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ABSTRACT 
Although water-limited environment is detrimental to cotton growth and productivity 

worldwide, development of drought tolerant cotton genotypes may improve yield in 

drought prone areas. The present study was aimed to examine drought tolerance of a set 

of Upland cotton genotypes using both empirical as well as analytical approaches, and 

molecular mapping of the traits conferring drought tolerance. Two field experiments and 

one greenhouse study were conducted in 2003 and 2004, and performance of 32 cotton 

genotypes for different physiological attributes conferring drought tolerance, and 

productivity traits were recorded under well-watered (W1) and water-limited (W2) 

regimes. Seedcotton yield (SCY) and its components were markedly affected under W2 

regime. Mean reduction in SCY due to water deficit was 20 and 43% in 2003 and 2004, 

respectively. Genotypes differed considerably for relative SCY losses due to water stress 

ranging from 20 to 74%. SCY sustainability under W2 regime was mainly attributed to 

maintenance of higher boll number (BN) rather than boll weight (BW). Substantial 

genotypic variation for gas exchange attributes {(photosynthetic rate (Pn), stomatal 

conductance (gs), and transpiration rate (E)}, osmotic adjustment (OA) cell membrane 

stability (CMS) existed among cotton genotypes. Water stress caused a significant 

reduction in gas exchange parameters in 2003 and 2004. The positive association 

(P<0.01) between Pn and gs in both years in W2 regime suggests a major role of stomatal 

effects in regulating leaf photosynthesis under water-limited conditions. Pn and OA were 

significantly correlated with SCY (P<0.01) in W2 regime, however, the level of 

associations of CMS with productivity traits was not significant. Results of green house 

experiment conducted to ascertain root traits in six selected genotypes demonstrated that 

drought tolerant genotypes possessed long tap root compared to susceptible genotypes. 

These findings tend to support the hypothesis that higher photosynthetic rate, maintained 

through OA and deep root system, leads to sustain SCY under water deficit environment. 

Therefore, Pn and OA may be useful as selection criteria in breeding programs with the 

objective of improving drought tolerance and SCY under water-limited environments.  

For genetic analysis of drought tolerance, F2 and F2:3 mapping populations derived 

from a cross of Upland cotton genotypes RH-510 (drought tolerant) and FH-901 (drought 

susceptible) were evaluated for four physiological attributes, and six productivity traits, 
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respectively. Parent genotypes were selected on the basis of their diverse performance in 

screening experiments. Significant variation was found for all the traits measured except 

BW. Correlation analysis revealed significant association (P<0.01) of Pn with gs and OA 

under water stress. A strong relationship (P<0.01) of SCY was found with BN in both the 

water regimes. Continuous variation pattern of F2 plants and F2:3 families for all the traits 

indicated that measured traits were quantitatively inherited. Transgressive segregation 

observed in both directions indicated that both the parents transmitted favourable alleles 

for each trait. Eight hundred and twenty two SSR primer pairs and 520 RAPD primers 

were surveyed on the genotypes which yielded 65 polymorphic loci including 33 SSRs, 

30 RAPDs and two CAPSs. RAPD analysis exhibited comparatively high polymorphism 

(5.8%) compared to that of SSRs (4.7%). All the 65 markers were assayed on 143 F2 

plants; however, data of 51 loci were utilized for map construction due to ease in allele 

scoring. Linkage analysis resulted in mapping of 45 loci (24 SSRs, 20 RAPDs, one 

CAPS) on 10 different linkage groups. The remaining 6 markers were unlinked. Six of 

the linkage groups were assigned to five chromosomes of the tetraploid cotton genome. 

The genetic map spanned a total of 697.9 cM, covering around 15% of the total cotton 

genome with average inter-locus distance of 15.5 cM. QTL analysis mapped 26 QTLs 

impacting nine physio-economic traits. Genetic analysis of physiological traits under 

water-deficit stress using interval mapping (IM) and composite interval mapping (CIM) 

methods collectively detected nine putative QTLs, ranged from one to four for each trait. 

The QTL QPn5cC located on chromosome 5 accounted for the largest phenotypic 

variance of 28% for Pn. Interval mapping employed to determine chromosomal location 

of genes impacting the productivity traits yielded 12 QTLs for five traits in both water 

regimes. Five additional QTLs controlling these traits were identified using CIM.  

The information regarding QTLs discovered for the traits conferring drought 

tolerance, especially those explaining large amount of variation for net photosynthetic 

rate and osmotic adjustment, may complement breeding efforts to breed for drought 

tolerance in Upland cotton. Since this study constitutes first knowledge of identification 

of QTLs for drought tolerance in Upland cotton using F2 and F2:3 mapping populations, 

the identified QTLs need to be validated across different populations and 

environments before their use in marker assisted selection.  
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1. INTRODUCTION 

This study examines drought tolerance of a set of Upland cotton genotypes using both 

empirical as well as analytical approaches, and molecular mapping of the traits conferring 

drought tolerance. The goal of the present work is to lay a foundation for future research 

in drought tolerance of cotton with the ultimate goal being to improve water stress 

tolerance of cotton through molecular approaches. 

 

1.1 Cotton  

1.1.1 Taxonomy and history  

Cotton, a woody perennial shrub, is taxonomically classified within the family 

Malvaceae and genus Gossypium. The family Malvaceae comprises about 100 genera and 

1500 species. The genus Gossypium includes approximately 50 species split across two 

ploidy levels, 45 diploid (2n=2x=26) and at least five allotetraploid (2n=4x=52) (Fryxell, 

1992; Brubaker et al., 1999), whose aggregate geographic ranges encompasses most 

tropical and subtropical regions of the world (Sauer, 1993).  

Diploid Gossypium species fall into eight cytogenetically distinct genome groups, 

from A through G and K, based on similarities in chromosome size and structure, and 

meiotic pairing (Endrizzi et al., 1985; Stewart, 1995). The eight genomes are grouped 

into three genome clades. A-genome clade, also including B and F genomes, contains 14 

species and occur naturally in Asia and Africa whereas C-genome clade, also including G 

and K genomes, comprises 17 diploid species and is specific to Australia. A third diploid 

clade D exists in America having 13 species. Among diploids, only A genome species 

produce spinnable fiber (Applequist et al., 2001). All the five tetraploid species are 

classic natural allopolyploids which exhibit strict disomic pairing (Kimber, 1961), and 

contains two fully differentiated genomes that resembles the A genome of Gossypium 

herbaceum L. (n= 13) and D genome of Gossypium raimondii Ulbrich (n= 13) and 

Gossypium gossypioides (Ulbrich) Standley (Phillips, 1966).  

The domesticated diploid and tetraploid cottons appeared in Indus valley and New 

World by 3500-2300 B.C., respectively (Hutchinson et al., 1947; Jiang et al., 1998). The 

four cultivated species are divided into two groups, the old world or Asiatic cottons 
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including diploid species, Gossypium herbaceum L. and Gossypium arboreum L., and 

new world cotton comprising tetraploid species Gossypium hirsutum L. (American or 

Upland cottons) and Gossypium barbadense L. (Pima, Sea Island, Egyptian cottons). 

Upland cotton, representing 95% of the global cotton crop, predominates other species in 

terms of cultivated area, production and bulk of trade around the world. It can be found as 

far north as 37oN in the United States, and as far south as the 32oS in Australia. Pima 

cotton is prized for its superior fiber quality, however, it accounts for less than 2% of the 

world cotton crop and cultivation is confined mostly to the Nile valley of Egypt, and 

California and Arizona states of USA due to narrow adaptation. 

 

1.1.2 Economic importance 

Man has utilized cotton for his benefits since ancient times (Fryxell, 1992). 

Cotton is one of the most important cash crops and its production is substantial to the 

living of small holder in many of Asian, African and Latin American developing 

countries including Pakistan (Fortucci, 2002). It is the main source of lint along with its 

by products i.e. cotton seed oil, cotton seed cake, seed hulls, and linters. The lint is the 

most precious product of the cotton plant and provides much of the high-quality fiber to 

the textile industry which represents a multibillion dollar enterprise from the production 

of raw fiber to the furnished textile products. Today, cotton takes up about 40% of textile 

fiber market, while polyester and other synthetic fibers take up about 55% (Proto et al., 

2000; ICAC, 2006).  

In addition to their widely known uses in value added textile products like yarn, 

cloths, and their made ups, fiber derived products are also found in plastic and many 

industrial products such as digital screens. In year 2006, nearly 116 million bales (480 

lbs/bale) of cotton were produced in ~80 countries where more than 180 million people 

are engaged directly or indirectly with the cotton. More than 150 countries are involved 

in cotton trading with estimated economic impact of ~US$500 billion per year. In 

addition to the natural source of textile fiber, cotton is also an important edible oil-seed 

crop. 

Agriculture is the mainstay of Pakistan’s economy. It accounts for 20.9% of the 

gross domestic product (GDP), and 43.4% of total employment is generated through 
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agriculture. Cotton is a major economic driver for Pakistan where two-third of the total 

export earnings are based on cotton and cotton products. Pakistan is the forth largest 

producer of cotton in the world and the largest exporter of cotton yarn. Beside export-

earning, cotton also provides raw material to the local textile industries. In addition to the 

fiber, cotton provides about 85% of domestic oil production. A profound investment in 

the form of about 1221 ginning factories and over 500 textile mills with more than 9.3 

million spindles heavily depends upon cotton (GOP, 2007).  

 

1.1.3 Cultivation 

Cotton, a leading natural fiber source, occurs between 36° South latitude and 46° 

North latitude in tropical and subtropical regions of the world (Reller and Gerstenberg, 

1997), however, northern hemisphere accounts for 91% of the world cotton production 

(ICAC, 2006). Cotton is grown either as a dryland crop, relying on rainfall or as an 

irrigated crop where adequate water for irrigation is available. The area under rainfed 

cotton accounts for 47% of the global cotton acreage. Brazil, Mali, and parts of China, 

USA and India are mainly rainfed. Irrigated cotton is not uniformly distributed around the 

globe and is mainly grown in regions with Mediterranean, arid or semi-arid climates 

where cotton must be fully irrigated without significant rainfall during the growing 

season. In Uzbekistan, Pakistan, Turkey, Australia, Greece, Egypt, China, (Xinjiang 

province), and part of India, a major portion of the crop water requirements of cotton are 

met by supplementary irrigations (Table 1.2). 

In 2005-06, cotton occupied an area of 34.03 million hectares worldwide which 

constitutes about 2.5% of the total global arable land. Nearly, 24.67 million metric tons of 

cotton lint was produced in about 80 countries of the world, however, five major cotton 

producing countries, including China, USA, India, Pakistan and Uzbekistan accounted for 

about 74% (ICAC, 2006) of the total output (Table 1.1).  

During the last six decades cotton acreage in Pakistan grew at an annual average 

rate of 1.7% to reach 3.23 million hectares in 2006 from 1.23 million hectares in 1947 

(GOP, 2007). Cotton cultivation is mainly confined to Punjab and Sindh provinces with 

few pockets in Baluchistan in relatively hot and dry environment.  
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Table 1.1 Main regions of cotton production within the 15 major cotton producing 
countries accounting for ~92% of total global cotton production. 

Country  Share in world 
Production (%) 

Major cotton producing regions and their share to the 
national area* 

China 23.3 

Xinjiang (21.5%), Henan (16.6%), Jiangsu (11.5%), Hubei 
(11.4%), Shandong (10%), Hebei (6.7%), Anhui (6.4%), Hunan 
(5.2%), Jiangxi (3.3%), Sichuan (2.3%), Shanxi (1.7%), and 
Zhejiang (1.3%) 

USA 21.0 
E. Texas (33.7%), Missouri, Mississippi, W. Tennessee, E. 
Arkansas, Louisiana, Georgia (Macon) (27.7%), and California, 
Arizona (14.3%) 

India 16.8 
Punjab (18%), Andhra Pradesh (14%), Gujarat (14%), 
Maharastha (13%), Haryana (10%), Madhya Pradesh (10%), 
Rajasthan (8%), Karnataka (8%), and Tamil Nadu (4%) 

Pakistan 8.4 Sindh (15%) and Punjab (85%) 
Uzbekistan 5.0 Fergana (85%) 

Brazil 4.2 Parana (43%), Sao Paulo (21%), Bahia (8%), Minas Gerais (5%), 
Mato Grosso (5%), Goias (4%) and Mato Gross do Sul (4%) 

Turkey 3.2 Aegean/Izmir (33.6%), Antalya (1.2%), Cukurova (20.2%) and 
Southeasten Anotolia (45%) 

Australia 2.4 Queensland (23%) and New Southwales (77%) 
Greece 1.7 C. Macedonia (14%), E. Macedonia (27%), and Thessaly (51%) 
Syria 1.3 Al Hasakah (33%), Ar Raqqah (33%) and Dayr az Zawr (33%) 
Burkina Faso 1.2 Comoé, Kossi, Mouhoun, and Kénédougou 
Mali 0.9 Segou (85%) 
Turkmenistan 0.9 Ahal (85%) 
Egypt 0.8 Cairo (85%) 
Mexico 0.6 Baja California, Chihuahua and Coahuila 
* Source: USDA/NOAA (2005); ICAC (2006). 
Table 1.2 Water requirement for cotton production in the major cotton producing 
countries and share of irrigated area. 

Country 
Crop water 
requirement 

(mm) 

Effective 
rainfall 
(mm) 

Surface & ground 
water requirement 

(mm) 

Share of 
irrigated area *

(%) 
Argentina 877 615 263 100 
Australia 901 322 579 90 
Brazil 606 542 65 15 
China 718 397 320 75 
Egypt 1009 0 1009 100 
Greece 707 160 547 100 
India 810 405 405 33 
Mali 993 387 606 25 
Mexico 771 253 518 95 
Pakistan 850 182 668 100 
Syria 1309 34 1275 100 
Turkey 963 90 874 100 
Turkmenistan 1025 69 956 100 
USA 516 311 205 52 
Uzbekistan 999 19 981 100 

* Sources: Gillham et al. (1995); FAO (1999); Soth et al. (1999); CCI (2005); Cotton Australia (2005)  
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1.2 Drought and cotton 

Drought is one of the major abiotic threats to the crop productivity worldwide 

(Boyer, 1982). About 28% of the total global land is in arid and semi-arid regions where 

water scarcity limits successful crop production. Global environmental changes suggest a 

future increase in aridity in many parts of the earth (IPCC, 2001). Crop yields are already 

reduced in rainfed farming mainly due to water scarcity. Globally, 69% of all cereal area 

is rainfed, where per hectare yield is about 65% of the irrigated yield. Similarly, in case 

of cotton, rainfed acreage accounts for 47% in total world cotton cropped area, however, 

its share in total cotton production is less than 27%. Nearly 69% of the global available 

water is employed in agriculture. Rice, wheat and cotton, having together 58% of the 

global irrigated area, are major consumers of water. Irrigated farming might face water 

crises in the future due to dwindling surface water reservoirs, falling underground water 

tables (Somerville and Briscoe, 2001) and global warming. About 53% of the global 

cotton area is irrigated with Mediterranean and desert climate, stretching from Spain to 

central Asia and regions with similar climates in the west of North and South America 

and Australia (Gillham et al., 1995). Among the five major cotton producing countries, 

China, India, Pakistan and Uzbekistan are already in short supply of surface water.  

In Pakistan, cotton is planted in dry areas of Punjab and Sindh provinces with 

supplemental irrigation. Most of the rainfall brought by the summer monsoon hardly 

reaches southern Punjab and Sindh, core area of cotton cultivation, producing about 90% 

of the total production. Central Punjab receives ample monsoon rainfall however, its 

arrival and duration is erratic resulting in frequent seasonal drought in these areas. 

Pakistan is already one of the most water-stressed countries in the world, a situation 

which is going to degrade into outright water scarcity due to high population growth. The 

total flow of water in major rivers is declining and there is no additional water to be 

injected into the system (WB, 2005). Consequently, major dams are not filled to capacity 

and water in the Tarbela and Mangla dams reaches dead level in late February or early 

March almost every year. As a result, more water is being withdrawal from aquifers to 

meet the irrigation requirements leading to unsustainable exploitation of ground water 

tables. Similarly, in China's Yellow River Valley, the extensive water withdrawal has 

caused significant falling of ground water tables (Soth et al., 1999). 
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Sustainable crop production in this water scarce environment is probably the major 

challenge facing modern agriculture. Management practices, to some extent, can 

contribute to decrease yield loss in water-deficient environments. Nowadays, production 

of almost all major crops including cotton relies on flood or furrow irrigation. Shifting of 

conventional irrigation system to sprinkler and drip systems may result in enhanced water 

use efficiency especially in water scarce regions, however, drought is a problem of 

developing countries where farmers, in general, are resource poor, with small land 

holdings and a limited capacity to adopt high-input technologies like modern irrigation 

systems. That is why hardly 0.7% of land in the world is irrigated by these methods 

(Postel, 1992).  

The best option to improve and sustain yields under water stress conditions is to 

develop drought tolerant crop varieties. Drought tolerance is a complex mechanism that 

is influenced by a wide range of physiological traits which have some relationship with 

productivity under water deficit conditions. Improvement of crop plants for drought 

tolerance is a major goal of most breeding programs and study of plant responses to  

drought may help breeders in understanding of how plants can adapt to water stressed 

conditions.  

 

1.2.1 Definition of drought stress  

Drought is a meteorological term that means deficiency of precipitation of 

sufficient magnitude for a time period long enough to deplete soil water causing injury to 

plants. Decker (1983) discussed various definitions of drought and regarded a definition 

based on soil moisture shortage as the most useful in agriculture. In agricultural term, 

drought is referred to a state when readily available water in the root zone is exhausted 

approximately to permanent wilting percentage. Physiologically, water deficit or water 

stress refers to the situation in which plant water potential and turgor are reduced to the 

extent to interfere with normal functioning.  

.  

1.2.2 Mechanisms of drought tolerance 

Drought is a multidimensional stress affecting plant at various levels of their 

organization. Plants exhibit a wide range of responses at molecular, cellular and whole 
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plant levels when exposed to water deficit (Hasegawa et al., 2000; Xiong and Zhu, 2002; 

Bartels and Sunkar, 2005). These responses depend upon the duration and severity of 

water deficit, developmental stage of the plant (germination, vegetative and reproductive 

phases), plant species and the organ and cell type under question. The plant response to 

osmotic stress at whole plant level is complex (Blum, 1996). At the physiological level, 

dehydration results in fundamental changes in water relations, biochemical and physical 

processes, membranes structure and ultra structures of sub-cellular organelles (Tuba et 

al., 1993; Sarafis, 1998). These changes may be adaptive to cope with stress, and may not 

be involved in adaptation or may be a result of injury. In general, plants adapt one of the 

following three strategies to endure drought.  

 

1.2.2.1 Drought escape 

 Drought escape has also been termed as drought avoidance (Kramer, 1983) and 

refers to the mechanisms which enable plants to complete vegetative and reproductive 

phases of their life cycle during favourable moisture conditions before the occurrence of 

meteorological drought. Best examples of such mechanisms are desert ephemerals that 

germinate, grow, flower and reproduce during short periods of adequate rainfall, and 

produce seeds that remain dormant during drought. Generally, plants with a rapid growth 

rate and non-determinant growth habit are better prepared to escape drought.  

