stressed and unstressed conditions in a 

specific trial as well as undertaking trials at several target locations; this 

facilitates, in turn, better analyses of aTl positions and effects, and 
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consequently better understanding of the genetic basis of a complex trait like 

drought tolerance. 

OTL identification was achieved by successively running four models 

and comparing different. outputs. Model 1 uses a simple interval mapping 

(SIM) approach similar to Mapmaker-OTL (Lander and Botstein, 1989), 

which does not include any marker as a cofactor. In Model 2, preselected 

markers closely linked to significant OTL peaks identified through SIM (by 

Model 1), were used as cofactors to reduce the residual variation throughout 

the genome. In Models 3 and 4, markers flanking the tested interval were 

used as cofactors to block the effects of possible OTL that were close to the 

interval of interest; two different "window" sizes were successively tested (30 

cM and 20 cM, respectively. At each significant OTL, additive effects, as 

applicable to the RIL population were estimated. The presence of a OTL was 

declared significant if the LOD threshold value was more than 2.5 when 

analyzing data from a single environment. 

In the Karimnagar dataset, two OTLs were identified for expression of 

ASI on chr. 2 and 10 with total phenotypic variance of 13.12% in normal 

condition and one OTL on chromosome 10 with close to 4% phenotypic 

variance in stress condition. Agrama and Moussa (1996) identified OTL 

associated with ASI under drought on chr. 1, 3, and 6, accounting for 38% of 

the phenotypic variance. In a different cross, six putative OTL have been 

identified for ASI under drought on chromosomes 1, 2, 5, 6, 8, and 10, 

accounting for 47% of the phenotypic variance (Ribaut et al., 1996). At one 

important position, the allele contributing to a reduction in ASI also 

contributed to a decrease in GY, and for this reason a marker-assisted 

selection (MAS) strategy for drought tolerance should be based on an index 

of best OTL for both traits (Ribaut et al., 1996; Beck et al., 1996). 

Flowering parameters in maize were studied earlier by some 

researchers under both well-watered and stress regimes, and OTLs for 

MFLW and FFLW identified (Phillips et aI., 1994; Beavis et al., 1994; 

Veldboom et al., 1994; Ribaut et al., 1996). Considering the four studies 

mentioned above and our results under normal/unstressed conditions, the 
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QTLs influencing the expression of MFLW and FFLW were identified on all 

the 10 chromosomes, particularly on chr. 1, 3, 4, 8, and 9 for MFLW and on 

chr. 1, 8 and 9 for FFLW. The source of parental lines, the size of progeny, 

genotype-by-environment interaction effects and the different types of maps 

used, are most likely responsible for differences in QTL localization (Beavis 

et al., 1994). 

In the Karimnagar dataset, under normal conditions, twQ QTLs were 

detected for grain yield on chr. 1 and 4, accounting for about 7% of 

phenotypic variance, whereas for expression of this important character in 

stress condition, four QTLs were detected on chr. 2 (two QTLs), 3 and 5 

collectively accounting for 19% of phenotypic variance. In the Hyderabad 

dataset, two QTLs were identified on chr. 2 and 10 with total phenotypic 

variance of 9.44%. On chr. 2, a clear tendency for localization of grain yield 

QTL was detected in Hyderabd corresponding to the genomic location of 

grain yield QTL detected in the Karimnagar dataset. 

Ribaut et aJ. (1997) identified four QTLs for grain yield in normal 

condition on chr. 1, 2, 8 and 10 with 20% phenotypic variance, whereas in 

intermediate stress condition they found five QTLs on chr. 1 (two QTLs), 4, 7 

and 10 with phenotypic variance of 26.3%. No QTL with major effect was 

identified under our study, which was in congruence with the observations 

made by Ribaut et aJ. (1997). 

In the Karimnagar dataset, under unstressed conditions, two QTLs 

were detected for ear number per plant on chr. 1 and 2, accounting for about 

5% of phenotypic variance, whereas for expression of this secondary trait in 

stress condition, three QTLs were detected on chr. 3, 5 and 10, collectively 

explaining 18.13% of phenotypic variance. Ribaut et al. (1997) identified 

seven QTLs for ear number per plant in normal conditions on chr. 1 (two 

QTLs), 2, 4, 7, 8 and 9 with 39.8% phenotypic variance, whereas in stress 

condition, four QTLs were found on chr. 1, 3, 6 and 9 with phenotypic 

variance of 17.2%. Our analysis revealed that a QTL detected under 

unstressed condition on chr. 2 was same as that identified by Ribaut et al. 