 

1.2.2.2 Dehydration avoidance/postponement  

Water constitutes 85-90% to the fresh weight of the most living herbaceous 

plants. Higher plants absorb water through roots from soil, translocate it to shoots and 

transpire mainly through leaves. Whenever the rate of water loss by transpiration exceeds 

that of absorption, a state of dehydration is caused to the conducting tissues. Plants 

postpone this injurious dehydration by architectural or physiological mechanisms to 

sustain balance between loss and uptake of water. Such a balance is achieved in the short 

term period mainly by controlling water loss through stomatal closure. In long term, 

cuticle thickness, changes in leaf angle and small canopy leaf area through reduced 

growth and shedding of older leaves are potential features in minimizing water loss. 

Water absorption is increased by increasing investments in roots and through osmotic 
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adjustment. Such mechanisms by which the plants maintain high water status for 

sustaining function and postpone dehydration is termed as dehydration avoidance (Blum, 

1988). In case of mild water stress or water stress of a limited duration, avoidance 

mechanisms by themselves can be sufficient to maintain plant performance (Kramer and 

Boyer, 1995).  

 

1.2.2.3 Dehydration tolerance  

During prolonged drought it becomes increasingly difficult for plant to avoid 

dehydration, and mechanisms to tolerate reduced water content become important. The 

‘desiccation-tolerant’ plants are the most dramatic examples of dehydration tolerance that 

can recover even from below 10% relative water contents (Oliver et al., 2000; Vicre et 

al., 2004). When fully dehydrated, these plants are in a metabolically dormant state. This 

capacity of plants to sustain function at low water status is described as dehydration 

tolerance, however, such type of tolerance seldom occur in crop plants. 

 

1.3 Breeding strategies for drought tolerance 

Sustainability and improvement in cotton yield are major challenges to meet the 

upcoming threats of increasing volume of world population, deterioration of arable land, 

depleting water resources and environmental stresses, especially, drought. The 

development of cotton genotypes that endure and recover from drought is a practical and 

economical approach to minimize yield loss in rainfed areas and to reduce delta of water 

in irrigated production. 

 

1.3.1 Conventional breeding: Empirical vs. Analytical approach 

Significant efforts have been made during the last two decades to improve 

drought tolerance in cotton using empirical selection for seed cotton yield per se as well 

as analytical approaches (Pettigrew, 2004; Sarwar et al., 2006; Rahman et al., 2007a).  

Most of the practical drought-breeding programs emphasize on direct selection for 

yield under stress. However, high yielding genotypes under water stress could likely to be 

low yielding under well-watered environments (Rosielle and Hamblin, 1981). Moreover, 
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the too dry selection sites probably do not reflect the conditions of natural drought which 

often occurs as low water availability in a normally reasonable wet period. 

Another approach is to breed for high yield potential under optimum (non-water 

stress) condition which could improve yield under both water stress and non-stress 

conditions (Quisenberry et al., 1980). In contrary, it is also observed that genotypes bred 

in optimum conditions are not likely to sustain yield in stress condition (Ceccarelli, 1996) 

due to genotype environment interaction and selection only under water stress condition 

is fruitful (Arboleda-Rivera and Compton, 1974). Third approach suggests testing of 

germplasm under stress and non-stress conditions and ranking genotypes for drought 

tolerance/susceptibility on reduction in yield (Blum, 1988) however, values are 

confounded with differential yield potential of genotypes. Other yield-based estimates of 

drought tolerance are geometric mean yield (GM; Fernandez, 1993) and drought 

susceptibility index (DSI; Fischer and Maurer, 1978). Geometric mean yield is often used 

by breeders interested in relevant performance since drought stress may vary in severity 

in field environments over years. Drought susceptibility index is a measure of reduction 

in yield of a genotype under drought conditions with respect to the mean reduction of all 

the genotypes under consideration. Genotypic differences in GM and DSI have been 

demonstrated in different crop species (Ramirez-Vallejo and Kelly, 1998; Frahm et al., 

2004; Ullah et al., 2006). Ramirez-Vallejo and Kelly (1998) suggested that the most 

effective approach in breeding for drought resistance in common bean would be based 

first on selection for high GM followed by selection among the high yielding individuals 

for low to moderate levels of the DSI. However, information in this regard is limited in 

cotton.  

Yield in cotton, like many other crops, is not an independent plant character 

(Dhungana et al., 2007) because increased production of lint depends upon the interplay 

of numerous yield components like bolls per plant, boll weight and lint percentage under 

a set of particular environmental conditions. Another approach for genetic estimation of 

drought tolerance is whether overall yield or individual yield components provide a more 

reliable estimate of tolerance. As yield components represent a lower conceptual level of 

complexity, it may be assumed that measurements of components may be more 

repeatable than yield (Cook and El-Zik, 1992). 
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Plant yield under stress is the primary trait for selection in conventional plant breeding 

programs, however, improvement in drought tolerance using solely yield per se is 

insufficient. Yield is a complex trait and is the end product of various developmental and 

physiological processes. Therefore, the heritability of yield, particularly under drought, is 

low which hampers the progress in increasing yield and its stability under water stress 

conditions. Moreover large genotype x environment interaction for yield under drought is 

another major reason for slow progress.  

Indirect approaches based on understanding and analyses of certain physiological, 

morphological and biochemical factors may complement empirical breeding programs 

for improving drought tolerance in crop plants. Breeding improved drought tolerant 

cultivars using an analytical approach requires identification of physiological 

mechanisms and morphological trait(s) conferring drought tolerance, determination of the 

extent of genotypic variation within a species for these traits, and their relative 

contribution to economic yield (Cooper, 1999).  

Intensive studies have been carried out in sunflower (Chimenti et al., 2002; Kiani et 

al., 2007a), canola and mustard (Niknam et al., 2003) and cereals (Moinuddin et al., 

2005; Tester and Bacic, 2005) in order to identify secondary traits that can be used as 

selection criteria for drought tolerance. A number of secondary parameters including 

anatomical traits (e.g. root characteristics), physiological attributes (e.g. gas exchange, 

osmotic adjustment), measures of plant water status (e.g. leaf water potential; relative 

water contents) and cell membrane stability are recognized as important components of 

drought tolerance (Nepomuceno et al., 1998; Teulat et al., 2003; Zheng et al., 2003; Yue 

et al., 2005; Steele et al., 2006; Basu et al., 2007). 

• Root characteristics  

The possession of a deep and dense root system may help a plant to get deeper water 

from the soil profile (Boyer, 1996). Root depth is considered a more important 

component in conferring tolerance to drought compared to root density. Significant 

variability for taproot length and density exists (Pace et al., 1999; Basal et al., 2005; 

Ullah et al., 2008) in cotton germplasm. However, due to logistical problems associated 

with field measurement of structure and function of roots, field research on root traits is 

mostly confined to cereals (Zheng et al., 2000; Zhang et al., 2001; Price et al., 2002a; 
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Zheng et al., 2003; Steele et al., 2006), whereas root characterization in crops with a 

deeper root system like cotton is generally exercised in green houses where plants are 

grown in soil filled disposable polyethylene tubes. Being a destructive screening method 

and the complexity associated with measurement of root parameters, these traits are not 

routinely used in breeding programs.  

• Gas exchange attributes 

Photosynthesis is the process of converting light energy into chemical energy and 

is the primary determinant of plant growth and yield. Cotton has a C3 carbon metabolism, 

however, its photosynthetic potential is relatively high (Ephrath et al., 1990; Faver and 

Gerik, 1996). At whole plant level, water stress is usually perceived as a decrease in 

photosynthesis and growth (Chaves, 1991; Cornic, 1994; Lawlor, 1995). The reduced 

photosynthesis under water-deficit stress has been attributed to stomatal and non-stomatal 

limitations (reviewed by Chaves, 1991; Cornic, 2000; Flexas et al., 2004). The inhibition 

of photosynthesis under mild stress can be mostly explained by a restriction of CO2 

diffusion. Stomata closure is the first line defense against dehydration since it is much 

quicker than anatomical as well as biochemical changes. As CO2 enters the leaf through 

stomata, decreased stomatal conductance in response to water deficit leads to decrease in 

CO2 intake, decreased intracellular CO2 partial pressure (Ci), and subsequently decreased 

CO2 assimilation and net photosynthesis (Farquhar and Sharkey, 1982). The hypothesis of 

stomatal effects of photosynthesis inhibition under water stress is supported by studies 

with Primula palinuri, where the removal of the lower leaf epidermis before dehydration 

did not cause any significant inhibition of photosynthesis (Dietz and Heber, 1983). 

Moreover, full recovery of photosynthesis in water-stressed leaves measured at saturated 

CO2 concentration (Quick et al., 1992) also supported this hypothesis. However, under 

severe water stress when tissue relative water contents drops below 70%, inhibition of 

photosynthesis is attributed to non-stomata1 effects (Kaiser, 1987; Faver and Gerik, 

1996; Ennahli and Earl, 2005) at the chloroplast level, with electron transport and 

phosphorylation being main targets of inhibition. 

Effect of water-deficit stress on gas exchange attributes in cotton is well 

documented. Turner et al. (1986) observed significant inhibition of photosynthetic rate in 

cotton under a water-limited environment. Similar findings have been reported in some 
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other studies (Genty et al., 1987; Ephrath et al., 1990, 1993; Faver and Gerik,1996; 

Bojinov et al., 2000; Yi et al., 2000). In contrast, Pettigrew (2004) tested eight cotton 

genotypes for physio-economic traits under irrigated and dryland conditions and found 

6% greater CO2 exchange rate in leaves from the dryland plants compared with irrigated 

leaves. Considerable intra-specific variation for stomatal conductance in Gossypium 

hirsutum L. under water deficit environment has been reported (Laffray and Louguet, 

1990). Leidi et al. (1993) determined gas exchange attributes in cotton genotypes under 

drought during the growth cycle and reported a decrease in net photosynthetic rate, 

stomatal conductance and transpiration rate as soil water availability diminished. 

Photosynthetic rate was reported to be closely related to stomatal aperture at low stomatal 

conductance levels. It was also observed that inter-genotypic variation for photosynthetic 

rate increased with time, probably as a result of a higher capacity for water uptake in 

some genotypes. Lopez et al. (1993) measured photosynthetic activity, stomatal 

conductance and other physiological traits in 90 days water-stressed cotton 

cultivars/genotypes and found significant variation among the cultivars for all the factors 

studied. Nepomuceno et al. (1998) evaluated two drought susceptible and two drought 

tolerant cotton genotypes for physiological response to polyethylene induced stress and 

demonstrated that the tolerant genotypes were able to maintain photosynthesis, stomatal 

conductance and relative water content near unstressed control levels. In contrary, in 

another study, genetic differences for photosynthetic rate were not observed (Hsiao et al., 

1989). Selection for higher leaf photosynthetic rate has not generally resulted in 

improved yield under optimum growing conditions (Ullah et al. 2008), however, higher 

photosynthetic rate under a drought environment is considered a decisive factor for 

higher cotton production (Lopez et al., 1995), and the empirically determined differences 

in drought tolerance of cotton cultivars can be related to some physiological parameters 

such as photosynthetic rate (Nepomuceno et al., 1998). 

• Osmotic adjustment (OA) 

A variety of adaptive mechanisms are considered important in conferring drought 

tolerance in different plant species, however, some basic cellular responses to drought 

appear conserved among all plants (Zhu et al., 1997). Osmotic adjustment is widely 

considered one of the major adaptive mechanisms for plants subjected to water deficit 
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(Ludlow and Muchow, 1990). As water is being removed from the plant cell, its osmotic 

potential is reduced due to the simple effect of solute concentration. However, if during 

the course of cellular water loss, solutes are actively accumulated, osmotic potential 

would be reduced beyond the rate dictated by the mere effect of concentration. Such an 

active accumulation of solutes during the development of water deficit is termed osmotic 

adjustment (Blum, 1988). The accumulated compatible solutes are low molecular weight, 

highly soluble compounds that have little interference with structure and function of 

macromolecules even at very high concentration, and facilitate water absorption by 

lowering cellular osmotic potential. Species differ with respect to the type of solutes 

accumulated, however common compatible solutes include sugars, such as trehalose, 

fructons and sucrose; polyols such as mannitol, pinitol and sorbitol; amino acids like 

proline; quaternary ammonium compounds including glycine betain; ions such as 

potassium; and organic acids such as malate and citrate (Ashraf and Harris, 2004; Ashraf 

and Iram, 2005).  

Osmotic adjustment, resulting from net accumulation of solutes, helps to sustain 

metabolic activity, growth and productivity of plant through maintenance of turgor at low 

water potential. For example, stomata1 opening and photosynthesis may be maintained at 

low leaf water potential (Gunasekera and Berkowitz, 1992; Ober et al., 2005; Basu et al., 

2007; Kiani et al., 2007a). Moreover, selection for high osmotic adjustment in response 

to lowering of leaf water potential was found to be associated with greater soil water 

extraction in field plots and hence more grain yield in wheat (Morgan and Condon, 

1986). A relationship between OA and plant productivity under water-limited 

environments has been found in a number of crops, for example, barley (Blum, 1989), 

sorghum (Tangpremsri et al., 1995), canola and mustard (Niknam et al., 2003), rice 

(Babu et al., 2003), wheat (Blum et al., 1999; Moinuddin et al., 2005; Silva et al., 2006), 

maize (Chiementi et al., 2006) and sunflower (Kiani et al., 2007b). 

Osmotic adjustment in response to water-deficit stress has also been reported in 

cotton. Turner et al. (1986) studied the physiological and morphological responses of 

cotton to water stress using different irrigation treatments and reported 0.1 MPa diurnal 

changes in osmotic adjustment. Oosterhuis and Wullschleger (1987) assessed the relative 

magnitude of osmotic adjustment of water-stressed cotton leaves and roots using plants 
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raised in pots of sand and grown in a growth chamber. Both leaves and roots exhibited a 

substantial adjustment in osmotic potential in response to water stress with the former 

exhibiting the larger absolute adjustment. The osmotic adjustment of leaves was 0.41 

MPa compared to 0.19 MPa in the roots. Nepomuceno et al. (1998) evaluated genotypic 

variation for osmotic adjustment in response to water-deficit stress in leaves and root of 

four cotton genotypes with different water deficit tolerances. A mild water deficit of −0.3 

MPa was induced with polyethylene glycol (PEG 6000) around the roots of cotton 

genotypes. In response to the water-deficit stress, Siokra L-23 and T-1521 showed 25 and 

20% reductions in leaf osmotic potential, respectively, compared with unstressed 

controls. At the same time, water potential of these two genotypes did not change 

significantly. Conversely, the decrease in the osmotic potential of CS-50 and Stoneville 

506 was not significant, while their water potential decreased significantly. By 

maintaining a higher water potential during water-stress, the tolerant genotypes were able 

to sustain photosynthesis, stomatal conductance and relative water content near 

unstressed control levels. The authors suggested that physiological monitoring can be an 

effective tool in germplasm selection and improvement. 

 Despite the reports on genotypic variation for OA, direct comparisons of cotton 

genotypes with respect to OA and seed cotton yield have been rare (Saranga et al., 2001; 

Rahman et al., 2007a) which are important to determine role of osmotic adjustment, if 

any, in seed cotton yield and possibly to use osmotic adjustment as a selection criterion.  

• Cell membrane stability (CMS) 

Cell membrane stability under water-limited conditions is another physiological 

criterion for selecting drought tolerant plants (Levitt, 1980). Cellular dehydration puts 

strain on cellular membranes causing an increase in their permeability. Sullivan (1972) 

described a drought and heat tolerance assay for sorghum based on electrolyte leakage 

that he designated the cell membrane stability (CMS) test. This method measures increase 

in electrolyte diffusion resulting from an increase in drought-induced cell membrane 

permeability. The CMS is a robust and an inexpensive drought tolerance test which 

requires little space, enabling screening of a large set of genotypes.  

Cell membrane stability has been widely exploited as an indicator of tolerance 

against water-deficit stress, and numerous reports of genotypic differences in cell 
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membrane stability have established its association with economic yield under water 

stress in many crop species (Ashraf et al., 1992; Tripathy et al., 2000; Saneoka et al., 

2004). However, in most of drought tolerance studies cell membrane stability assay was 

performed with osmotic stress induced in vitro by polyethylene glycol. Unlike field-

induced water stress, which develops gradually, polyethylene glycol induces osmotic 

stress instantaneously. Cell membrane stability has been employed to assess heat 

tolerance in cotton (Ur-Rahman et al., 2004); however, information about the extent of 

variability of cell membrane stability in cotton genotypes is lacking (Rahman et al., 

2007a). 

 

1.3.2 Molecular breeding  

Mapping quantitative traits like yield and stress tolerance is difficult because the 

genotype is never unambiguously inferred from phenotype. Traditional plant breeding 

efforts aimed to improve drought tolerance through empirical approaches are hampered 

due to low genetic variance for yield traits and high genotype x environment interaction. 

Considerable efforts have been devoted to study the role of the physio-morphological 

traits in drought tolerance and their correlation with yield (Moinuddin et al., 2005; 

Chiementi et al., 2006; Ullah, et al., 2006; Rahman et al., 2007a). Indirect selection for 

secondary traits depicting high correlation with yield may expedite breeding progress for 

drought tolerance if the targeted secondary traits are user friendly and characterized by 

heritability higher than yield. Traits conferring drought tolerance are complex and their 

genetic basis is poorly understood. The complexity of these adaptive traits probably 

arises from segregation of alleles at many interacting loci (quantitative trait loci, or QTL), 

the effects of which are sensitive to the environment (Lynch and Walsh, 1998). A QTL is 

the location of gene(s) affecting a trait measured on a quantitative scale (Tanksley, 1993). 

Recent advances in molecular genetics and statistical techniques have made it possible 

for plant breeders to identify chromosomal regions where these QTL are located. DNA 

marker technology provides a powerful tool to tag these genomic regions, which are 

difficult to analyze using traditional plant breeding methods (Prioul et al., 1997). 

Availability of tightly linked molecular markers for a trait could allow a plant breeder to 

exercise marker assisted selection (MAS) to identify plants with desired traits in early 
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generation which will boost the efficiency of a breeding program. Moreover, using 

molecular techniques, it is possible to expedite the transfer of desirable genes between 

varieties and to introgress novel genes from wild species into crop plants (Tuberosa et al., 

2002a).  

Typically, QTL analyses include genetic profiling of a large mapping population 

using molecular markers, its accurate phenotyping for the trait(s) of interest and 

application of an appropriate statistical approach to test the association between a 

phenotype and a marker.  

 

1.3.2.1 Marker systems for genetic mapping 

A segregating marker provides information regarding the allelic status (maternal 

homozygous, paternal homozygous or heterozygous) of each of the individuals in a 

segregating population. These inheritance patterns can be monitored and scored. 

Construction of a genetic linkage map simply involves arrangement of markers in order 

indicating genetic distance between them, and assigning them to their linkage groups on 

the basis of their recombination frequency estimated by genotypes of a cross (Kearsey 

and Pooni, 1996). The markers used to develop genetic maps can be classified as 

morphological, biochemical and molecular markers. 

 

1.3.2.1.1 Morphological markers 

Morphological or phenotypic markers are traditional markers recognized by 

visual observation of the phenotype in the field or laboratory. From the time of Gregor 

Mendel until 1980, morphological characters remained the major types of markers readily 

available for genetic mapping (Mohan et al., 1997). First attempt to link a quantitative 

trait with a major gene locus was exercised by Sax (1923) who mapped a QTL for seed 

size in bean tightly linked to P/p locus controlling seed pigmentation. Although 

morphological markers are easy to score, and has been employed in diversity analysis 

(Tatineni et al., 1996) and linkage studies (Franckowiak, 1997) in crop species, 

systematic identification and characterization of QTL is not possible using these markers 

because they are often recessive in nature, limited in number, specific to developmental 

stage of plant, prone to environmental effects and may exhibit epistatic effects (Mohan et 
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al., 1997). 

1.3.2.1.2 Biochemical markers 

Biochemical marker analysis enjoyed wide spread popularity in molecular genetic 

studies since its advent in late 1950s (Markert and Moller, 1959). This class of molecular 

marker includes proteins especially isozymes and allozymes (Tanksley and Orton, 1983; 

Weeden et al., 1988), and other biochemical characteristics such as lipids or sugars. 

Isozymes are functionally similar forms of enzymes (Murphy et al., 1996) whereas 

allozymes are different forms of the same enzyme resulting from allelic variation. Amino 

acid differences in the polypeptide chains of the different allelic forms of an enzyme 

(allozyme) represent changes in the underlying DNA sequence. Depending on the nature 

of the amino acid changes, the resulting protein products may migrate at different rates 

(due to charge and size differences) in starch or polyacrylamide gels at a set pH. The 

resolved protein products may be detected by adding a substrate and dye under the 

appropriate reaction conditions for a particular enzyme. Differences in the 

presence/absence and relative frequencies of alleles may be used to quantify genetic 

variation and distinguish among genetic units at the levels of populations, species, and 

higher taxonomic designation. Biochemical markers have advantages and disadvantages. 

Advantages include their relatively low cost (Burow and Blake, 1997), and co-dominant 

nature, which allows distinguishing heterozygote from homozygote. Disadvantages 

associated with biochemical markers, especially isozymes, include heterozygote 

deficiencies due to null (enzymatically inactive) alleles, difficulty in sample collection 

and storage due to need for fresh or appropriately frozen tissue material in order to 

maintain enzymatic activity (which is the basis of the detection method) and destructive 

sampling. Moreover problems of electrophoretic band resolution in some systems can 

lead to difficulties in interpretation of results. Isozymes are also phenotypic markers, in 

that they can be affected by the tissue, growth stage and conditions of plant growth. In 

addition, biochemical markers include only 75 isozyme systems (Murphy et al., 1996), 

and most of the loci exhibit relatively low number of alleles (usually two or three) which 

tend to keep the polymorphic information contents (PIC) of these markers fairly modest. 

Isozymes have been used in genetic diversity analysis in cotton (Wendel et al., 1992) and 

other crops (Geraci et al. 2004) as well as linkage studies in many plant species including 
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tomato (Bernatzky and Tanksley, 1986), barley (von Wettstein-Knowles, 1992) and chick 

pea (Kazan et al., 1993); however, low levels of genetic variation revealed in these 

studies precluded their use in large-scale genome mapping and prompted a continued 

search for markers with greater genetic resolution. 

 

1.3.2.1.3 DNA-based markers 

Before 1980, all genetic maps were constructed using morphological and isozyme 

markers (Wendel et al., 1992). These markers were limited in number, specific to 

developmental stage and prone to environmental effects confounding the efforts to make 

a dense genetic map. This problem was overcome with the discovery of DNA markers 

followed by their utilization in map construction. The application of DNA markers 

expedited efforts in investigations of genetic variability, parentage assignments, varietal 

identification, and the construction of high-resolution genetic linkage maps. A wide array 

of DNA marker systems available for genetic assay of crop plants fall into one of three 

basic categories depending upon the techniques that are employed. 

 

1.3.2.1.3.1 Hybridization based (non-PCR based) markers 

DNA hybridization to detect variation in specific sequences was first proposed by 

Southern (1975), which led to display hybridization as marker in its several variants. In 

this category, restriction fragment length polymorphism (RFLP) assay was extensively 

used for investigating the organization of genomes and for the construction of dense 

genetic maps in animal and plant species (Spike et al., 1996; Bhattramakki et al., 2000; 

Korzun et al., 2001; Pradhan, et al., 2003).  

This technique involves digestion of genomic DNA with restriction enzymes 

followed by electrophoretic size separation of the fragments in a gel matrix. The resolved 

fragments are transferred from gel to a membrane by Southern blotting (Southern, 1975) 

in the exact spatial orientation that they had in the gel and visualized by hybridization 

usually with radioisotope labeled probes. Several sources of DNA, such as a small stretch 

of genomic DNA, cDNA sequence or specific PCR products can serve as probes. Probes 

can also be adopted from other species as heterologous probes for comparative mapping, 
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which allows comparison of genome organization and evolution between the related 

species (Tanksley et al., 1988; Lagercrantz et al., 1996; Lagercrantz, 1998).  

Human genetic map report based on RFLP markers (Botstein et al., 1980) is regarded as 

the first shot in the genome revolution, marking the start of an entirely different era in the 

biological sciences. Using RFLPs in plant system, extensive genetic maps were initially 

constructed in tomato (Bernatzky and Tanksley, 1986) and maize (Helentjaris et al., 

1986). Subsequently, maps were prepared in a variety of other plant species like, lettuce 

(Landry et al., 1987), rice (McCouch et al., 1988), barley (Graner et al., 1991), sorghum 

(Bhattramakki et al., 2000), rye (Korzun et al., 2001) and mustard (Pradhan, et al., 2003).  

The RFLP technique has also been used to characterize the levels of genetic diversity in 

plant species (Bhattacharjee et al., 2002). 

Cotton was first subjected to DNA-based marker analysis in the early 1990s when 

Meredith (1992) applied RFLPs to study heterosis and varietal origins in cotton 

genotypes. Despite the low level of polymorphism compared to other plant taxa 

(Brubaker and Wendel, 1994), RFLPs have been applied for genome mapping in cotton 

(Table 1.3) using intra-specific (Shappley et al., 1996, 1998a, b; Ulloa and Meredith 

2000; Ulloa et al., 2002; Ulloa et al., 2005), as well as inter-specific crosses (Reinisch et 

al., 1994; Mei et al., 2004). 

In addition, RFLPs have also been used to map loci in cotton for leaf and stem 

trichomes (Wright et al., 1999), bacterial blight pathogen, Xanthomonas campestris pv. 

malvacearum (Xcm) resistance (Wright et al., 1998), and fiber quality traits including 

fiber elongation (Chee et al., 2005a), length (Kohel et al., 2001; Chee et al., 2005b) and 

fineness (Draye et al., 2005). RFLPs have also been employed to map QTLs for root-knot 

nematodes (Shen et al., 2006a), productivity (Ulloa and Meredith 2000) and drought 

tolerance traits. Saranga et al. (2004) reported 33 QTLs in cotton for five physiological 

attributes (osmotic potential, carbon isotope ratio, canopy temperature, chlorophyll a and 

b), and 46 QTLs for five productivity traits (dry matter, seed cotton yield, harvest index, 

boll weight, and boll number) using RFLPs. 

RFLP markers are particularly useful as anchor markers in comparative linkage 

maps of different plant species. RFLPs are co-dominant and, therefore, very informative, 

and scoring of alleles is also relatively easy as the size difference is often large. However, 
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the major disadvantage of RFLP is the relatively low level of polymorphism compared to 

more recently developed PCR-based molecular markers. In addition, generating RFLP 

data is labor intensive and time consuming, often uses radioactive probes and requires a 

relatively large amount of good quality DNA which limits its use as a selection tool in 

mainstream cotton improvement (Liu and Cordes, 2004). 

 

1.3.2.1.3.2 PCR-based DNA markers 

Hybridization based DNA markers, especially, RFLP, have most frequently been 

used for genetic mapping, and a variety of other objectives in molecular biology during 

the last two decades of 20th century. Invention of the polymerase chain reaction (PCR) by 

Mullis and Faloona (1987) fueled the development of new DNA marker systems and 

their use in genomic studies. The PCR-based DNA markers have potential to reduce the 

time and expense required for molecular mapping by eliminating the necessity of probe 

hybridization. The PCR is an in vitro amplification method capable of increasing the 

number of a specific DNA region. In this technique a segment of DNA is synthesized 

repeatedly, using a short oligonucleotide (primer), which has complementary flanking 

sequences at both ends of a targeted sequence resulting in the production of large 

amounts of a single DNA fragment starting from a minute quantity of template (Mullis 

and Faloona, 1987).  

The PCR-based molecular marker techniques can be broadly characterized into 

two groups. The first category includes all PCR-based techniques which use arbitrary or 

semi-arbitrary primers for multi-locus DNA profiling which eliminate the need of prior 

sequence information of the genome. Some of the techniques in this category use a 

single, arbitrarily selected primer where the primer initiates synthesis on DNA even when 

the match with template is imperfect. These techniques include random amplified 

polymorphic DNA (RAPD; Williams et al., 1990), arbitrarily primed PCR (AP-PCR; 

Welsh and McClelland, 1990) and DNA amplification fingerprinting (DAF; Caetano-

Anollés et al., 1991). The RAPD, AP-PCR and DAF assays differ in the length and 

sequence of the primer used, the stringency of the PCR conditions, and in the methods of 

detection. These techniques rapidly became popular because of their simplicity and 

applicability to any genome. Some other assays in this group use semi-arbitrary primers 
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based upon restriction enzyme sites e.g. amplified fragment length polymorphism (AFLP; 

Vos et al., 1995) or sequences that are interspersed in the genome, like microsatellites 

e.g. microsatellite repeat-primed PCR (MP-PCR; Sharma et al., 1995), randomly 

amplified microsatellite polymorphism (RAMP; Wu et al., 1994), inter-SSR 

amplification (ISA or inter-ISSR PCR; Zietkiewicz et al., 1994 ) and selective 

amplification of microsatellite polymorphic loci (SAMPL; Morgante and Vogel, 1994). 

Most of the arbitrarily primed PCR profiling techniques are dominant in nature resulting 

in poor allelic information, limiting their use in genome mapping. 

The second category of PCR-based marker systems comprises those techniques 

that are used to amplify DNA products of known sequence. In these techniques, specific 

sequences are amplified through PCR using sequence information of the target or 

flanking target regions. Some of the most frequently used techniques in this category 

include simple sequence repeats (SSR), cleaved amplified polymorphic sequence 

(CAPS), sequence characterized amplified regions (SCAR) and single nucleotide 

polymorphism (SNP). These procedures counter the disadvantages associated with the 

use of arbitrarily primed PCR profiling techniques. 

• Random amplified polymorphic DNA (RAPD) 

Random amplified polymorphic DNA (Williams et al., 1990) is perhaps the 

simplest PCR-based method which involves the use of a single arbitrary 10-mer primer to 

amplify discrete random fragments from a genome. Each amplified product is derived 

from a region of the genome containing two short segments which share sequence 

homology to the primer used and which are on opposite strands and sufficiently close 

together for the amplification to work. These regions are scattered throughout a template 

nucleic acid in a more or less random manner (Kesseli et al., 1994) resulting in multiple 

locus amplification. The number of amplified fragments depends upon primer-template 

ratio used in the RAPD reaction (typically ≤1). Increased ratio usually results in a more 

stable amplification reaction. Multiple RAPDs can be separated electrophoretically on 

agarose gels which are stained with ethidium bromide, although occasionally denaturing 

gradient gel electrophoresis (DGGE; He et al., 1992; Dweikat et al., 1994) and 

temperature sweep gel electrophoresis (TSGE) techniques have also been used to 
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improve the fractionation of RAPDs (Penner and Bezte, 1994), however, these techniques 

are not popular because of complexities in handling these gels.  

RAPD polymorphisms can occur due to base substitutions at the primer binding sites 

which prevents stable association with the primer or structural rearrangements within the 

amplified sequence such as insertions, deletions and inversions (Welsh and McClelland, 

1990). 

RAPDs have all the advantages of a PCR-based marker and do not require prior 

sequence information of the target DNA, and a large number of loci and individuals can 

be screened in limited resources. Despite, the dominant inheritance and concerns 

regarding reproducibility, RAPDs have been extensively used due to their simplicity and 

speed for a variety of purposes including identification of inter and intra-specific hybrids 

(Shasany et al., 2005), assessment of genetic variation in populations, and species 

(Mukhtar et al., 2002; Yu et al., 2005; Asif et al., 2005; Rahman et al., 2007b), 

phylogenetic relationship (Cao et al., 2000; Sakowicz and Cieslikowski, 2006), cultivar 

identification (Rajora and Rahman, 2003), construction of genetic linkage maps in wheat 

(Kojima et al., 1998), tomato (Saliba-Colombani et al., 2000), soybean (Ferreira et al., 

2000), mustered (Sharma et al., 2002), melon (Zalapa et al., 2007) and rye (Milczarski et 

al., 2007). RAPDs have also been employed to map loci for a number of traits such as 

osmotic adjustment (Teulat et al., 1998), gas exchange (Thumma et al., 2001), blight 

resistance (Avila et al., 2004), aluminum resistance (Matos et al., 2005) and productivity 

(Zalapa et al., 2007). 

Like other crops, RAPD analysis has been employed in cotton to address a variety 

of objectives including study of the genetic relationships and genetic variation among 

cotton cultivars (Multani and Lyon, 1995; Iqbal et al., 1997; Lu and Myers, 2002; 

Rahman et al., 2002), diploid (Rana and Bhat, 2004; Rahman et al., 2007b) and tetraploid 

(Tatineni et al., 1996) germplasm lines, and polygenetic relationship among different 

cotton species (Khan et al., 2000). RAPD assays were also found useful in identification 

of cotton cultivars (Linos et al., 2002; Lu and Myers, 2002) and hybrids (Dongre and 

Parkhi, 2005).  

RAPDs have been employed to generate genetic linkage maps (Table 1.3) and 

identify QTLs in cotton. This first use of RAPDs in constructing linkage map in cotton 
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was reported by Yu et al. (1998). The authors use 171 F2 plants derived from an inter-

specific cross of TM-1 (Gossypium hirsutum L) and 3-79 (Gossypium barbadense L) to 

map RAPD and RFLP markers. A total of 219 mapped loci were assembled into 40 

linkage groups with coverage of 3855 cM of the cotton genome. About one half of the 40 

linkage groups were assigned to their respective genomic origin (A vs. D) or 

chromosomal identity by use of diploid species and aneuploid lines. The genetic analysis 

revealed two, three and five QTLs for fiber strength, length and fineness, respectively. 

The identified QTLs explained 35-50% of the total genetic variance for the fiber 

characteristics.  

Kohel et al. (2001) utilized the same mapping population to develop a relatively 

dense genetic linkage map using RAPD and RFLP markers. A total of 216 RFLPs and 

139 RAPDs were assembled into 50 linkage groups, covering 4766 cM of the cotton 

genome. Thirteen QTLs influencing fiber quality traits were discovered.  

Cantrell et al. (1999) created a genetic linkage map using RAPDs and SSRs in 

two F2 inter-specific populations which comprised 28 linkage groups with total cotton 

genome coverage of 1058 cM, and also harboured QTLs for fiber strength, length, and 

fineness. 

A RAPDs-based cotton genetic map has also been constructed using a double 

haploid population derived from an inter-specific cross. Guo et al. (2002) mapped a 

Gossypium hirsutum x G. barbadense-derived double haploid population with 489 RAPD 

and SSR loci. The resulting genetic map comprised 42 linkage groups covering 3312.2 

cM of the cotton genome with an average interval of 6.77 cM. 

Zhang et al. (2002) also used a double haploid mapping population consisting of 

58 individuals to construct a genetic linkage map with RAPD and SSR markers. A total 

of 489 loci were mapped on 43 linkage groups covering 3314.5 cM. The linkage groups 

of the map were assigned to chromosomes of the allotetraploid genome by using the 

monosomic and telo-disomic genetic stocks. 

Recently a genetic linkage map of tetraploid cotton with wider coverage was 

reported using RAPDs, SRAPs and SSRs (Lin et al., 2005). Sixty-nine F2 individuals 

from the inter-specific cross of Handan 208 x Pima 90 were genotyped with 749 

polymorphic markers. A total of 566 loci were assembled into 41 linkage groups covering 
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5141.8 cM with average inter-locus space of 9.08 cM. Out of 41 linkage groups, 28 were 

assigned to corresponding chromosomes by SSR markers with known chromosome 

locations. In total, 13 QTL associated with fiber traits were detected, among which two 

QTL were for fibre strength, four for fiber length and seven for micronaire value, 

explaining 16-28% of the trait variation.  

In addition to identifying QTLs for fiber related traits in cotton, RAPDs have also 

been employed in molecular tagging of genes for male fertility restoration (Liu et al., 

2003; Zhang and Stewart 2004; Zhang et al., 2006b) and leaf hairiness and colour (Ali, 

2004).  

Despite controversies on limitations and reproducibility of RAPD assay, they can 

still be instrumental to address various objectives in molecular biology (Grimmer et al., 

2007; Rahman et al., 2007b). The RAPD technique is robust and powerful and the 

versatility and universal nature of this technique should guarantee its continuous use in 

genome profiling in the future (Basha and Sujatha, 2007). Concerns regarding 

reproducibility can be met through more stringent optimization exercises, better 

knowledge of the amplification mechanism, improved experimental design, development 

of more accurate data analysis tools and modifications in methodology.  

• DNA amplification fingerprinting (DAF) 

The DNA amplification fingerprinting technique was proposed by Caetano-Anollés et al. 

(1991) which differs from RAPD in the length and sequence of the primer used, primer 

template ratio, and the way amplified products are resolved and detected. Use of a single 

short (typically, 5-8 mer) primer of arbitrary sequence results in amplification of a 

relatively large number of random DNA sequences which are fractionated on 

polyacrylamide gel and visualized by silver staining. It can be applied to generate reliable 

fingerprints from simple genomes of virus, bacteria and fungi to complex genomes of 

eukaryotes. The DAF technology is particularly useful for detecting polymorphism 

between closely related organisms such as near isogenic lines or mutants (Caetano-

Anollés et al., 1995).  

In DAF reactions, amplification with very short primers (5-8 mer) may be 

hampered by existence of palindromic termini in amplification products capable of 

forming hairpin loops (Caetano-Anollés et al., 1992). Such complicating effects can be 
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minimized by replacing linear DAF primers with structured primers containing 

extraordinary thermo-stable and compact “minihairpin” structure at their 5’ terminus 

(Caetano- Anollés and Gresshoff, 1994). These mini-hairpin primers interfere with the 

formation of loops in amplification products and therefore, can be used to produce 

reliable fingerprints from small template molecules such as plasmids, cloned DNA and 

PCR products. The DAF assay has been utilized in gene tagging (Men et al., 1999), 

however, DAF markers are low reproducible due to the low annealing temperature used 

in the PCR amplification which limits the application of this marker in genomic studies. 