(1997). 
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In the dataset from the normal irrigation regime at Karimnagar, six 

QTLs were identified for kernel number per ear on chr. 1, 2, 3, 4 and 10 (two 

QTLs) accounting for about 25% of phenotypic variance, whereas for 

expression of the same trait under stress condition, five OTLs were detected 

on chr. 2 (three OTLs) and 10 (two OTLs), which collectively accounted for 

19.21% of phenotypic variance. In the Hyderabad dataset, two QTLs were 

identified on chr. 2 and 10 with 9.77% phenotypic variance. Ribaut et al. 

(1997) identified three OTLs for kernel number per ear in normal condition on 

chr. 1 (two OTLs) and 7 with 17.5% phenotypic variance, whereas in stress 

condition they found four OTLs on chr. 1, 3, 4 and 9 with phenotypic variance 

of 20.7%. Our results revealed that a OTL on chr. 10 corresponded with the 

QTL identified for the same trait by Ribaut et al. (1997). 

The results of OTL mapping based on Karimnagar dataset presented 

in Table ~2 and Figure 11 clearly revealed that as many as 7 out of the 24 

OTLs influencing the performance of the RILs under drought stress 

conditions were located on chr. 2, followed by 5 OTLs on chr. 3, and 4 OTLs 

on chr. 10. In contrast, analysis of the results from the WW conditions 

revealed 5 OTLs on chr. 4, followed by 3 OTLs on chr. 2. Similarly, the 

results of OTL mapping based on Hyderabad dataset presented in Table 24 

and Figure 12 revealed that except for one OTL on chr. 7, all the others were 

localized on chromosomes 1, 2, 3, 8 and 10. 

In the present study, the OTLs detected for yield components were in 

general not stable, in terms of their genomic locations across different water 

regimes in a location (Karimnagar) or across different locations (Karimnagar 

vs. Hyderabad), with some major exceptions. This is largely in agreement 

with the summary of OTL mapping experiments carried out at CIMMYT over 

the last 10 years (Ribaut et al., 2003, 2004). From the genetic point of view, it 

is logical to image that a large number of genes are involved in the 

determination of grain yield. Grain yield is really the final product of plant 

development, and each physiological mechanism involved in plant develop­

ment should affect yield to varying degrees. The large number of major 

phenotypic and physiological changes (such as female flowering, ASI, plant 
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height, water content, cell growth or hormone content), demonstrates the 

complexity of the plants' response to water stress, and it is expected that the 

number of OTLs involved in the expression of yield will be large. Of course 

the stress level is very important, and the role of facultative traits (like ASI), 

depends on the stress intensity, affecting the identification of new sets of 

OTLs. This in turn might reduce the chance of identifying major OTLs across 

water regimes or locations, and make yield-OTL detection above a given 

threshold of probability dependent on specific environmental conditions. In 

this respect, Beavis (1994) explained the inconsistency of yield OTLs across 

experiments using progenies derived from the same cross, by the fact that 

yield should be under the control of a large number of small-effect OTLs 

segregating in the genome. Such loci may be important for the expression of 

yield only under certain environment conditions. This would be consistent 

with the large environmental interaction generally associated with yield in 

most crop species. If environmental interaction explains these results, 

selection for the loci should not be a priority unless it can be shown that they 

are particularly important in the target environment for this crop. Moreover, 

the OTL inconsistencies demonstrate that only a few yield-OTLs will be 

helpful in a MAS strategy and that the use of OTLs involved only in the 

expression of yield components in a MAS scheme will not result in rapid 

gains in yield under drought. 

Although most of the QTLs for various traits identified in this study 

showed very low R2 values, the present study was successful in identifying 

OTLs that could account for significant proportion of phenotypic variance for 

some characters like plant height (stress), ear height (control and stress), 

male flowering (control and stress), ASI (control), grain yield (stress), ear 

number per plant (stress) and kernel number per ear (control and stress) in 

the Karimnagar dataset, and for plant height, ear height and ear number per 

plant in the Hyderabad dataset. 