• Amplified fragment length polymorphism (AFLP) 

Amplified fragment length polymorphism is a PCR-based, multi-locus fingerprinting 

technique which use semi-arbitrary primers based upon restriction enzyme sites 

sequences to amplify restriction fragments (Vos et al., 1995). AFLP polymorphisms 

result from insertions or deletions within the amplified fragments, base substitutions in 

the restriction sites or in the selective primer extension sites. Its primary target of genetic 

variation is similar to RFLP, but instead of analyzing one locus at a time, it allows the 

analysis of many loci simultaneously. Typically it involves: 1. Restriction of genomic 

DNA. 2. Ligation of double stranded adaptors to restricted fragments. 3. Selective PCR 

amplification. In the first step, genomic DNA of reasonable quality is restricted with two 

different restriction enzymes, generally a rare cutter and a frequent cutter (most often 

EcoRI and MseI). The frequent cutter is used to generate small fragments which amplify 

well and are in optimal size range for separation on sequence gels. The rare cutter is used 

to limit the number of fragments to be amplified. Since sequences for the resulting DNA 

fragments are unknown, double stranded synthetic adaptors of known sequence are 

ligated to the ends of the fragments which serve as primer binding sites for PCR 

amplification. In second step, subsets of restriction fragments are amplified using the 

selective AFLP primers which are designed to contain the sequences that are 

complementary to those of ligated adapters and the adjacent restriction sites, along with 

selective bases (1-3 depending upon genome size) added at their 3’ ends extending into 

the restriction fragments. The amplified fragments are typically resolved on a sequencing 

gel and visualized either by autoradiography or silver staining. Automated fluorescent 

DNA sequencers are also being used for analysis of AFLP fingerprints. The major 
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strengths of the AFLP method include high frequency of genome-wide polymorphic 

markers, reproducibility due to high PCR annealing temperatures, and are relatively 

economical on a per marker basis compared to other arbitrary-primed PCR-based 

molecular marker systems. Like RAPDs, it does not require any prior sequence 

information and thus is suitable for analysis of germplasm, biodiversity and genetic 

relationship studies in a wide range of species.  

The AFLP technique has been used as a powerful tool to estimate genetic 

diversity in major crops such as rice (Hashimoto et al., 2004), wheat (Moghaddam et al., 

2005), maize (Beyene et al., 2006), pearl millet (Allinne et al., 2007), sunflower (Dong et 

al., 2007) and peanut (Jiang et al., 2007). Moreover, this technique is also useful for 

cultivar identification (Sobotka et al., 2004) and evolutionary relationship studies (Xu 

and Ban, 2004). 

AFLP procedures have been utilized in genetic map construction in a number of 

crops including wheat (Semagn et al., 2006), sugarcane (Raboin et al., 2006), maize (Hao 

et al., 2005) and sugar beet (Grimmer et al., 2007). AFLPs has been employed in 

identification of closely linked genetic markers for a specific phenotype such as potato 

R1 locus (Meksem et al., 1995), gene for seed stalk colour in sugarcane (Raboin et al., 

2006), and fertility restorer genes Rf, Rf1 and Rf3 in Brassica juncea (Ashutosh et al., 

2007), sunflower (Horn et al., 2003) and maize (Zhang et al., 2006b), respectively. 

AFLPs has also been used in detection of QTLs for different traits such as sucrose 

content (Aitken et al., 2006), productivity (Gehringer et al., 2006), disease resistance 

(Studer et al., 2006) and flowering time (Okazaki et al., 2007). 

The first report of application of AFLP in cotton appeared in 1997 when Reddy et 

al. successfully detected AFLPs in cotton, which led to the application of this technique 

for genetic mapping (Table 1.3), gene tagging and diversity analysis in the complex 

genome of cotton. Khan et al. (1998) developed the earliest AFLP-based genetic map in 

cotton, using a tri-species F2 mapping population, subsequently followed by Lacape et al. 

(2003) and Mei et al. (2004). The AFLP method has also been used to determine genetic 

diversity (Pillay and Myers, 1999; Murtaza et al., 2005; Wang et al., 2007d) and 

evolutionary relationships (Abdalla et al., 2001; Zhong et al., 2002) in cotton. In addition, 

detection of QTLs for fiber (Jiang, 2004) and agronomic (Jixiang et al., 2001; Wu et al., 
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2007a) traits have also been accomplished successfully using AFLP markers. Moreover, 

identification of Gossypium tomentosum and Gossypium hirsutum specific AFLP markers 

(Hawkins et al., 2005) paved the way of detecting gene flow between these species.  

In spite of the fact that AFLPs have much greater level of polymorphism and power of 

differentiation compared with RAPDs, and especially for genome mapping, the use of 

AFLP technique is restricted to a small number of laboratories because of the need of 

much investment in equipment or technical expertise. 

Another major weakness of AFLPs is their dominant fashion of inheritance and 

the difficulty in identifying allelic variants at a specific locus although co-dominant 

AFLP markers have been found, however, in frequencies of 4-15% among all 

polymorphic AFLP markers (Waugh et al., 1997; Lu et al., 1998; Boivin et al., 1999). 

• Simple sequence repeats (SSR) 

Simple sequence repeats (SSRs; Hearne et al., 1992) also termed microsatellites 

(Litt and Luty, 1989) are tandemly repeated DNA sequence motifs that consist of 2-6 

nucleotide core units widely dispersed in genomes of human (Litt and Luty, 1989) as well 

as plants (Condit and Hubbel, 1991). Compared to mammals, overall frequency of 

microsatellite repeats appeared to be generally lower in plants (Lagercrantz et al., 1993; 

Morgante and Olivieri, 1993). The proportion of SSRs in plant genomes ranges from 

0.85% in Arabidopsis to 0.37% in maize (Morgante et al., 2002). Contrary to the human 

genome, dinucleotide repeat motifs AG/CT are frequent while AC/GT motifs are scarce 

in most plant genomes (Morgante et al., 2002). Trinucleotides are more abundant in 

Arabidopsis, wheat, maize, rice, soybean (Morgante et al., 2002) and cotton (Reddy et al., 

2001; Han et al., 2006) than other types of SSRs. These small repetitive DNA sequences 

are evenly distributed in the genome on all chromosomes and all regions of the 

chromosome however, their frequency was found higher in transcribed region, especially 

in untranslated portions, than in genomic DNA (Morgante et al., 2002).  

SSRs are prone to mutations caused by polymerase slippage during DNA 

replication, resulting in differences in the number of repeat units (Levinson and Gutman, 

1987; Tautz, 1989). Such mutational events accumulate more rapidly than point 

mutations and insertions/deletions (Weber and Wong, 1993). However, the most common 

mutations involve the gain or loss of a single repeat motif (Schlotterer and Tautz, 1992). 
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Variations in the length of tandem repeats can be detected by amplification of the SSR-

containing DNA stretch via PCR using primers designed from the sequences of flanking 

regions which are generally conserved among genotypes of the same species. The length 

of the amplified fragment will vary according to the number of repeats which can simply 

be measured by gel electrophoresis (Becker and Heun, 1995).  

Accurate sizing of SSR amplicons is difficult with conventional agarose, 

however, MetaPhor™ agarose gels (2% MetaPhor and 2% ultra pure agarose) can resolve 

allelic differences as small as 3 bp. In addition, SSRs are amenable to analysis on 

automated DNA sequencers, and can thus be adapted to high-throughput genotyping.  

In the past, SSRs were solely developed through screening of enriched genomic 

libraries, bacterial artificial chromosome libraries, and screening of cDNA libraries which 

is expensive, tedious and time-consuming. Expressed sequence tag (EST) databases for 

almost all major crops have effectively become an additional source for mining and 

development of SSRs. To date, EST-SSRs have been developed for a number of crops, 

such as barley (Thiel et al., 2003), wheat (Gupta et al., 2003 Gao et al., 2004), cotton 

(Guo et al., 2006; Han et al., 2006) and other plant species (Poncet et al., 2006; Asp, et 

al., 2007). EST-derived SSRs are particularly helpful to map genes with known functions.  

In crop plants, length polymorphisms in SSRs was firstly reported in soybean 

(Akkaya et al., 1992), which led to application of this new PCR-based marker system to 

other plant genomes. SSRs are highly polymorphic, which is easy to score and use for 

genotyping. As many as 37 alleles in barley (Saghai Maroof et al., 1994) and 26 alleles in 

soybean (Rongwen et al., 1995) at individual microsatellite locus had been detected. The 

distinguishing features of SSR loci include their high information content, abundance, 

even distribution across the genome, reproducibility, and locus specificity (Kashi et al., 

1997) which undoubtedly made SSRs a marker of choice for genome mapping.  

The potential of SSRs as co-dominant marker has been exploited in alfalfa 

(Flajoulot et al., 2005), white clover (George et al., 2006), rice (Thomson et al., 2007), 

wheat (Wang et al., 2007b), groundnut (Tang et al., 2007) and maize (Legesse et al., 

2007; Yao et al., 2007) to investigate genetic diversity. Genome maps based on 

microsatellite markers also exist for a range of crop plants such as rice (McCouch et al., 

2002), wheat (Torada et al., 2006), pearl millet (Wu and Huang, 2007) and barley 



 
 

 

Introduction 

- 29 - 

(Varshney et al., 2006, 2007b). Microsatellites have also been employed for varietal 

discrimination (Heckenberger et al., 2002) and determination of hybridity (Momotaz et 

al., 2004). Moreover, a number of genes have been mapped in many plant taxa with SSR 

markers such as the female sterile mutant gene in soybean (Kato and Palmer, 2004), a 

gene conferring leaf blight resistance in sorghum (Mittal and Boora, 2005), strip rust 

resistance gene in wheat (Li et al., 2006), and aluminum resistance in alfalfa 

(Narasimhamoorthy et al., 2007). 

Recently, a large number of genome (Reddy et al., 2001; Yu et al., 2002b; 

Nguyen et al., 2004; Frelichowski et al., 2006; Wang et al., 2007c) as well as EST- 

derived (Saha et al., 2003; Qureshi et al., 2004; Han et al., 2004, 2006; Taliercio et al., 

2006; Wang et al., 2006d; Guo et al., 2007) SSRs have been identified in cotton. 

Approximately 8213 (Verified on October 25, 2007) cotton SSR primer pair sequences 

are available in the public domain (http://www.mainlab.clemson.edu/cmd/primer). The 

availability of such a large number of SSRs have opened new avenues for genetic and 

genomic studies in cotton such as hybrid identification (Dongre and Parkhi, 2005), 

genetic diversity estimation among diploid (Liu et al., 2006) and tetraploid germplasm 

(Liu et al., 2000a; Lacape et al., 2007; Wang et al., 2007d; Wu et al., 2007b), and 

commercial cultivars (Gutierrez et al., 2002; Zhang et al., 2005a; Bertini et al., 2006).  

Microsatellites are also utilized to construct genetic linkage maps in cotton (Table 

1.3) using intra- (Zhang et al., 2005b; Guo et al., 2006; Shen et al., 2005, 2007; Wang et 

al., 2006a, 2007a) as well as inter-specific crosses (Zhang et al., 2002; Lacape et al., 

2003; Nguyen et al., 2004; Lin et al., 2005; Park et al., 2005; Song et al., 2005b, 

Frelichowski et al., 2006; Han et al., 2006; Guo et al., 2002, 2007; He et al., 2007). 

Zhang et al. (2005b) reported chiefly SSR based (55 SSR, 12 AFLP and 3 morphological 

loci) genetic linkage map using F2 plants obtained from a cross between two Upland 

cotton cultivars. The linkage map comprised 20 linkage groups, covering 525 cM with an 

average distance of 7.5 cM between two markers, approximately 11.8% of the total 

cotton genome coverage. Another genetic map using F2 intra-specific population 

comprised 71 loci including 57 SSR, six RAPD and eight morphological markers. 

Seventeen out of the 19 linkage groups were anchored to 12 cotton chromosomes. The 

genetic map spanned 548 cM of the cotton genome (Guo et al., 2006). Recombinant 
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inbred lines (RILs) has also been utilized to construct genetic map mainly with SSR 

markers (Wang et al., 2006a). However, the map could span only 305 cM of the cotton 

genome. 

The first entirely SSR based genetic map using intra-specific F2 populations 

included 86 loci covering 666.7 cM, approximately 14.8% of the total recombinational 

length of the cotton genome (Shen et al., 2005). Recently, relatively dense SSR based 

genetic maps utilizing RILs derived from intra-specific populations have been reported 

with genome coverage of 865 (Wang et al., 2007a) and 1024 cM (Shen et al., 2007). 

 Comparatively dense genetic maps have been constructed in an inter-specific 

crosses of cotton using SSRs. Zhang et al. (2002) constructed a molecular map for double 

haploids from inter-specific cross between, Gossypium hirsutum L. acc. TM-1, and 

Gossypium barbadense L. cv. Hai-7124 consisting of 510 SSRs and 114 RAPDs. The 

489 loci were assembled into 43 linkage groups with coverage of 3314 cM of the cotton 

genome. They utilized the monosomic and telo-disomic lines of Gossypium hirsutum in a 

TM-1 background for chromosome association.  

The same cross {(TM-1 x Hai-7124) x TM-1} was used to develop a back cross 

(BC1) population. Based on this BC1 population, a genetic map including 511 loci was 

constructed for allotetraploid cotton using SSR markers which spanned 4331 cM of the 

genome (Song et al., 2005). The map was integrated by 111 additional EST-SSRs which 

assembled into 34 linkage groups of 2 to 41 markers each, covering 5644.3 cM with an 

average inter-marker distance of 9.0 cM (Han et al., 2004). Recently, a total of 133 new 

SSRs have been integrated into this genetic map which now includes 907 loci and 5,060 

cM, with an average interval of 5.6 cM (Han et al., 2006). 

SSRs have been employed to develop a genetic map that exploited another BC1 

population derived from the inter-specific cross [{(Guazuncho2 (G. hirsutum) × VH8-

4602 (G. barbadense)} × Guazuncho2], which covered 4400 cM of the cotton genome 

(Lacape et al., 2003). With addition of the 233 new SSR loci (Nguyen et al., 2004), the 

map comprised 1160 loci and 5519 cM, and provided wide coverage of the genome of 

tetraploid cotton. 

Recombinant inbred lines derived from inter-specific crosses are also employed to 

generate SSR-based linkage maps. One hundred and eighty-three RILs generated from a 
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cross between an Upland cotton genotype (TM-1) and a Pima cultivar (3-79), were 

surveyed with SSRs and complex sequence repeats (CRS) (Park et al., 2005). The 

stemming genetic map consisted of 193 loci, including 121 new fiber loci not previously 

mapped. The loci were mapped to 19 chromosomes and 11 linkage groups spanning 1277 

cM. The same population was also used by Frelichowski et al. (2006) for genetic 

mapping. They reported a map of 433 marker loci and 46 linkage groups with a genetic 

distance of 2,126.3 cM covering approximately 45% of the cotton genome and an 

average distance between two loci of 4.9 cM. Based on genome-specific chromosomes 

identified in Gossypium hirsutum tetraploid (A and D), 56.9% of the coverage was 

located on the A sub-genome while 39.7% was assigned to the D sub-genome in the 

genetic map, suggesting that the A sub-genome may be more polymorphic and 

recombinationally active than originally thought.  

  The F2 mapping populations have also been exploited to construct SSR-based 

genetic maps using an inter-specific crosses. A total of 205 SSRs, 107 RAPDs and 437 

SRAPs were used to genotype F2 population derived from a cross between Gossypium 

hirsutum cv. Handan 208 and Gossypium barbadense cv. Pima 90 (Lin et al., 2005). The 

generated map assembled 566 loci into 41 linkage groups with at least three loci in each 

group. Twenty-eight linkage groups were assigned to corresponding chromosomes by 

SSR markers with known chromosome locations. The map covered 5141.8 cM with a 

mean inter-locus distance of 9.08 cM. This backbone map was improved by integrating 

463 new loci (He et al., 2007) resulting in development of a map having 1029 loci (625 

SSRs, 58 RAPDs, 341 SRAPs, and 5 REMAPs) assembled into 26 chromosomes/linkage 

groups, totally covering 5,472.3 cM of the allotetraploid cotton genome.  

Construction of the cotton genetic map subsequently led to identification of QTLs 

for several traits including fiber related characteristics (Zhang et al., 2003; Park et al., 

2005; Shen et al., 2006b, 2007; Abdurakhmonov et al., 2007), economic attributes (He et 

al., 2005; Hua et al., 2007; Shen et al., 2007; Wang et al., 2007a) leaf defoliation 

parameters (Abdurakhmonov et al., 2005) morphological traits (Lacape et al., 2005; 

Wang et al., 2006a) and chlorophyll contents (Song et al., 2005a). Other uses of cotton 

microsatellite markers include physical mapping of Rf1 fertility restorer gene(Yin et al., 

2006), and tagging of genes related to root knot nematode resistance (Bezewada et al., 
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2003; Shen et al., 2006a; Wang et al., 2006b; Ynturi et al., 2006), virticulum wilt 

resistance (Bolek et al., 2005). Moreover, markers associated with fiber traits have also 

been used in marker assisted selection (Zhang et al., 2003), however, microsatellite have 

not been used to map traits conferring drought tolerance in cotton.  

• Single nucleotide polymorphism (SNPs) 

Single nucleotide polymorphisms are the most common type of genetic variation 

in organisms which arises through point mutations that give rise to different alleles (most 

often bi-allelic) containing alternative bases at a given nucleotide position within a locus.  

SNPs have been found in coding as well as non-coding regions (Aerts et al., 2002) with a 

frequency as high as 1 in every 202 bp in the mouse genome and 1 in 1000 bp in the 

human genome (Lindblad-Toh et al., 2000; Sachidanandam et al., 2001)  

Many techniques are currently employed to discover SNPs. More commonly used 

techniques include single strand conformational polymorphism assays (SSCP; Orita et al., 

1989), heteroduplex analysis (Prioer et al., 1993), and direct DNA sequencing. The SSCP 

method depends upon electrophoretic resolution of DNA sequence confirmation 

differences and provides an efficient measure to screen point mutations before the costly 

and time consuming task of sequencing is started. DNA sequencing has been the most 

accurate and most-used approach for SNP discovery. Random shotgun sequencing, 

amplicon sequencing using PCR, and comparative EST analysis are among the most 

popular sequencing methods for SNP discovery.  

Despite technological advances, SNP genotyping is still a challenging endeavor 

and involve specialized equipment. Traditional methods available for SNP genotyping 

include: allele-specific oligonucleotide (ASO; Saiki et al., 1989), denaturing gradient gel 

electrophoresis (DGGE; Myers et al., 1987), SSCP analysis, and ligation chain reaction 

(LCR, Kälin et al., 1992). Each approach has its advantages and limitations, but all are 

useful for SNP genotyping, especially in small laboratories with limited resources. Large-

scale analysis of SNP markers, however, depends on the availability of expensive, 

cutting-edge equipment. 

Several methods are available for efficient genotyping which include Matrix-

assisted laser desorption ionization-time of flight (MALDI-TOF), mass spectrometry 

(Buetow et al., 2001), pyrosequencing (Langaee and Ronaghi, 2005), TaqMan allelic 
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discrimination (Holland et al., 1991; Livak et al., 1995), real-time (quantitative) PCR 

(Nurmi et al., 2001), and the use of microarray or gene chips (Hacia et al., 1999).  

Like sunflower (Lai et al., 2005), barley (Rostoks et al., 2005), rye (Cogan et al., 

2006; Varshney et al., 2007a) and Soybean (Choi et al., 2007), cotton has also been 

surveyed for SNPs discovery and characterization. SNP mining has been exercised in 

diploid cotton genomes through direct sequencing of amplicons produced by STS and 

SSR primers (Shah et al., 2004). Direct sequencing of PCR products has also been used 

to identify SNPs in tetraploid cottons (Lu et al., 2005) revealing 94 SNPs including 36 

single-base changes (38.3%) and 58 indels (61.7%) with average frequency of about one 

SNP per 500 bp which is relatively lower than one SNP every 170 bp in rice (Yu et al., 

2002a) and one SNP every 300 bp in maize (Bongard et al., 2000). Among the tetraploid 

cotton genomes, SNPs occur more frequently in the G. barbadense genome than in the G. 

hirsutum genome.  

ESTs were also exploited for mining and developing SNPs in cotton (Zhang et al., 

2007). SNPs were detected by comparative analysis of sequences obtained from cDNA 

libraries generated from Gossypium hirsutum genotypes using combinations of AFLP and 

gene targeted primer. This strategy allows high-throughput and low cost detection of SNP 

markers in cotton (Zhang et al., 2007). In another study, ESTs derived from Gossypium. 

hirsutum, and A and D genome progenitors were examined for SNPs which revealed 

2342 orthologous gene pairs distinguished by 10,000 SNPs and indels (Udall et al., 

2006). 

Bi-allelic SNPs characterized with the most abundant polymorphism, adaptability 

to automation, and power to reveal hidden polymorphism not detectable with other 

marker systems, are perhaps the most powerful markers for genome mapping and QTLs 

identification, however, their discovery and application involve cumbersome laboratory 

techniques and great economic investment in sophisticated and costly equipment. 
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Table 1.3 Reported DNA-based genetic maps of tetraploid cotton 

Mapping 
Population Marker Genome 

coverage (cM)
Number of 

LG Reference 
 
Intra-specific crosses 
F2 RFLP 43 05 Shappley et al. (1996) 
F2 RFLP 865 31 Shappley et al. (1998a, b) 
F2 RFLP 700 17 Ulloa and Meredith (2000) 
F2 RFLP 1503 47 Ulloa et al. (2002) 
F2:3 SSR 667 14 Shen et al. (2005) 
F2 SSR, AFLP, MOR 525 20 Zhang et al. (2005b) 
RIL SSR, RAPD, SRAP 305 17 Wang et al. (2006a) 
F2 SSR, RAPD,MOR 548 19 Guo et al. (2006) 
RIL SSR 1,024 31 Shen et al. (2007) 
RIL SSR 865 26 Wang et al. (2007a) 
 
Inter-specific crosses 
F2 RFLP 4675 41 Reinisch et al. (1994) 
F2 RFLP, RAPD 3855 40 Yu et al. (1998) 
F2 RAPD, SSR 1058 28 Cantrell et al. (1999) 
F2 RFLP, RAPD 4766 50 Kohel et al. (2001) 
DH RAPD, SSR 3312 42 Guo et al. (2002) 
DH SSR, RAPD 3315 43 Zhang et al. (2002) 
BC RFLP, SSR, AFLP 4400 37 Lacape et al. (2003) 
BC SSR 5664 34 He et al. (2005) 
F2 AFLP, SSR, RFLP 3287 42 Mei et al. (2004) 
BC RFLP, SSR, AFLP 5519 37 Nguyen et al. (2004) 
F2 STS 4908 26 Rong et al. (2004)  
F2 SSR RAPD SRAP 5141 41 Lin et al. (2005) 
RIL SSR 1277 30 Park et al. (2005) 
BC SSR 4331 34 Song et al. (2005b) 
RIL SSR 2126 46 Frelichowski et al. (2006) 
BC SSR 5060 26 Han et al. (2006) 
BC RAPD, SSR 3425 26 Guo et al. (2007) 
F2 SSR RAPD SRAP, 

REMAP 
5472 26 He et al. (2007) 

RFLP-Restriction fragment length polymorphism 
RAPD-Random amplified polymorphic DNA 
SSS-Simple sequence repeats 
SRAP- Sequence-related amplified polymorphism 
MOR-Morphological  
REMAP- Retrotransposon-microsatellite amplified polymorphism 
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1.3.2.2 Development of mapping population 

Development of the segregation population, commonly termed as mapping 

population, is considered one of the most critical decisions in constructing a linkage map. 

In making this decision, several factors must be kept in mind, the most critical of which 

are: selection of genetically and phenotypical diverse parents for crossing, determination 

of appropriate size of the population, method to advance the cross, and choice of 

generations used for genetic and phenotypic analyses. There are some commonly used 

mapping populations to construct genetic maps including F2 population, back cross 

population, doubled haploid lines and recombinant inbred lines. The development and 

established advantages and drawbacks associated with major mapping population used in 

genetic map construction are briefly described below. 

 

1.3.2.2.1 F2 population 

The F1 hybrid derived from a cross are selfed to get a segregating F2 population. 

The development of such population is simple and fast, and harbors all possible 

combinations of parental alleles (Lander et al., 1987). The F2 populations have been 

exploited to discover QTLs impacting drought tolerance in plant species (Ribaut et al., 

1996; Johnson et al., 2000; Thumma et al., 2001). The major drawback of F2 population 

is that each individual has a different genotype which makes it impossible to employ 

replication or experimental design for controlling environmental influence while working 

for quantitative traits. However this problem can be solved by developing F2:3 progenies 

from individual F2 segregants by selfing, which can be evaluated in replicated trials for 

multi-genic traits (Saranga et al., 2001; Tuberosa et al., 2002b; Vargas et al., 2006; 

Bidinger et al., 2007). In F2 population, dominant and co-dominant markers segregate 3:1 

and 1:2:1, respectively. Thus, use of F2 can maximize the information of co-dominant 

markers, however, utility of F2 population using dominant markers for genotyping is 

limited as it does not allow distinguishing between homo and heterozygote. 

 

1.3.2.2.2 Back cross (BC) population 

Back cross population is developed by backcrossing F1 individuals to one of the 

parents and has similar advantages and drawbacks like the F2 population. However, 
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segregation of dominant and co-dominant marker is 1:1 in BC, thus, it is equally useful 

for genotyping with both marker types. Back cross populations have been used to map 

osmotic adjustment in rice (Robin et al., 2003) and seed germination in tomato (Foolad et 

al., 2003), however, like F2, BC is not an eternal population; therefore mapping of 

complex traits like yield in replicated trials is not possible. 

 

1.3.2.2.3 Doubled haploids (DH) lines 

             As previously discussed, it is difficult or impossible to measure characters as part 

of quantitative trait locus (QTL) mapping in multi-location trials using F2 or backcross 

populations. For these reasons, development of a permanent genetic mapping population 

is essential. Double haploid lines that provide a permanent mapping resource, are 

commonly developed through anther or microspore culture (from F1 plants) followed by 

chromosome doubling resulting in complete homozygousity at all loci. Since the 

microspore population has been generated by meiosis, the double haploids represent a 

direct sample of the segregating gametes. Each individual of the DH population is 

completely homozygous and is self-pollinated to obtain genetically identical progeny in 

sufficient amount. These DH lines can be phenotyped in replicated trials and can also be 

distributed to different research groups to facilitate generation of a consensus linkage 

map.  

 Double haploid lines have been mapped for identification of QTLs in barley 

(Talamè et al., 2004; Chloupek et al., 2006) wheat (Quarrie et al., 1994 ; Verma et al., 

2004) and, especially in rice (Tripathy et al., 2000; Kamoshita et al., 2002 ; Venuprasad 

et al., 2002 ; Babu et al., 2003; Kumar et al., 2007).  

The major disadvantages of DH population include possibility of soma- and 

gametoclonal variation and the cost-efficiency compared with the conventional 

procedures (Bjørnstad et al., 1993). Moreover, development of DHs is restricted to in 

vitro culture responsive species and its use is very limited in crops like cotton where 

pollen culture response is confined to a very few varieties. 

 

1.3.2.2.4 Recombinant inbred lines (RILs) 



 
 

 

Introduction 

- 37 - 

Immortal or ‘permanent’ homozygous populations can also be developed by 

traditional means i.e., through repeated cycles of self-pollination of one individual per 

line per generation for five or more generations beyond the F2 (Burr et al., 1988) until 

almost all of the segregating loci become homozygous. The mapping population thus 

made is called recombinant inbred lines. RIL approach is easier and can be used for the 

genetic analysis of QTLs because experiments can be replicated over years and locations.  

RILs have been developed and used in number of crops for identification of QTLs 

effecting traits conferring drought tolerance such as osmotic adjustment (Teulat et al., 

2001; Kiani et al., 2007b), water status traits (Teulat et al., 2003; Yue et al., 2005), gas 

exchange (Herve et al., 2001), leaf elongation rate (Welcker et al., 2007) and productivity 

(Zou et al., 2006; Berniera et al., 2007). Identification of QTLs related to fiber, yield and 

yield components (Shen et al., 2007; Wang et al., 2007a) have been reported in cotton 

using RIL approach. 

Like DH, dominant marker types can be employed in RILs with the same 

efficiency as the co-dominant ones (Saliba-Colombi et al., 2000). However, RIL 

populations take several years to produce, and the resulting populations may have high 

segregation distortion (Song et al., 2006). Moreover, some regions of the genome tend to 

stay heterozygous longer than expected from theory (Burr and Burr, 1991) and obligate 

out crossing species are much more difficult to map with RILs because of the difficulty in 

selfing plants. 

 

1.3.2.3 Statistical approaches for QTL mapping 

Once a mapping population is accurately phenotyped for a particular trait or group 

of traits and genotyped with appropriate DNA marker system, the obtained data can be 

analysed to detect and localize QTL on the genetic map, and estimate their genetic effect 

using different statistical tools. Various statistical approaches developed to identify QTLs 

by using molecular markers draw inference based on co-segregation between alleles at 

marker loci and alleles at the QTL. Some of the basic approaches are described below.  

 

1.3.2.3.1 Single-marker analysis (SMA) 

Sax (1923) first time described single-marker analysis and a linkage between seed 
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color and weight of beans was studied. In single marker analysis, the association of the 

trait value at each marker is examined separately and the association test is performed 

independent of information from all other markers. Single marker analysis is simple in 

term of data analysis and implementation and does not require gene orders and a 

complete molecular linkage map. It can be performed using common statistical software 

such SAS (SAS Institute Inc. USA). There are two versions of single marker analysis: 

regression analysis and maximum likelihood analysis. In the first case, the mapping 

population is partitioned into different genotypic groups for a particular marker locus, 

and then, t-test (for backcross population) or analysis of variance (for F2 or other crosses 

where more than two genotypes are possible at each locus) is used to test phenotypic 

difference between marker groups. If the phenotype differs significantly, a QTL affecting 

the trait is linked to the marker locus used to partition the population. Simple linear 

regression can also be used to assess the linkage between phenotype and marker by 

regressing the trait values on a dummy variable for the marker genotypes. Single marker 

analysis is a good choice to determine linkage between QTL and a marker. However, 

unbiased estimates of the QTL effects are not possible, since in SMA, the QTL effect and 

the recombination frequency are confounded. To overcome this shortcoming, the 

maximum likelihood based SMA (Weller, 1986) can be used to segregate the QTL effects 

from the recombination frequency between the QTL and the marker. The major weakness 

of SMA is its inability to obtain the position of the QTL. Furthermore, estimates of QTL 

effects are biased if QTL does not exactly lie on the marker (Lander and Botstein, 1989). 

  

1.3.2.3.2 Interval mapping (IM) 

Lander and Botstein (1989) introduced the concept of IM to disentangle the 

estimates of location and genetic effect of a QTL. The interval mapping approach is 

based on joint frequencies of a pair of adjacent markers and a putative QTL flanked by 

the two markers which makes it possible to produce independent estimates of location 

and effect of QTL. Unlike the SMA, IM requires locus order and a genetic map. Within 

the concept of interval mapping, various methods based on likelihood and regression 

approaches have been proposed for significance testing and estimation of location and 

genetic effects. 



 
 

 

Introduction 

- 39 - 

Methods based on maximum likelihood estimation of location and genetic effects 

are widely exploited in QTL mapping. These methods can be more accurate, precise and 

powerful, however, at the cost of an increased computational demand (Kao, 2000).  

Haley and Knott (1992), and Martinez and Curnow (1992) independently 

proposed IM by regression methods. The basic principle is to estimate the probabilities of 

unknown QTL genotypes in the marker intervals, and from these calculate regression 

coefficients to be used for estimation of QTL location and effect. In most cases, 

regression mapping gives estimates of QTL position and effect that are almost identical 

to those given by the maximum likelihood method (Xu, 1998a). The approximation 

deviates only at places where there are large gaps or many missing genotypes.  

The major advantage of regression based methods is that the statistical analysis is 

straightforward and the computational burden is less than that for maximum likelihood 

based methods. Moreover, the approach is amenable to integrate experimental designs 

and other factors into QTL mapping. However, regression based IM lacks some attractive 

properties, such as consistency and asymptotic efficiency, as compared to maximum 

likelihood based interval mapping in statistical inference, and may suffer from the lack of 

interpretability in terms of genetic model (Jansen, 1993). Xu (1998b) proposed a 

weighted least squares analysis to improve the efficiency of the regression mapping. 

 

1.3.2.3.3 Composite interval mapping (CIM) 

Interval mapping using the likelihood or the regression approaches is the most 

commonly used methodology in QTL mapping. However, there are some problems with 

IM. For example, IM was designed to map a single QTL, and does not consider other 

linked or unlinked QTL affecting the trait. This decreases the power and resolution of the 

procedure when more than one QTL affects the trait. To overcome this weakness, several 

extensions of IM have been proposed. One of the extensions is composite interval 

mapping (Zeng, 1994), a combination of interval mapping and multiple linear regression, 

which reduces the effect from other QTLs outside the interval containing the putative 

QTL. CIM has several advantages over SMA and IM. First, the multi-dimensional search 

for QTL is reduced to a series of one dimensional searches resulting that estimates of 

QTL location and their effects are asymptotically unbiased. Secondly, the resolution of 
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QTL locations obtained using methods conditional on linked markers can be much higher 

compared to SMA and IM. Thirdly, CIM is more informative and efficient as there are 

more variables in the model relative SMA and IM. Finally, the log likelihood statistics 

plot and the log score plot for all possible genome positions can still be used to present 

the results visually.  

 

1.4 Computer tools for genomic data analysis 

There exist numerous computer software packages for linkage analysis, linkage 

map construction and QTL mapping in experimental crosses. Some basic packages 

developed for data analysis and linkage map construction include MAPMAKER/EXP 

(Lander et al., 1987), GMENDEL (Liu and Knapp, 1992a), JoinMap (Stam, 1993) and 

PGRI (Lu and Liu, 1995). These packages use similar methods for simple linkage 

detection and recombination fraction estimation. The differences among these packages 

concern data format, user interface, graphic output, algorithms for locus ordering and 

algorithms for multi-locus model building. All the packages can be used for mapping F2 

and backcross populations. MAPMAKER/EXP is the most widely-used genetic mapping 

software and has become a virtual standard for constructing genetic linkage maps in 

plants. It is based on the concept of the log of the odds-ratio (LOD). A LOD score 

indicates the log (10) of the ratio between the odds of one hypothesis (for example, 

linkage between two loci) versus an alternative hypothesis (no linkage). Through the use 

of LOD score, data from different populations can be pooled. For gene ordering, 

MAPMAKER/EXP uses an algorithm similar to seriation approach. The computer 

programe JoinMap can be used to relate genetic map generated from one population to 

those derived from other mapping populations.  

Specialized software packages have also been developed for identification of 

QTLs and estimation of their effects using known genetic maps generated through above-

mentioned computer tools. Among the most commonly used packages, QTL 

Cartographer (Basten et al., 1998) performs single-marker regression, interval mapping, 

and composite interval mapping and permits analysis of F2 or backcross populations. 

Other programs like MQTL (Tinker and Mather, 1995) and PLABQTL (Utz and 

Melchinger, 1996) provide very much the same type of analysis and can also derive QTL 
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x environment interaction using phenotypic data of more than one environment. 

Sometimes, linkage mapping information is intended for marker-assisted breeding. A 

program like Map Manager (Manly and Cudmore, 1998) helps to keep track of marker 

data in a population of interest, while Hypergene helps to display graphical genotypes 

(Young and Tanksley, 1989). Other QTL mapping computer programs include 

MAPMAKER/QTL (Lander et al., 1987), QGENE (Nelson, 1997), QTLSTAT (Liu and 

Knapp, 1992b) and MAPQTL (Van Ooijen and Maliepaard, 1996). Most of these 

packages are available in the public domain.  

 

1.5 Success stories of QTL mapping for drought tolerance 

Like other quantitative traits, QTLs for components of drought tolerance have 

been identified in several crop species; however, rice has received the most attention to 

date. Among physio-morphic traits in rice, root characteristics are the most frequently 

reported where QTLs for root length (Steele et al., 2006), thickness (Zhang et al., 2001), 

numbers (Price et al., 2000), dry weight (Kamoshita et al., 2002) and penetration index 

(Zheng et al., 2000) have been detected. In addition to yield (Zou et al., 2006) and its 

components (Xu et al., 2005), genomic regions controlling physiological traits conferring 

drought tolerance have also been mapped. A total of nine QTLs impacting CMS have 

been identified in rice (Tripathy et al., 2000) using RFLP- and AFLP-based genetic map. 

The identified QTLs explained 13 to 42% of the total phenotypic variation for the trait. 

Map position of one of the nine QTLs found for CMS co-localized with QTL identified 

for OA (Lilley et al., 1996). The QTLs influencing OA in rice varied from five (Zhang et 

al., 2001) to 14 (Robin et al., 2003). Leaf water status traits such as relative water content 

(RWC) have also been exploited for QTL analysis (Courtois et al., 2000; Yue et al., 

2005). 

Genetic mapping of QTLs for specific drought tolerance traits has been reported 

in barley (Chloupek et al., 2006) which harboured several QTLs for root size. Multiple 

QTLs were also mapped for yield under drought (Talamè et al., 2004). Among the 

physiological attributes, OA and RWC remained the main focus of QTL studies in barley. 

A total of 13 chromosomal regions were identified containing 32 QTLs controlling OA 

and traits related to plant water status (Teulat et al., 1998, 2001, 2003). Two QTLs each 
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have been found to impact carbon isotope discrimination under well-watered and water-

limited conditions (Diab et al., 2004).  

QTLs have also been identified for phsio-morphological response of maize under 

drought. The traits included flowering parameters (Ribaut et al., 1996), economic yield 

(Sanguineti et al., 1999; Vargas et al., 2006), leaf abscisic acid concentration (Tuberosa et 

al., 1998 ) and leaf elongation rate (Welcker et al., 2007) under drought. In sorghum, a 

number of studies have been conducted to locate QTLs for yield under terminal drought 

(Tuinstra et al., 1998; Bidinger et al., 2007). A total of nine and 13 QTLs were reported 

for stay green (Kebede et al., 2001) and chlorophyll content (Xu et al., 2000).  

Genetic analysis of components of drought tolerance has been conducted in 

sunflower. Using an AFLP linkage map, Herve et al. (2001) reported 19 QTL for seven 

physiological traits explaining 8.8–62.9% of the phenotypic variance for each trait. 

Among these, three QTL were identified each for net photosynthesis and transpiration. 

Four QTLs explaining 62.9% of the total phenotypic variance for stomatal conductance 

were located on four different chromosomes. One QTL co-location was found on linkage 

group VIII for stomatal movements and water status. QTLs regulating photosynthesis, 

transpiration and leaf water potential were found overlapping (Herve et al., 2001). 