When the OTL locations were compared across different traits, certain 

interesting findings emerged. Several OTLs mapped to identical or 

immediately adjacent intervals under control and stress conditions in both 
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Karimnagar and Hyderabad OTL datasets (Figures 11 & 12). For instance, a 

OTL located on chr. 3 (29-30 cM) flanked by the markers umc313 and umc50 

showed significant effects on both plant height and ear height; another OTL 

on chr. 3, with umc17 and umc96 as flanking markers, influenced both grain 

yield and ear number per plant in the stress block. One OTL on chr. 5 (103 

cM), contributed by Ac7729, showed its effect both on grain yield and ear 

number per plant under drought stress conditions. Similarly, another OTL on 

chr. 2 (166-169 cM) flanked by markers bn16.29 and umc137 influencing 

grain yield, 100-kernel wight and kernel number. per ear under drought stress 

conditions. This co-mapping was consistent with the correlations obtained 

previously between these GY component traits. 

In summary, a number of OTLs associated with the drought tolerance' 

of maize in terms of grain yield and its component traits have been identified 

based on evaluation of RIL mapping population at two locations in India 

(Karimnagar and Hyderabad). This is the first study on OTL mapping for 

drought tolerance of maize in India, and would provide a new opportunity in 

breeding programmes for water-limited environments, if their incorporation 

into otherwise adapted genotypes can be shown to improve yield under 

stress. 

Of particular importance are the following OTLs: (i) chr. 1 in the 

marker interval of umc33 and umc83; (ii) chr. 2 (166 cM) flanked by the 

markers bn16,29 and umc137; (iii) chr. 8, flanked by markers umc120 and 

umc346; and (iv) chr. 10, flanked by umc354 and umc182. These OTLs 

showed effects on diverse characters under drought stress conditions, thus 

highlighting their potential utility in molecular marker-assisted breeding for 

drought tolerance in maize. Whether these associations of OTLs with diverse 

traits are due to pleiotropic effects of the individual OTLs, or whether there 

were specific OTLs for each trait that were tightly linked, was difficult to 

establish in this study due to the relatively small number of mapping 

progenies that were phenotyped. Fine mapping of these genomic regions 

should help further resolve this issue. 
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Potential Utility of the Present Study in Breeding for Drought Tolerance 

of Maize in India 

The objective of plant improvement can be defined as the 

accumulation in a plant genome of the maximum number of favor,able alleles 

involved in the expression of target traits. This task can be achieved through 

several approaches and selection schemes, including phenotypic 

observations and/or DNA marker technology. The emergence of molecular 

genetics and associated technologies represents a major new breeding tool; 

the current challenge is to integrate this tool and the information it generates 

into breeding schemes to further the development of efficient marker­

assisted selection (MAS) strategies. 

The present study gives a signal about high vulnerability of important 

breeding materials, particularly elite lines that are often used by maize 

breeders across the country. At the same time, identification of highly 

consistent and stable source of tolerant from CIMMYT offers an important 

opportunity to launch a focused programme on developing elite germplasm 

for drought tolerance. The drought tolerant lines such as FSA17, IPA29B, 

CM140, Ac7643, DTPY199, DTPY100, DTPY65, DTPY116, DTPW195, 

DTPW51 and DTPW1, identified in this study could be valuable for this 

purpose. 

Marker-assisted selection (MAS) strategies should be integrated with 

conventional breeding for drought tolerance according to the target 

environment and the germ plasm available. The cumulative knowledge based 

on the results available 'in maize from earlier studies, particularly those 

carried out by CIMMYT in countries such as Mexico, Kenya and Zimbabwe, 

coupled with these from the present study carried out under the Asian Maize 

Biotechnology Network (AMBIONET), would facilitate formulation of an 

integrated strategy that can lead to improvement of Indian maize lines for 

drought tolerance. 

The recent focus of CIMMYT with respect to molecular breeding for 

drought stress tolerance in maize has been to initiate a MAS experiment 
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based on "universal drought genomic regions" identified on a maize 

consensus map. Such a map is being based on: (1) QTL information for yield 

components, morphological traits and physiological parameters; (2) positions 

of candidate genes; and (3) gene expression information. The success of this 

MAS experiment would depend heavily on (i) location of key genes involved 

in drought response at the same genomic positions, independent of the 

genetic background, and (ii) phenotypic differences across the germplasm 

attributable to the nature/quality of the alleles at those genes (Ribaut et a/., 

2003; Prasanna and Ribaut, 2004). 