Recently, QTLs for osmotic adjustment and plant water status have been mapped in RILs 

of sunflower under contrasting water regimes (Kiani et al., 2007b). The authors could 

locate three to eight QTLs for each trait. Generally the number of QTLs identified under 

water-stressed conditions was more than under well-watered conditions. QTLs explained 

from 6% to 29% of the total phenotypic variance of the traits.  

In cotton, Saranga et al. (2001) used 406 F2 plants and 208 F3 families derived 

from an inter-specific cross between Siv’on (Gossypium hirsutum) and F-177 (Gossypium 

barbadense) to map 33 QTLs for five physiological variables and 46 QTLs for five 

measures of crop productivity. Among physiological attributes, 11 QTLs were detected 

for each of osmotic potential and carbon isotope ratio, four for canopy temperature, three 

for chlorophyll a and four for chlorophyll b. For productivity traits, a total of 10, 13 and 

15 QTLs were identified for harvest index, seed cotton yield and boll weight, respectively 

whereas four QTLs each were mapped for dry matter and boll number. QTLs for osmotic 

potential and QTLs reflecting plant productivity showed strong relationship revealing 
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common genetic basis of both measures. A list of QTL studies on drought tolerance traits 

in different plant species is given in appendix Table 5.  

1.6 Objectives of the study  

Despite well-focused breeding programs for improvement of cotton yield and its 

fiber quality, there is a paucity of data pertaining to responses of the available elite cotton 

cultivars from Pakistan to drought stress.  

Molecular markers are powerful tools that have been used for marker-assisted 

selection and as landmarks for map-based cloning of genes. Molecular markers 

associated with QTLs have been reported for many important traits. Despite extensive 

efforts to detect QTLs for fiber quality traits, very little attention is paid to locate QTLs 

for drought tolerance in cotton. To the extent of my knowledge, only two reports 

(Saranga et al., 2001, 2004) on QTL mapping of drought tolerance traits in cotton are 

published to date. The QTLs reported by the authors were mapped using inter-specific 

cross, whose utility in cotton breeding programs have been debated ((Reinisch et al., 

1994; Paterson and Smith, 1999; Ulloa and Meredith, 2000). Hence, the present study 

was planned with the primary objective to improve water stress tolerance of cotton 

through molecular approaches using an intra-specific cross. The specific objectives of the 

study were: 

1. Screening of cotton germplasm for drought tolerance. 

2. Application of DNA fingerprinting technology to find linked DNA marker(s) with 

the drought tolerance. 

3. Development of genetic linkage map. 
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2. MATERIALS AND METHODS 

The present study was carried out during 2003-2006 at National Institute for 

Biotechnology and Genetic Engineering, (NIBGE), Faisalabad, Pakistan (31º26’N, 

73º06’E, elevation 185 m). Two field trials and one greenhouse experiment were 

conducted in 2003 and 2004 to evaluate a set of cotton germplasm for physiological, 

morphological and productivity traits under contrasting water regimes. The F2 and F2:3 

mapping populations were assessed for selected physio-morphic traits conferring drought 

tolerance in 2005 and 2006, respectively. 

 

2.1 Measurement of phenotypic data 

2.1.1 Screening of cotton germplasm for drought tolerance 

2.1.1.1 Plant materials 

The experimental material consisted of 19 upland cotton (Gossypium hirsutum L.) 

cultivars and 13 promising breeding lines (hereafter referred to as genotype). Seeds of the 

genotypes were collected from their respective breeding stations located in different 

ecological regions of Pakistan. Names of the genotypes, pedigree information and 

sources are given in Table 2.1. 

 

2.1.1.2 Experimental design  

Thirty-two cotton genotypes were evaluated under two irrigation regimes, well-

watered (W1) and water-limited (W2) in the field during 2003 and 2004 at the research 

area of the National Institute for Biotechnology and Genetic Engineering, Faisalabad, 

Pakistan. The two water regimes were: 

W1. One irrigation at planting and 5 subsequent irrigations as required for 

normal crop growth and development. Total water applied including 

rainfall was 813 and 783 mm in 2003 and 2004, respectively. 

W2. One irrigation at planting and one supplemental irrigation 40 days after 

planting (DAP). Total water applied including rainfall was 473 and 443 

mm in 2003 and 2004, respectively. 
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Table 2.1 Name, parentage and centre of release of 32 cotton cultivars/genotypes. 

Sr. No. Genotype  Parentage Breeding Station 
1. FH-87 AC-134 X Paymaster CRI, Faisalabad 
2. FH-634 (B-557X B-574) X Cedix CRI, Faisalabad 
3. FH-682 (B557X Ala(68)1)X lanKart-57 CRI, Faisalabad 
4. FH-900 (FH-672 X AET-5) X (B557X LRA-5166) CRI, Faisalabad 
5. FH-901 CIM-240 X CIM-448 CRI, Faisalabad 
6. FH-925 NIAB-92 X CIM-448 CRI, Faisalabad 
7. FH-930 NIAB-92 X K1V1-1021 CRI, Faisalabad 
8. FH-1000 S-12 X CIM-448 CRI, Faisalabad 
9. FH-1200 CIM-448 X Bt CRI, Faisalabad 
10. FH-2000 FH-634 X NIAB- Karishma CRI, Faisalabad 
11. NIAB-78 (DPL-16 X AC-134) NIAB, Faisalabad 
12. NIAB-111 CIM-1100 X NIAB-313 NIAB, Faisalabad 
13. NIAB-Karishma N-86 X W 83-29 MEX NIAB, Faisalabad 
14. NIBGE-1 NIAB-karishma X LRA-5166 NIBGE, Faisalabad 
15. NIBGE-2 S-12 X LRA-5166 NIBGE, Faisalabad 
16. NIBGE-4 NIAB-Karishma X CIM-448 NIBGE, Faisalabad 
17. NIBGE-160 FH-634 X SLS 7-9 NIBGE, Faisalabad 
18. CIM-443 CIM-109 X LRA-5166 CCRI, Multan 
19. CIM-473 CIM-402 X LRA-5166 CCRI, Multan 
20. CIM-497 (CIM-436 X 840/94) X (7192-5/93) CCRI, Multan 
21. CIM-499 CIM-443 X 755-5/92 CCRI, Multan 
22. CIM-501 CIM-425 X 755-6/92 CCRI, Multan 
23. CIM-707 CIM-243 X 738/697 CCRI, Multan 
24. CIM-1100 (W1104 X S12) X CP-15/2 CCRI, Multan 

25. MNH-147 
MNH-53 X {(149 F X Mex. Pollen) X MS-
64) X (B-557 X (149 F X DPL 16)} 

CRS, Multan 

26. MNH-642 1806-15/95 X 1003-5/98 CRS, Multan 
27. MNH-552 MS-48 X LRA-5166 CRS, Multan 
28. MNH-554 MNH-439 X LRA-5166 CRS, Multan 
29. VH-142 (S-12 X VH-1692) X (VH-55 X LRA-5166 CRS, Vehari 
30. BH-160 Cedix X BH-673 CRS, Bahawalpur 
31. SLH-257 SLS-1 X CIM-1100 CRS, Sahiwal 
32. RH-510 LRA-5166 X B-1580 CRS, Rahim Yar Khan

CRI- Cotton Research Institute, CCRI-Central Cotton Research Institute, CRS-Cotton 
Research Centre, NIAB- Nuclear institute for Agriculture and Biology, NIBGE- National 
Institute for Biotechnology & Genetic Engineering.  
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Figure 2.1 Rainfall, and maximum (Max) and minimum (Min) temperature at 
experimental site during 2003, 2004, 2005 and 2006. 
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The experimental design was a quadruplicated split-plot with water regimes assigned as 

the main plot and genotypes as the sub-plots. Cottonseed was delinted with sulfuric acid 

and soaked in water 12 h before planting. During both seasons, planting was completed 

during the 1st week of April. Four 6 m rows spaced 0.75 m apart were sown of each 

genotype with a hand drill. Chemical fertilizer was applied at the rate of 100-50-50 kg N-

P2O5-K2O ha-1 at the time of seedbed preparation. Plant population was established at 4-

plant m-2 by hand-thinning 25 days after germination. Throughout the season, appropriate 

control measures were utilized as needed for insect pests and weed control. 

 

2.1.1.3 Physiological attributes 

Physiological response of 32 cotton genotypes in term of leaf gas exchange, 

osmotic adjustment and cell membrane stability was assessed during 2003 and 2004. The 

complete description is detailed below.  

 

2.1.1.3.1 Leaf gas exchange parameters 

2.1.1.3.1.1 Description of the system  

Measurements of leaf gas exchange were made with a CI-301PS photosynthesis 

system (CID Inc., Vancouver, WA, USA). This system contains four valves and two 

pumps and uses an electronic mass flow meter to monitor air flow rate. It works by 

measuring the differences in concentrations of CO2 and H2O between an air stream 

flowing through the leaf chamber and a reference air stream. The CI-301PS has an 

internal container of soda lime, a CO2 absorbent material, for performing self calibration 

of zero. Temperature and light sensors are located in the leaf chamber. These devices 

ensure completely controlled and reproducible measurements of photosynthesis and 

transpiration in an open system. 

 

2.1.1.3.1.2 Basic equations 

The CI-301PS determines photosynthesis rate by measuring the rate at which CO2 

concentration is assimilated by a known leaf area in a given time. The transpiration rate is 

the water vapour flux per one-sided leaf area whereas stomatal conductance is obtained 

by measuring transpiration and leaf surface temperature (°C).  
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The equations used to calculate net photosynthesis, transpiration, stomatal 

conductance from the concentration differences of water vapour and CO2 between the 

leaf chamber and the reference air stream as described in CI-301PS manual are given 

below. 

 

• Mass flow rate: The mass flow rate (W) per leaf area (mol/m2/s) for open system 

is calculated as 

 
A

P
T

VW
a

10000
41.22

1
013.1

15.273
60

××××=  

      
AT
PV

a ×
×

×= 39.2005  

 

Where V: volume flow rate (L/min). 

 Ta: air temperature (K). 

 P: atmospheric pressure (bar). 

 A: leaf area (cm2). 

 60: converts min into seconds. 

22.41: the volume of one mole of any gas at a standard temperature of 

273.15 K and a standard pressure of 1.013 bar (L/mol). 

1000: converts cm2 into m2. 

 

• Net photosynthesis rate: The photosynthesis rate Pn (µmol/m2/s) per unit area for 

open system is given as 

  

 Pn = –W x (Ca-Ci) 
 

     = –2005.39 (Ca-Ci) 
     

 Where Ca (Ci): outlet (inlet) concentration (ppm or µmol/mol) 

 

• Transpiration rate: The transpiration rate E (mmol/m2/s for open system is given 

by 
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Where ea (ei): outlet (inlet) water vapour (bar) 

 es: saturated water vapour at air temp (bar) 

 hra (hri) outlet (inlet) relative humidity (%) 

 

• Stomatal conductance: Leaf stomatal conductance gs (mmol/m2/s ) is calculated 

as 
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 Where eleaf: saturated water vapor at leaf temperature (bar) 

  Tleaf: Leaf temperature (oC). 

 Rb: Leaf boundary layer resistance (m2s/mol). 0.3 m2s/mol is used. 

 

• Intercellular CO2: internal CO2 (ppm or µmol/mol) is worked out as  

 CO2int = Ci – 1.6 x Pn (Rb + Rleaf) 

 Where Rleaf is stomatal resistance (m2s/mol) 

 

2.1.1.3.1.3 Measurement protocol 

 Net photosynthetic rate (Pn), stomatal conductance (gs) and transpiration rate (E) 

of 32 cotton genotypes were determined in year 2003 and 2004. 

Different gas exchange components change with the environmental conditions and 
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developmental growth stages of plant. Photosynthetic rate (Constable and Rawson, 1980; 

Wullschleger and Oosterhuis, 1990; Guinn and Brummett, 1993) and stomatal 

conductance (Field, 1987) increase to a maximum in young leaves (13-20 days after 

unfolding) and remain at that level after 12 days and then gradually decline. All gas 

exchange measurements were performed between 1000 and 1300 hours at PAR ≥1700 

µmol/m2/s during cloud free days. A youngest fully expanded main stem leaf (16-18 days 

old) exposed to direct sunlight was used to determine the gas exchange parameters. 

Leaves were tagged on the day they unfold which was designated as day 1. The leaf was 

clamped into 6.5 cm2 narrow rectangular leaf chamber and held perpendicular to the 

sunlight. Measurements were made on automatic operation mode. The CI-301PS 

photosynthesis system performed automatic zero-calibration using soda lime as internal 

source of zero CO2, however, every two to three days, the analyzer was span calibrated 

with a calibration gas of defined CO2 concentration. Measurements were recorded on 

four randomly selected plants per plot 75 to 78 DAP each year when all the genotypes 

were bearing at least 50% flowering. Mean of four observations per plot was used for 

statistical analysis.  

 

2.1.1.3.2 Osmotic adjustment (OA) 

Osmotic adjustment was assessed on a youngest fully expanded main stem leaf 

(16-18 days) 43 and 40 days after 1st irrigation in 2003 and 2004, respectively, when all 

genotypes were at least 50% flowering. Leaves were tagged on the day they unfolded 

(designated as day 1). Osmotic adjustment (OA) was measured on leaves sampled from 

both treatments by the rehydration method as proposed by Blum (1989). This method 

estimates OA as the difference in osmotic potential of fully rehydrated leaves sampled 

from water-stressed and control plants. For rehydration, petioles of detached leaves were 

dipped in water and incubated at 10 °C for 4 hours in dark. Upon rehydration a 5x5 mm2 

interveinal piece of leaf tissue was excised, placed immediately in a 5 ml disposable 

plastic syringe, and stored at –20 °C. After 2 weeks, samples were thawed and tissue sap 

was collected in 0.2 ml tubes. Following centrifugation (13000 RPM) for 5 min, the sap 

was directly used to determine osmotic potential (OP) with a vapor pressure osmometer 

(Wescor Vapro, model 5520 Wescor, Logan, UT).  
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2.1.1.3.3 Cell membrane stability (CMS) 

For estimation of cell membrane stability (CMS), leaves were sampled at noon 

from water-stress and well-watered plots on the same day samples for OA were taken. To 

minimize possible plant-to-plant variation, a bulked sample of five leaves was collected 

from the main stem apex of five random plants in each plot. Samples were rinsed with 

deionized water to remove surface contamination and carefully blotted dry. Twenty 1.0 

cm2 leaf discs were made from the bulked sample and submerged in 10 ml deionized 

water in 20 ml screw-cap vials and kept at room temperature in dark for 24 hours, and 

conductance of the solution was measured with a conductivity meter (Model, 145 A+, 

Thermo Electron USA). The vials were autoclaved for 15 min and conductance of the 

sample solutions were measured second time to obtain an estimate of total electrolyte 

concentration. All measurements were recorded at 25 °C by keeping vials submerged in a 

water bath and vials were shaken vigorously to mix contents. CMS was calculated as 

reciprocal of relative cell injury (Blum and Ebercon, 1981) with the formula,  

CMS%= {[1-(T1/T2)]/ [1-(C1/C2)]} x100 
Where T1= Stress sample conductance before autoclaving.  

T2= Stress sample conductance after autoclaving. 

C1= Control sample conductance before autoclaving. 

C2= Control sample conductance after autoclaving.  

 

 2.1.1.4 Productivity and morphological traits 

2.1.1.4.1 Seedcotton yield and its components 

Seedcotton yield (SCY) was measured as kg ha-1 on the two center rows of the 

four-row plots from both regimes each year. Seedcotton was hand picked from all the 

plots 180 DAP and before weighing, the cotton was sun dried for one day and the trash 

and dry carpels were removed. 

Average seedcotton weight of 40 bolls picked from each plot was used to estimate 

boll weight (BW) and expressed in grams. Digital balance was used to measure SCY and 

BW. The total number of bolls per plant (BN) was calculated by dividing seedcotton yield 

per plant by boll weight. 
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2.1.1.4.2 Biological yield (BY) 

Above ground parts of five plants per plot were harvested at 50% boll opening 

and sun dried in a glasshouse to a constant weight before weighing for biological yield 

and averaged to per plant for statistical analysis.  

 

2.1.1.4.3 Harvest index (HI) 

Harvest index was calculated as the ratio of seedcotton yield to the total above 

ground biological yield. 

 

2.1.1.4.4 Plant height (PH)  

Plant height at maturity was recorded in centimeters from the first cotyledonary 

node to the apical bud. 

 

2.1.1.5 Yield indices 

Drought intensity index (DII) for each year was calculated as DII= 1-(Xd/Xp), 
where Xd and Xp are mean SCY of all genotypes in W2 and W1 regimes, respectively. 

Relative reduction (RD) in yield and yield components (hereafter referred to as 

reduction) of each genotype due to soil water deficit was calculated from difference 

between the W2 and W1 regimes for the trait, that is reduction in yield for each genotype 

= 1-(Yd/Yp), where Yd and Yp are mean yields of a given genotype in W2 and W1 

regimes, respectively. This helped to eliminate genetic differences in yield potential 

among genotypes. 

The formula proposed by Fischer and Maurer (1978) was used to calculate the 

drought susceptibility index (DSI) for each genotype:   

DSI= RD/DII 
Where RD is relative reduction in yield and DII is drought intensity index. 

Geometric mean yield of each genotype was calculated as = (Yp x Yd)1/2 
 

2.1.1.6 Greenhouse experiment 

Three drought tolerant and three drought susceptible genotypes separated on the basis of 

their performance for gas exchange and productivity traits in W2 in field trials were 
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planted in 10x100 cm disposable polyethylene tubes filed with silt. Genotypes were 

arranged in completely randomized fashion. Each genotype was represented by 12 tubes 

(four per replication). The planting was conducted on 25th February 2005. Three seeds 

were sown in each tube and supplied with distilled water for first 5 days. At day 5, 

thinning was exercised, avoiding root damage, to retain single plant per tube. The tubes 

were then irrigated with quarter strength Hoagland solution (Hoagland and Arnon, 1950).  

Plants were grown at 32 / 21oC ± 2oC day/night temperatures under natural light, 

supplemented with fluorescent light in the morning and evening hours. 

At 55 DAP, polyethylene tubes were dissected and taproot length (RL) was 

measured after washing the roots out of the silt. Total root dry weight (TRDW) was 

determined after oven drying at 90 oC for 48 hours. 

 

2.1.2 Mapping populations 

2.1.2.1 Developing mapping populations 

 The genotypes RH-510 and FH-901 were used to develop mapping populations 

for genetic map construction and subsequent QTL analysis on the basis of their diverse 

performance for productivity and physiological attributes in drought screening 

experiments. The two parental genotypes were crossed using RH-510 as female and two 

F1 plants were self-pollinated to obtain F2 seed. F2 mapping population consisted of 143 

plants was raised in field and advanced to F2:3 through self-pollination of each F2 plant.  

 

2.1.2.2 Phenotyping of F2 mapping population 

One hundred and forty three F2 plants along with parents (five plants of each 

parent) were planted in the NIBGE cotton field on April 8, 2005. The irrigation was 

stopped on May 24, and water stress was allowed to develop till June, 26, 2005, when 

normal irrigation was restored. Data regarding gas exchange parameters were recorded on 

June 25, 2005 as described in section 2.1.1.3.1.3. 

Osmotic adjustment was assessed on a youngest fully expanded main stem leaf (16-18 

days). For control and water-stress, single leaf from each F2 plant and parent genotypes 

was sampled on May 24, and June 25, 2005, respectively. Determination of OP and 

calculation for OA were exercised as detailed in section 2.1.1.3.2.  
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2.1.2.3 Phenotyping of F2:3 mapping population 

One hundred and twenty eight out of 143 F2:3 families, with sufficient seed, and 

both parent genotypes were planted in the field on 1st April 2005 at the NIBGE cotton 

field. The experiment consisted of two irrigation regimes, well watered (consistent with 

commercial cotton production) and water limited. Irrigation was withheld 42 DAP in W2. 

A split plot design was used with irrigation regimes in main plot and two replicates of 12 

plants per F2:3 families and parents as subplots. Average values of the two replicates were 

used for data analysis. 

Ten plants per plot were picked in bulk, 180 DAP for seedcotton yield estimates. 

Data regarding bolls per plant, boll weight and plant height were measured as described 

in section 2.1.1.4. Total number of nodes (places on the main stem from where vegetative 

or fruiting branches arise) on the main stem above zero node (cotyledonary node) were 

counted and recorded as total number of main stem nodes. Inter nodal length that is the 

space between two successive true leaves on the main, was measured in centimeters by 

dividing plant height by total number of main stem nodes.  

 

 2.2 Molecular mapping 

2.2.1 Chemicals and enzymes 

The chemicals and enzymes used in present study are listed in Appendix Table 1. 

 

2.2.2 Genomic DNA isolation 

Total genomic DNA of each parent, F1, and 143 F2 plants was isolated from fresh 

young leaves harvested as a bulk sample from 4 to 5 plants (parents) and from individual 

plants (F2). The sampled leaves were placed in pre-labeled plastic pouches, transported 

immediately to the laboratory in liquid nitrogen and stored at –80 °C. DNA was isolated 

following CTAB method (Iqbal et al., 1997).  

Briefly, 2-3 leaves per sample were ground in liquid nitrogen into very fine 

powder and transferred to 50 ml polypropylene tube. Fifteen ml of pre-heated (65 °C) 2X 

CTAB extraction buffer (Appendix Table 2) was added before the frozen powder started 

thawing and the contents were mixed by inverting the tube several times, and then 

incubated at 65°C for 45 min in water bath. After incubation with hot isolation buffer, 15 



     

         

 
- 55 - 

Materials & Methods 

ml of chloroform: iso-amyl alcohol (24:1, v:v) was added and contents were gently mixed 

by inverting the tube to form an emulsion after which suspension was centrifuged for 10 

min at 4000 rpm. The aqueous layer was transferred to a new tube and the remaining 

chloroform phase was discarded. DNA was precipitated by the addition of 0.6 volume 

chilled 2-propanol. After 10 min centrifugation at 4000 rpm, the supernatant was 

decanted and the pellet was washed twice with 70% chilled ethanol. The pellet was dried 

thoroughly and dissolved in double distilled de-ionized water. The suspension was 

transferred to a new 1.5 ml tube and 5 µl RNase A (10 mg/ml) was added to digest RNA. 

After incubation for one hour at 37 °C, one volume of chloroform: iso-amyl alcohol was 

added and suspension was centrifuged for 10 min at 13000 rpm for phase separation. 

Supernatant was transferred to a new 1.5 ml tube and solution was mixed gently after 

adding 0.1 volume 3M NaCl. One volume of cold ethanol was added to precipitate DNA. 

After 10 min centrifugation at 13000 rpm and 4 °C, supernatant was discarded and pellet 

was washed thrice with 70% chilled ethanol. Finally, DNA pellet was dried thoroughly 

and dissolved in 0.1x TE buffer (Appendix Table 2). 

 

2.2.3 DNA quantification 

The concentration of DNA samples was measured using conventional gel 

comparison method as well as with standard Hoechst-stain-fluorometer. First, 

concentrations of the isolated DNA stocks were determined using DyNA QuantTM 200 

flourometer (Hoefer, USA) and then confirmed by comparing band-intensity on ethidium 

bromide stained agarose gels with quantification standards phage λ DNA (GibcoBRL, 

Life Technologies, USA). The quality of DNA was checked by running 50 ng aliquots of 

DNA on 0.8 % agarose gel. All the DNA samples were diluted to a working 

concentration of 15 ng/µl and stored at -20 °C in 50 µl aliquots. Recipes of buffers and 

solutions for DyNA QuantTM 200 Flourometer measurements can be found in Appendix 

Table 3 and 4.  

 

2.2.4 Simple sequence repeats (SSR) analysis 

A total of 822 SSR primer pairs of different series (Table 2.2) were screened to 

identify polymorphism between the parents (RH-510 and FH-901).  
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Table 2.2 Detail about the SSR primers used from different series, their source and type.  

Prefix Type Source laboratory 
Primer 

pairs used 

BNL Genomic  Brookhaven National Laboratory Upton, NY  

USA 

50 

CIR Genomic  CIRAD, Centre International en Recherche 

Agronomique pour le Développement, 

Montpellier Cedex 5, France. 

158 

CM Genomic Crop Biotechnology Center and Dept. of 

Biochemistry and Biophysics, Texas A&M 

University, College Station, Texas, USA 

20 

JESPR Genomic Department of Biology, Texas A&M 

University, College Station, Texas, USA 

309 

MGHES ESTs derived Department of Plant and Soil Science, 

Mississippi State University, Mississippi, USA 

84 

TMB Genomic USDA-ARS, Southern Plains Research Center, 

College Station, Texas, USA 

179 

PGMB Genomic Plant Genomics and Molecular Breeding lab. 

National Institute for Biotechnology & Genetic 

Engineering (NIBGE), Faisalabad, Pakistan  

22 
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Thirty three informative SSR markers were selected to survey on the mapping 

population. The primer sequences were downloaded from 

http://www.mainlab.clemson.edu/cmd/primer and synthesized from GeneLink, USA.  

 

2.2.4.1 Polymerase chain reaction (PCR)  

Polymerase chain reaction was performed in 0.2 ml PCR tubes. The following 

concentrations of PCR reagents (supplied by Fermentas, USA) were used for 20 µl final 

reaction volume. 

 

Reagent Concentration Volume  

PCR buffer 10 X 2.0 µl 

MgCl2  25 mM 1.6 µl 

dNTPs 2.5 mM 2.0µl 

Primer forward 30 ng/µl 1.0 µl 

Primer reverse 30 ng/µl 1.0 µl 

Taq DNA polymerase 5 units/µl 0.2 µl 

Template DNA 15 ng 2.5 µl 

Double distilled de-ionized water - 9.7 µl 

Total volume  20.0 µl 

 

PCR reactions were performed in a thermal cycler (Mastercycler gradient, Eppendorf 

Germany) programmed to the following temperature profile.  

 

Steps Temperature Time Number of cycles 

Initial denaturation 94 oC 5 min 1 (first) 

Denaturation 94 oC 30 sec 

Annealing (depending on individual microsatellite) 50-60 oC 30 sec 

Extension  72 oC 1 min 

35 

Final extension  72 oC 5 min 1 

Hold  4 oC Until turned off 
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The amplified products were stored at 4 oC if not going to be used immediately. 
 

2.2.4.2 Electrophoresis of amplified products 

The amplicons were resolved by 4% MetaPhor™ (Cambrex Corporation, USA) agarose 

in accordance with the protocol described by the supplier. MetaPhor™ is a high-

resolution agarose which can separate PCR products and small DNA fragments differ in 

size by 2%. For gel casting, 1X TBE buffer was chilled over night at 4 oC. MetaPhor™ 

and agarose powder was dissolved completely by sprinkling slowly over the chilled 

stirring buffer and melted completely by heating in microwave oven in short intervals 

avoiding excessive foam formation and spiting out of the flask. Ethidium bromide was 

added @ 0.5µg/ml after cooling the solution to ~ 60 oC and the solution was poured into 

the gel casting tray. After polymerization, the gel was placed at 4 ºC for 30 min before 

loading to obtain a good resolution. The loading dye was added to the products and 12 µl 

of the mixture was pipeted into wells. First well of the gels was loaded with 50 bp DNA 

ladder (Fermentas, USA) for determination of exact size of amplicons. Electrophoresis 

was performed in cold 1X TBE buffer at 80 V for three hours. After electrophoresis, gels 

were visualized and analysed as described in section 2.2.5.2. 

 

2.2.5 Random amplified polymorphic DNA (RAPD) analysis 

RAPD assays were performed on parent genotypes using 520 arbitrary deca-mer 

oligonucleotide primers (Series OPA through OPZ with 20 primers per series) 

synthesized from Operon Technologies Inc., USA and 30 primers revealing 

polymorphism between parents were surveyed on 143 F2 plants. 

 

2.2.5.1 Polymerase chain reaction (PCR)  

Amplification reactions were carried out in 25 µl volume using the following recipe.  

Reagent Concentration Volume used 

PCR buffer 10 X 2.5 µl 

MgCl2  25 mM 2.5 µl 

dNTPs 2.5 mM 4.0µl 

Primer  15 ng/µl 2.0 µl 
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Gelatin 0.025% 3.0 µl 

Taq DNA polymerase 5 units/µl 0.2 µl 

Template DNA 15 ng 2.5 µl 

Double distilled de-ionized water - 8.3 µl 

Total volume  25.0 µl 

 

Amplification was performed in mastercycler gradient, (Eppendorf, Germany) 

programmed as under 

Steps Temperature Time Number of cycles 

Initial denaturation 94 oC 5 min 1 (first) 

Denaturation 94 oC I min 

Annealing  36 oC 1 min 

Extension  72 oC 2 min 

40 

Final extension  72 oC 10 min 1 

Hold 4 oC Until turned off 

 

2.2.5.2 Electrophoresis of amplified products 

 After amplification, 4 µl of gel loading dye {40% (w/v) sucrose, 0.25% (w/v) 

bromophenol blue, 0.1 mM tris, 0.05 mM EDTA} was added directly to the reaction 

tubes and spun for few seconds in a micro centrifuge after mixing with the entire reaction 

mixtures. Aliquots of 12 µl of amplification products plus loading dye were then loaded 

in 1.2% agarose gels for electrophoresis in 0.5X Tris-borate-EDTA (TBE) buffer (pH 

8.0) and run at 80 V for 40 min to separate the amplified products. One Kb DNA ladder 

(Fermentas, USA) was used as a molecular size marker. Images obtained from ethidium 

bromide stained agarose gels using Stratagene Eagle Eye still video system or Kodak (ID 

3.5) electrophoresis documentation and analysis system 120, were used to score data for 

RAPD analysis. All reactions were repeated at least twice and only reproducible bands 

were used in further studies. The DNA fragments were scored as polymorphic which 

were repeatedly present in one individual and absent in the other. 
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2.2.6 Cleaved amplified polymorphic sequences (CAPS) analysis 

One hundred SSR primers which amplified monomorphic amplicons for both the 

parents (RH-510 and FH-901) and produced products >250 base pair were selected for 

CAPS analysis (Konieczny and Ausubel, 1993). The SSR amplicons were digested with 

restriction endonuclease Mse1 to display restriction site polymorphism. A set of two co-

dominant CAPS markers was surveyed on F2 mapping population. The PCR analysis, 

electrophoreses of the digested products and gel documentation were similar to those 

described for SSR analysis. 

 

2.3 Data analysis 

2.3.1 Analysis of variance and correlation analysis 

Analyses of variance (ANOVA) appropriate for the specified experimental design 

were performed with MSTAT-C software for experiments conducted to screen cotton 

genotypes for drought tolerance and phenotyping of F2:3 families for selected traits. 

Statistical significance was assumed at 5 and 1% levels of probability. Differences among 

means were tested by least significant difference (LSD) test at 5% probability level. 

Simple linear regression and correlation analyses were performed to assess relationship 

among the variables of interest.  

Computer package Minitab (Minitab Inc.) was used to conduct Kolmogorov-

Smirnov normality test for each trait in F2 plants and F2:3 families. The traits, which did 

not show normal distribution, were transformed by square root prior to QTL analysis. 

 

2.3.2 Heritability estimation 

Broad sense heritability ( Bh2 ) estimates of physiological attributes in F2 were 

calculated as the ratio of genetic variance ( GV ) to phenotypic variance ( PV ) as described 

by Briggs and Knowles (1967):  
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Where Ve, 1PV , 2PV  and 2FV represent variances of environment, first (RH-510) 

and second parent (FH-901), and F2 population (RH-510 x FH-901), respectively.  
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In F2:3 families, Bh2  for economic traits were computed (Hanson et al., 1956) 

from the estimates of genetic ( GV ) and residual variances (VE) derived from the expected 

mean squares of the analysis of variance as: 
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Where r denotes number of replications. 
 

2.3.3 Map construction 

On the basis of 143 F2 genotypes, a linkage map with 51 marker loci was 

constructed with the computer program MAPMAKER/EXP version 3.0 (Lander et al., 

1987) using Kosambi function (Kosambi, 1944) to convert the recombination frequency 

to genetic distances in centimorgans (cM). RAPD, SSR, and CAPS polymorphic bands in 

F2 genotypes were scored as present (1) or absent (0) and then the data codes were 

transformed to A, B, H, C and D genotype codes. Co-dominant markers were coded as: 

A Genotypes of parent A (RH-510)  

B Genotypes of parent B (FH-901) 

H Heterozygote 

Other situations were coded by: 
 

C  Not A; i. e. H or B (for dominant markers)  

D  Not B; i. e. H or A (for dominant markers) 

‘-’  Missing data for the individual at a locus 

 

Linkage groups were assembled using the group command with a LOD threshold 

of 3.0 and a maximum distance of 37.5 cM. The formed groups were afterwards ordered 

using the ‘Order’ command whenever possible. The ‘Compare’ command was applied to 

determine sequence of markers of small linkage groups. The obtained marker order was 

then confirmed further using ‘Ripple’ command. The ‘try’ command was used to find 

possible linkages with unassigned loci and small linkage groups and fine-tuned using 

again the ‘Ripple’ command. Possible assignment of linkage groups to specific 

chromosomes of the tetraploid cotton genome was exercised by anchoring SSR markers 

(BNL, CIR, JESPR, TMB) common in present study and some previous published work 
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(Lacape et al., 2003; Nguyen et al., 2004; Song et al., 2005a). The segregation at each 

marker locus was checked by a chi-square goodness-of-fit test for the expected 

Mendelian segregation ratio i.e. 1:2:1 and 1:3 for co-dominant and dominant markers, 

respectively. 

 

2.3.4 QTL analysis 

The individual plant data of F2 population were used in QTL mapping of 

physiological attributes whereas mean value of economic traits across the replicates for 

F2:3 families were utilized to map QTLs for economic traits. Data collected from plants 

under well watered and water limited regimes were analyzed separately during QTL 

mapping. The association between phenotype and marker genotype was investigated 

using single marker analysis (SMA), interval mapping (IM) and composite interval 

mapping (CIM) methods. All analyses were carried out by QTL cartographer (Wang et 

al., 2006c). A significance level of 0.01 was selected in SMA analysis. A minimum LOD 

score of 2.4 can be considered significant based on criteria proposed by Lander and 

Botstein (1989), however, a LOD score of ≥2.0 was used to declare the presence of a 

putative QTL in a given genomic region in IM and CIM analysis considering that high 

environmental effects could have influenced the power of detection of the QTLs. The 

QTLs identified with LOD between 2.0 and 3.0 were designated as “tentative” QTLs. 

 

2.4 Meteorological Data 

Meteorological data regarding maximum and minimum temperature were 

obtained from the meteorological observatory of the Agronomic Research Institute, Ayub 

Agricultural Research Institute, Faisalabad, located about 1400 m from the experimental 

field site where as daily rainfall during each growing season was recorded at the 

experimental site. 
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3. RESU LTS 

For better presentation and discussion, the results are summarized in two parts in this 

chapter. First part illustrates screening of cotton germplasm for drought tolerance using 

some physio-economic traits as selection criteria whereas second part encompasses 

genetic analysis of drought tolerance in F2 population and F2:3 families. 

 

3.1 Screening of cotton germplasm for drought tolerance 

  Two field experiments and one greenhouse study were conducted in 2003 and 

2004, and performance of 32 cotton genotypes for different physio-morphological 

attributes conferring drought tolerance, and productivity were recorded in contrasting 

water regimes i.e. well-watered (W1) and water-limited (W2).  

 

3.1.1 Experiment No. 1 (2003) 

3.1.1.1 Physiological attributes 

Data recorded for different physiological attributes including gas exchange 

parameters {net photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate 

(E); osmotic adjustment (OA) and cell membrane stability (CMS)} are reported blow. 

 

3.1.1.1.1 Gas exchange parameters  

  Effect of W1 versus W2 regimes for Pn, gs, and E, and difference among all 

genotypes for the traits were significant (P<0.001). The interactions between genotypes 

and water regimes were also significant (P<0.001) for all gas exchange attributes (Table 

3.1). 

Significant genotypic variation was found for Pn among the genotypes in both 

water regimes (Table 3.3). In W1, the genotype CIM-501 had the highest Pn (16.5 

µmol/m2/s) followed by MNH-642 (14.6 µmol/m2/s) and FH-87 (14.4 µmol/m2/s). The 

Pn was the lowest for NIBGE-160 (8.9 µmol/m2/s) and FH-682 (9.3 µmol/m2/s). Water 

deficit induced substantial reduction in Pn. Compared to the W1 regime, Pn of all 

genotypes was reduced by 51% under the W2 regime. Reduction in Pn was apparent in 

genotypes NIAB-111 (74%), FH-634 (71%) and FH-901 (66%) under W2 regime. 
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However, water deficit caused less reduction in Pn of CIM-1100 (17%), NIAB-Karishma 

(21%) and RH-510 (26%).  

Stomatal conductance ranged from 178 to 444 mmol/m2/s and 44 to 142 

mmol/m2/s in W1 and W2 regimes, receptively. In W1 regime, genotype BH-160 

exhibited maximum gs followed by NIAB-111 whereas gs was lowest in VH-142. 

Genotypes FH-2000, MNH-147, RH-510 and CIM-1100 exhibited a maximal stomatal 

conductance under W2 regime. 

The genotype VH-142 also depicted significantly lower E in both irrigation 

regimes compared to other genotypes. Drought stress caused drastic reduction in E of all 

the genotypes with an average decline of 45%. Again, genotype RH-510 and CIM-1100 

also showed higher values for E under W2 regime. 

 

3.1.1.1.2 Osmotic adjustment (OA) and cell membrane stability (CMS)   

Highly significant differences (P<0.001) for osmotic adjustment occurred among 

the genotypes in response to water-deficit stress (Table 3.2). Variation in OA ranged from 

0.52 to 1.22 MPa among the genotypes (Table 3.4). Genotypes SLH-257, CIM-1100, 

CIM-707, FH-930 and RH-510 expressed relatively higher levels of OA, values being; 

1.22, 1.09, 1.10, and 0.94 MPa, respectively. Whereas, genotypes NIBGE-1, NIBGE-160, 

NIBGE-4 and VH-142 showed relatively low level of osmotic adjustment. Mean OA 

remained 0.77 MPa. 

Analysis of variance presented in Table 3.2 revealed significant difference 

(P<0.001) for cell membrane stability. Considerable genotypic variation for CMS was 

present among the genotypes ranging from 92.3% for FH-1200 to 57.4% for NIBGE-2 

(Table 3.4). Sixteen genotypes including CIM-1100, RH-510, SLH-257, FH-1200, MNH-

554 and FH-930 exhibited above average CMS. 