There are now exciting opportunities to combine information related to 

drought tolerance emerging at three different levels: phenotypic 

characterization of the plant, QTL data, and changes in expression of genes 

involved in specific physiological pathways (Ribaut et a/., 2002, 2003). A 

collaborative programme on functional genomics for drought stress tolerance 

in maize has been initiated at CIMMYT to optimize the relevant parameters 

for identification of the most informative changes in gene expression, and to 

evaluate the associated phenotypes. Once the characterization of the key 

genes involved in drought responses is achieved, MAS could be effectively 

employed for screening of the elite germ plasm and promising gene bank 

accessions to evaluate the allelic value at those genes based on field 

performance. 



Summary 

In India, development of drought tolerance in crop plants like maize 

assumes particular significance considering the fact that nearly 75 per cent of 

the maize acreage is under rainfed conditions. Genetic improvement for 

tolerance to drought stress warrants development of efficient screening 

techniques which expose genetic variability for such traits, critical field 

evaluations to determine their true worth, identification of promising 

genotypes, and rapid transfer of drought tolerance into elite germplasm. The 

present investigation was, therefore, aimed at (i) analyzing the genetic 

variability in the maize germ plasm for drought stress tolerance and 

identifying promising maize inbred lines and experimental hybrids with 

desirable agronomic performance; (ii) analyzing the molecular 

polymorph isms in a selected set of drought tolerant and susceptible maize 

inbred lines, and (iii) mapping of QTLs for various characters influencing the 

performance of maize genotypes under drought stress conditions. 

To evaluate the genetic variability in maize germplasm for tolerance to 

drought stress at the flowering stage, two experiments were undertaken in 

the present study at Maize Winter Nursery, Hyderabad during 2001-02 and 

2003-04. Experiment I comprised 18 inbred lines, including 9 lines developed 

by the maize research centers in India, and 4 lines derived from the CIMMYT 

maize populations, and 5 lines from CIMMYT, Mexico. In Experiment II, a 

selected set of lines developed by the CIMMYT Maize Programme, 

specifically for drought stress tolerance, were evaluated. These included 39 

DTPY lines (yellow kernel type) and 19 DTPW lines (white kernel type). 

Measurements were taken on the following plant and ear characters: (i) plant 

stand; (ii) plant height; (iii) ear height; (iv) days to 50% male flowering or 

anthesis date; (v) days to 50% female flowering or silking date; (vi) anthesis­

silking interval; (vii) tassel size; (viii) number of ears per plant; (ix) leaf 

senescence; (x) leaf rolling; (xi) grain yield; (xii) ear length; (xiii) ear diameter; 

(xiv) number of kernels per ear; and (xv) 100-kernel weight (HKW). 
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An analysis of the per se performance of the genotypes under both 

control and stress conditions, in conjunction with % yield penalty over control 

in Experiment I, revealed that most of the genotypes, including elite maize 

lines such as CM139, CM207 and Bio-S (derivative of LMS) from the Indian 

maize breeding programme and several inbred lines from CIMMYT 

(CML247. Ac7729, K64R, CML444, CIM493, CIM49S. CIMSOO and CIMS06) 

were severely affected by drought stress at flowering stage. Nevertheless, 

taking into account both drought tolerance index (OTI), which is based on 

several important secondary traits besides yield, and % yield penalty over 

control, the present study revealed the potential of IPA29B, FSA 17, Ac7643 

and CM140. 

A set of OTPY and OTPW lines from CIMMYT were analyzed for their 

drought stress tolerance through Experiment II. The drought tolerant source 

germ plasm from which these OTPY and OTPW lines were derived, were 

developed by combining drought tolerant sources from Mexico, USA, Africa, 

and Thailand. Although these lines were ranked highly in experiments carried 

out at CIMMYT, many of the lines did not respond favourably under drought 

stress conditions at Hyderabad. A comparison of OTI values for the OTPY 

lines (Table 9) indicated that most of the genotypes (23 out of 39 OTPY lines) 

were severely affected by drought stress at the flowering stage, thereby 

recording negative OTI values; the check (CM140) recorded a OTI value of 

10.00. In this experiment, OTPY199 (19.2), OTPY100 (18.9), OTPY16S 

(18.0), OTPY116 (1S.9), OTPY149 (13.7), OTPYS (13.1) and OTPY138 

(11.3) with high OTI values (indicated in parentheses) were found to be 

highly promising among the inbred lines evaluated. 

The trend was similar in the OTPW lines, where 11 out of the 19 

OTPW lines recorded negative OTI values, indicating their susceptibility to 

drought stress at the flowering stage, whereas the check (CM140) recorded 

a OTI value of 9.0S. Nevertheless, the study resulted in identification of three 

highly promising lines, OTPWS1 (17.65), OTPW19S (15.34), OTPW1 (11.90), 

which recorded very high OTI values and were significantly superior to the 

CM140 (check). 
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In another experiment, drought stress responses of 17 experimental 

hybrids were evaluated under two different regimes: well-watered (control) 

and severe water stress condition at the flowering stage during winter/dry 

season at Hyderabad in 2002-03. Taking into account both the OTI and the 

% yield penalty over control, the study led to the identification of three most 

promising experimental hybrids, namely CM140 x CM123, FSA17 x IPA34 

and CM140 x CM207.Among the crosses, CM140 x CM123 was found to be 

most promising with high OTI value, maximum grain yield under drought 

stress, lower % yield penalty, maximum number of ears per plant, less leaf 

rolling, moderate leaf senescence and tassel size. 

Selected drought tolerant inbred lines, along with a few elite but 

drought susceptible lines (such as CM139 and Ac7729) were further 

analyzed in the present study for microsatellite polymorph isms and to 

ascertain the genetic relationships among these lines. The study included 12 

genotypes, namely OTPW195, DTPW51, OTPW105, OTPW183, DTPY65, 

DTPY116, DTPY108, OTPY194, CM139, CM140, Ac7729 and Ac7643. 

Among these, OTPW51, DTPW195, OTPY65, DTPY116, Ac7643 and 

CM140 are drought tolerant, while DTPW105, DTPW183, OTPY108, 

DTPY194, Ac7729 and CM139 are drought susceptible. CM139 and CM140 

also served as 'reference lines' for molecular analysis. 

The study revealed a total of 331 SSR alleles across the 71 

polymorphic loci, at an average of 4.69 SSR alleles per locus, with the 

maximum number of alleles (seven) in phi037 (1.08), bnlg1064 (2.03), dup21 

(2.05), bnlg121 (2.06), bnlg1520 (2.09), bnlg1272 (9.00) and a minimum of 

two in bnlg1347 (1.10). The PIC values ranged from 0.42 for phi097 (1.01) to 

0.93 for bnlg594 (10.06). The average PIC value across all the SSR loci 

analyzed was 0.68. It is notable that 9 SSR markers (bnlg1556, bnlg1064, 

dup21, bnlg121, bnlg1520, bnlg11B2, phiOBO, bnlg151B and bnlg594) 

recorded PIC values equal to or more than 0.80 are particularly worth 

mentioning. 

The inbred lines analyzed in this study can be considered as highly 

homozygous and 'genetically pure', considering the extremely low 
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frequencies of the heterozygous SSR loci detected. Ninety-six out of 331 

polymorphic SSR alleles were found to be 'unique' or 'rare', as these were 

found to occur in only one out of the 12 inbred lines in each case. This 

reflected the genetic divergence among the lines. Also, such unique or rare 

SSR alleles are valuable in DNA fingerprinting for effective discrimination of 

the inbred lines. 

Cluster analysis of the SSR dataset revealed primarily four major 

clusters: Group I included DTP195W and DTP65Y. Group II has two sub­

groups: IIA including DTP51W and DTP183W, and liB comprising DTP183W 

and DTP108Y. Group III included two sub-groups: lilA including DTP116 and 

DTP194Y and IIIB comprising CM140 and Ac7643. Group IV which includes 

CM139 and Ac7729 was found to be genetically distinct from the other three 

groups. Bootstrap analysis was carried out to ascertain the statistical 

strength of each of the nodes identified by cluster analysis. The analysis 

clearly indicates that the SSR dataset generated in this study was, in 

general, robust and reliable enough to decipher the genetic relationships 

among the inbred lines analyzed. 

To complement the cluster analysis in terms of understanding the 

relationships among the entries under study, Principal Component Analysis 

(PCA) was carried out. PCA further aided in depicting the relationships 

among the various entries. in a three-dimensional mode (Figure 9). The 

analysis once again highlighted the distinctness of CM139 and Ac7729 from 

the rest of the inbred lines, and the close genetic similarity between the 

DTPW lines as compared to other lines. 

Thus, the present investigation not only highlighted the genetic 

divergence among different the drought tolerant and drought susceptible 

inbred lines from India and CIMMYT, but also provides potentially useful 

information for objective selection of parental lines in developing mapping 

populations as well as for breeding studies. 

For mapping of Quantitative Trait Loci (QTLs) conferring drought 

tolerance in maize, the responses of the same set of 210 Recombinant 

Inbred Lines (RILs) developed at CIMMYT using Ac7643 and Ac7729 as 
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drought tolerant and drought susceptible parents, respectively, were 

analyzed at experiments undertaken during the winter/dry season at 

Karimnagar (2002-03) and Hyderabad (2003-04). 

Genetic correlations among various characters influencing the per se 

performance of the RIL mapping population under drought stress conditions 

were analyzed. ASI was found to be negatively correlated with the grain yield 

under drought stress, confirming the usefulness of lower ASI as the 

secondary trait in drought tolerance. Also, negative correlation between leaf 

rolling, tassel size or leaf senescence with grain yield were found, indicating 

their value in breeding for drought tolerance. However; the correlation 

between root capacitance and grain yield of the genotypes under drought 

stress conditions was found to be non-significant. In contrast, grain yield was 

highly correlated with kernel number per plant under drought stress 

conditions at both Karimnagar and Hyderabad. 

The RIL datasets from Karimnagar and Hyderabad were analyzed 

separately using a powerful QTL mapping software, that makes use of 

different Composite Interval Mapping (CIM) Models (Zeng, 1994). QTL 

identification was achieved by successively running four models and 

comparing different outputs. A total of 52 QTLs, including 22 QTLs under the 

control/well-watered condition and 30 QTLs under drought stress conditions 

based on analysis of the RIL dataset from Karimnagar. These QTLs were 

distributed on almost all chromosomes, except chr. 7. A total of 14 QTLs 

were detected based on analysis of the RIL dataset from drought stress 

conditions for five most important traits that determine the per se 

performance of maize under drought stress conditions; these were plant 

height, ear height, ASI, grain yield, ear number per plant and kernel number 

per ear. 

A comparison of the QTL information obtained based on analyses of 

the Karimnagar and Hyderabad datasets revealed the correspondence of 

QTLs in the RILs influencing specific characters under drought stress 

conditions at both locations. These were: (i) for plant height, chr. 1 QTL (183-

188 cM) and chr. 8 QTL (87-88 cM); (ii) for ear height, chr. 3 (29-30 cM) and 
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chr. 8 (94-96 cM); (iii) for grain yield, chr. 2 (166-169 cM). Such QTLs, which 

expressed across different locations/environments, are of particular value in 

both molecular marker-assisted breeding as well as for basic studies related 

to identification of candidate genes influencing drought tolerance of maize 

genotypes. Similarly, the study was successful identifying some QTLs that 

influenced diverse characters. Of particular importance among these are: (i) 

a QTL on chr. 1 in the marker interval of umc33 and umc83; (ii) a QTL on 

chr. 2 (166 cM) flanked by the markers bn16,29 and umc137; (iii) a QTL on 

chr. 8, flanked by markers umc120 and umc346; and (iv) a QTL on chr. 10, 

flanked by umc354 and umc182. Significant is the fact that the same QTLs 

were found to be important in drought mapping experiments undertaken by 

CIMMYT (Ribaut et al., 2002, 2003; Prasanna and Ribaut, 2004) using the 

same set of RILs at Mexico, Kenya and Zimbabwe. Such 'universal drought 

QTLs' could be of great value in molecular marker-assisted breeding for 

drought tolerance in maize, besides genomics. 

Thus, the present study is the first in India on QTL mapping for 

drought tolerance of maize, and would open up exciting avenues in breeding 

maize for water-limited environments. 
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