  Genotypes NIBGE-4, NIBGE-1, VH-142, NIBGE-160 and FH-87 proved 

comparatively susceptible to drought in term of CMS.  
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Table 3.1 Analyses of variance for net assimilation rate (Pn), stomatal conductance (gs) 

and transpiration rate (E) of 32 cotton cultivars/genotypes under two water regimes in 

2003. 

Mean squares 
SOV d.f 

Pn gs E 

Block  3 0.4 280 1.32 

Water Regime 1 2640.6*** 3366642*** 289.91*** 

Error A 3 0.4 527 0.98 

Genotype  31 13.4*** 9807*** 1.49*** 

Water Regime x Genotype 31 10.8*** 9158*** 1.64*** 

Residual 186 2.3 1283 0.27 

CV (%)  16.2 18 13.6 

*** P<0.001. 

 
Table 3.2 Analyses of variance for osmotic adjustment (OA) and cell membrane stability 

(CMS) of 32 cotton cultivars/genotypes due to water-deficit stress during 2003 and 2004. 

 Mean squares 

  OA CMS 

SOV d.f 2003 2004 2003 2004 

Block 31 0.008 0.022 4.41 11.7 

Genotype 3 0.102*** 0.084*** 357.2*** 399.5*** 

Error 93 0.009 0.022 35.9 60.2 

CV (%)  13.7 19.3 7.7 10.2 

***P<0.001 
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Table 3.3 Mean net photosynthetic rate (Pn), stomatal conductance (gs), and transpiration 

rate (E), of 32 cotton cultivars/genotypes grown under well-watered (W1) and water-

limited (W2) regimes during 2003. 

Pn gs E 

W1 W2 †RD W1 W2 RD W1 W2 RD Genotype  
µmol/m2/s % mmol/m2/s % mmol/m2/s % 

BH-160 11.5 5.2 55 444 74 83 5.8 2.5 57 
CIM-1100 12.6 10.4 17 292 125 57 5.2 3.6 31 
CIM-443 12.8 4.5 65 367 80 78 5.1 2.7 47 
CIM-473 13.0 7.6 42 365 105 71 6.1 3.1 49 
CIM-497 13.8 6.3 54 226 127 44 4.9 3.0 39 
CIM-499 10.7 5.9 45 264 61 77 5.7 2.3 60 
CIM-501 16.5 5.7 65 354 111 69 4.8 3.5 27 
CIM-707 11.1 7.1 36 317 95 70 5.0 2.6 48 
FH-87 14.4 7.7 47 341 81 76 4.6 2.9 37 
FH-634 13.6 4.0 71 304 69 77 4.6 2.9 37 
FH-682 9.3 4.1 56 246 51 79 4.0 2.4 40 
FH-900 11.1 3.8 66 262 63 76 4.5 2.5 44 
FH-901 13.7 4.7 66 253 56 78 4.3 2.1 51 
FH-925 11.8 4.5 62 264 60 77 5.5 2.2 60 
FH-930 12.6 5.8 54 241 98 59 4.1 2.9 29 
FH-1000 14.2 5.6 61 356 61 83 5.4 2.1 61 
FH-1200 13.3 6.0 55 359 65 82 5.2 2.6 50 
FH-2000 10.4 7.4 29 301 142 53 4.6 3.1 33 
MNH-147 13.7 8.7 36 275 132 52 4.3 3.2 26 
MNH-552 11.1 4.2 62 378 60 84 5.1 2.5 51 
MNH-554 12.7 8.4 34 363 97 73 5.9 2.8 53 
MNH-642 14.6 6.2 58 257 81 68 3.6 2.7 25 
NIAB-78 13.2 6.3 52 313 71 77 4.1 2.7 34 
NIAB-111 12.0 3.1 74 383 56 85 5.3 2.5 53 
NIAB-Karishma 10.5 8.3 21 337 124 63 5.6 3.4 39 
NIBGE-1 12.1 4.2 65 314 50 84 5.3 2.0 62 
NIBGE-2 14.4 5.2 64 320 61 81 4.6 2.2 52 
NIBGE-4 11.4 4.8 58 360 68 81 5.2 2.4 54 
NIBGE-160 8.9 5.7 36 212 44 79 3.9 2.0 49 
RH-510 13.7 10.1 26 326 131 60 5.5 3.9 29 
SLH-257 13.6 7.0 49 365 78 79 5.4 2.7 50 
VH-142 12.9 5.7 56 178 119 33 3.4 2.0 41 
Mean 12.5 6.1 51 310 84 73 4.9 2.7 45 
LSD (0.05) 2.1  50  0.73  
†RD=relative reduction in Pn, gs and E due to water stress.  
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Table 3.4 Mean osmotic adjustment (OA) and cell membrane stability (CMS) of 32 

cotton genotypes due to water-deficit stress during 2003 and 2004.  

OA (MPa) CMS (%) Genotype  
2003 2004 2003 2004 

BH-160 0.83 0.71 79.4 85.4 
CIM-1100 1.09 1.15 89.0 90.6 
CIM-443 0.73 0.68 62.6 91.6 
CIM-473 0.69 0.70 69.1 67.0 
CIM-497 0.78 0.94 75.0 73.6 
CIM-499 0.67 0.69 64.5 68.0 
CIM-501 0.76 0.76 66.8 63.6 
CIM-707 1.01 0.91 85.7 60.1 
FH-87 0.65 0.76 73.8 63.0 
FH-634 0.71 0.80 64.6 66.5 
FH-682 0.61 0.69 74.6 71.0 
FH-900 0.83 0.87 82.8 70.6 
FH-901 0.76 0.56 72.1 69.4 
FH-925 0.77 0.74 79.0 71.7 
FH-930 0.98 0.86 85.5 85.5 
FH-1000 0.68 0.80 81.7 84.3 
FH-1200 0.77 1.03 92.3 94.3 
FH-2000 0.65 0.65 63.9 61.4 
MNH-147 0.63 0.67 77.5 73.9 
MNH-552 0.81 0.70 79.6 73.0 
MNH-554 0.79 0.79 89.9 85.1 
MNH-642 0.63 0.59 84.3 79.4 
NIAB-78 0.84 0.86 73.7 76.4 
NIAB-111 0.92 1.04 83.4 79.3 
NIAB-Karishma 0.87 0.82 83.4 79.1 
NIBGE-1 0.56 0.66 67.1 78.2 
NIBGE-2 0.67 0.70 57.4 60.0 
NIBGE-4 0.52 0.55 77.7 72.0 
NIBGE-160 0.59 0.64 70.8 72.3 
RH-510 0.94 1.03 90.8 91.2 
SLH-257 1.22 0.74 91.4 88.0 
VH-142 0.58 0.76 83.3 86.7 
Mean 0.77 0.78 77.7 76.0 
LSD (0.05) 0.14 0.21 8.4 10.9 

Above average OA and CMS values are bold face. 
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3.1.1.2 Productivity traits  
Analyses of variance for productivity traits revealed significant effect of genotype 

and water regime for all the traits studied (Table 3.5, 3.6). Water regime x genotype 

interaction was also significant (P<0.001), for seedcotton yield (SCY), biological yield 

(BY), harvest index (HI), bolls per plant (BN) and plant height (PH) indicating a 

differential response of genotypes across irrigation regimes. However, the interaction of 

water regime x genotype was not significant for boll weight (BW).  

Mean values of SCY, BY, and HI of genotypes in the W1 and W2 regimes are 

summarized in Table 3.7. Drought stress, on the average, reduced SCY by 19% and BY by 

33% whereas HI improved 17%.  

Genotypes differed significantly for SCY in both water regimes. Significant 

variation in SCY occurred among the 32 genotypes under W1 with values ranging from 

31g for FH-634 to 73g for FH-901 (Table 3.7). When the genotypes experienced water-

deficit stress, 14 genotypes including FH-901 that produced maximum SCY in W1, 

expressed reduction in SCY greater than the average reduction. Genotypes MNH-642, 

RH-510, CIM-499, MNH-552, FH-930 and FH-1200 reduced yields to a lesser extent 

than the other genotypes, with relative reduction of 9, 9, 10, 11, 12 and 13%, 

respectively.  

The BY of all the genotypes in W2 was significantly lower than its counterpart in 

W1 regime. Genotypes SLH-257, CIM-1100, MNH-552 and RH-510 produced the 

highest BY under both water regimes compared to the other genotypes. Minimum BY of 

55 g in W1 and 48 g in W2 was obtained from CIM-497. 

Harvest index improved in all genotypes due to water deficit except CIM-443, 

FH-682, NIAB-Karishma, CIM-497 and BH-160. 

Individual components of yield were also affected by drought. Genotype FH-901, 

which had the highest SCY, also produced the highest BN under both water regimes 

compared to the other genotypes. Less reduction in BN due to water-deficit stress was 

observed in RH-510 and FH-634. However, under W2 regime, boll weight was the least 

affected attribute (Table 3.8). 
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Substantial variation in plant height occurred between water regimes. Across genotypes, 

average plant height was reduced 14% under the W2 regime compared to the W1 regime. 

Reduction in plant height was apparent in genotypes NIBGE-1, FH-925, CIM-497, and 

NIAB-Karishma under W2 regime. However, water-deficit stress caused relatively less 

reduction in the plant height of NIBGE-2, CIM-473, CIM-1100, NIAB Karishma and 

NIBGE-4 (Table 3.8). 

 

3.1.1.3 Drought indices 

The drought susceptibility index (DSI) and geometric mean yields (GM) were also 

calculated to provide additional measures of drought tolerance of the genotypes with 

respect to SCY (Table 3.15).  

The drought susceptibility index ranged from 0.46 to 1.72. Eighteen genotypes 

showed tolerance having DSI value less than one whereas 14 were found susceptible with 

DSI values greater than one. Among the high yielding genotypes under W1 regime, RH-

510, CIM-473 and CIM-1100 were found to be relatively tolerant to drought. Whereas, 

BH-160, FH-2000, MNH-147 and FH-901 had relatively higher drought susceptibility 

indices indicating their susceptibility to water-deficit stress. 

Substantial variation in GM ranging from 28.9 to 63.9 was found among the 

cotton genotypes. Thirteen genotypes showed above average GM. The genotypes FH-

901, RH-510, NIAB Karishma, CIM-707, MHN-554, FH-2000, CIM-473, CIM-1100 and 

BH-160 exhibited comparatively higher GM. 
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Table 3.5 Analyses of variance for seedcotton yield (SCY), biological yield (BY) and 

harvest index (HI) of 32 cotton cultivars/genotypes under two water regimes in 2003. 

Mean squares 
SOV d.f 

SCY BY HI 

Block  3 44 128 0.002 
Water Regime 1 5794** 104531*** 0.319** 
Error A 3 105 337 0.003 
Genotype  31 729*** 7539*** 0.131*** 
Water Regime x Genotype 31 43*** 758*** 0.016*** 
Residual 186 18 216 0.006 
CV (%)  9.8 14 17.0 
**P<0.01 and *** P<0.001. 

 

Table 3.6 Analyses of variance for bolls per plant (BN), boll weight (BW) and plant 

height (PH) of 32 cotton cultivars/genotypes under two water regimes in 2003. 

Mean squares SOV d.f 
BN BW PH 

Block  3 4.3 0.008 16.3 

Water Regime 1 413.4* 0.884* 20880.2*** 

Error A 3 12.3 0.028 12.5 

Genotype  31 80.3*** 0.234*** 1700.4*** 

Water Regime x Genotype 31 5.0*** 0.025 221.1*** 

Residual 186 2.3 0.017 40.2 

CV (%)  11 4 5 

*P<0.05 and *** P<0.001.  
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Table 3.7 Mean seedcotton yield (SCY), biological yield (BY) and harvest index (HI) of 

32 cotton cultivars/genotypes grown under well-watered (W1) and water-limited (W2) 

regimes during 2003. 

SCY BY HI 

W1 W2 †RD W1 W2 RD W1 W2 RD Genotype 
----- g ----- % ----- g ----- %       % 

BH-160 69 49 29 130 93 28 0.55 0.54 2 
CIM-1100 57 48 16 196 139 29 0.30 0.35 -17 
CIM-443 52 35 33 93 68 27 0.57 0.53 7 
CIM-473 56 49 13 94 77 18 0.60 0.64 -7 
CIM-497 45 38 16 55 48 13 0.82 0.80 2 
CIM-499 41 37 10 97 75 23 0.43 0.49 -14 
CIM-501 37 32 14 94 76 19 0.39 0.42 -8 
CIM-707 50 41 18 105 82 22 0.48 0.50 -4 
FH-634 31 27 13 103 79 23 0.30 0.35 -17 
FH-87 40 33 18 152 77 49 0.26 0.44 -69 
FH-682 35 27 23 163 138 15 0.22 0.20 9 
FH-900 42 33 21 96 76 21 0.44 0.44 0 
FH-901 73 56 23 148 111 25 0.49 0.51 -4 
FH-925 43 34 21 93 66 29 0.46 0.54 -17 
FH-930 42 37 12 106 50 53 0.41 0.75 -83 
FH-1000 56 37 34 127 74 42 0.45 0.50 -11 
FH-1200 39 34 13 178 93 48 0.22 0.37 -68 
FH-2000 62 45 27 127 73 43 0.49 0.62 -27 
MNH-147 56 42 25 152 105 31 0.37 0.40 -8 
MNH-552 44 39 11 137 97 29 0.33 0.40 -21 
MNH-554 62 50 19 176 129 27 0.35 0.39 -11 
MNH-642 33 30 9 103 52 50 0.33 0.58 -76 
NIAB-78 53 46 13 117 65 44 0.45 0.72 -60 
NIAB-111 41 32 22 128 73 43 0.33 0.45 -36 
NIAB-Karishma 58 49 16 90 79 12 0.64 0.63 2 
NIBGE-1 38 32 16 81 58 28 0.48 0.56 -17 
NIBGE-2 39 29 26 131 74 44 0.31 0.39 -26 
NIBGE-4 41 30 27 89 60 33 0.48 0.50 -4 
NIBGE-160 36 25 31 169 99 41 0.21 0.25 -19 
RH-510 55 50 9 172 119 31 0.32 0.44 -38 
SLH-257 62 53 15 203 144 29 0.31 0.37 -19 
VH-142 47 34 28 91 53 42 0.52 0.64 -23 
Mean 48 39 19 125 84 33 0.42 0.49 -17 
LSD (0.05) 6  21  0.11  
†RD=relative reduction in SCY, BY and HI due to water stress.  
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Table 3.8 Mean bolls per plant (BN), boll weight (BW) and plant height (PH) of 32 

cotton cultivars/genotypes grown under well-watered (W1) and water-limited (W2) 

regimes during 2003. 

BN BW PH 

W1 W2 †RD W1 W2 RD W1 W2 RD Genotype  
  % ----- g ----- % -----cm----- % 

BH-160 21.1 15.8 25 3.3 3.1 6 140 111 20 
CIM-1100 17.4 15.7 9 3.3 3.1 7 139 128 7 
CIM-443 17.2 11.8 31 3.0 3.0 2 122 113 8 
CIM-473 17.9 15.9 11 3.2 3.1 3 133 117 12 
CIM-497 14.8 12.3 17 3.0 3.1 -2 107 79 27 
CIM-499 12.6 11.8 7 3.2 3.1 4 129 115 11 
CIM-501 11.2 10.3 7 3.3 3.1 6 120 114 5 
CIM-707 14.9 13.0 13 3.4 3.2 6 146 130 11 
FH-87 13.4 11.5 14 3.0 2.9 2 128 116 10 
FH-634 9.9 9.4 6 3.2 2.9 7 127 111 13 
FH-682 12.1 10.1 17 2.9 2.7 8 132 118 10 
FH-900 12.5 9.8 21 3.3 3.4 -2 139 121 13 
FH-901 24.0 19.5 19 3.1 2.9 6 131 101 23 
FH-925 13.5 11.3 16 3.2 3.1 3 131 91 31 
FH-930 12.7 11.0 14 3.3 3.4 -2 113 110 3 
FH-1000 17.2 11.2 35 3.2 3.3 -2 102 81 21 
FH-1200 12.0 11.2 7 3.3 3.1 6 137 120 12 
FH-2000 20.4 14.8 27 3.1 3.0 1 104 96 8 
MNH-147 18.6 14.7 21 3.0 2.9 6 130 108 16 
MNH-552 14.4 13.4 7 3.1 2.9 5 146 122 17 
MNH-554 19.4 16.1 17 3.2 3.1 5 149 136 9 
MNH-642 11.4 10.4 8 3.0 2.9 3 120 110 8 
NIAB-78 17.6 16.4 7 3.0 2.8 7 130 107 17 
NIAB-111 12.4 10.0 19 3.3 3.2 4 133 104 21 
NIAB-Karishma 20.9 19.0 9 2.8 2.6 6 120 90 25 
NIBGE-1 13.7 12.6 8 2.8 2.6 9 149 100 33 
NIBGE-2 12.8 10.6 17 3.1 2.8 10 126 120 4 
NIBGE-4 13.4 9.2 31 3.1 3.3 -7 109 86 21 
NIBGE-160 11.3 8.0 29 3.2 3.1 2 131 125 5 
RH-510 16.7 16.1 3 3.3 3.1 7 161 151 6 
SLH-257 19.5 16.6 15 3.2 3.2 0 131 120 8 
VH-142 15.3 11.4 25 3.1 3.0 4 98 85 14 
Mean 15.4 12.8 16 3.1 3.0 4 129 110 14 
LSD (0.05) 2.1  0.18  8.9  
†RD=relative reduction in BN, BW and PH due to water stress.  
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3.1.2 Experiment No.2 (2004) 

3.1.2.1 Physiological attributes. 

Data regarding all the physiological attributes measured in experiment No.1 were 

also recorded in experiment No.2 as detailed below. 

 

3.1.2.1.1 Gas exchange parameters  

Effect of drought stress was comparatively high on physiological attributes in 

2004 than in 2003. Net photosynthetic rate, stomatal conductance and transpiration rate 

were significantly affected due to drought stress and the genotypes differed significantly 

with respect to these variables (P<0.001). Water regime (Pn, gs: P<0.001; E: P<0.05) and 

water regime x genotype interaction were also significant (P<0.001) in all gas exchange 

attributes indicating a differential response of genotypes across irrigation regimes, 

resulting in a shift in their relative ranking (Table 3.9).  

Genotypes differed for Pn in both water regimes (Table 3.10). In W1 regime, 

CIM-501, FH-634 and MNH-642 exhibited significantly higher Pn, while FH-682 

showed lower Pn as compared to the other genotypes. The Pn of all the genotypes was 

drastically reduced in W2 regime with an average decline of 63%. The genotype CIM-

1100 was least affected (30%) for Pn under W2 followed by RH-510 (45%). While, 

maximum reduction of 80% was observed in FH-901 for Pn in W2 regime. 

Stomatal conductance differed among all the genotypes across the irrigation 

regimes (Table 3.10). It ranged from 171 to 325 mmol/m2/s and 38 to 98 mmol/m2/s in 

W1 and W2 regimes, respectively. Genotype VH-142 exhibited the lowest value of gs in 

both regimes. Drought stress resulted in average reduction in gs by 74%. Genotypes CIM-

501, CIM-1100 and RH-510 exhibited comparatively less gs reduction of 58, 61 and 63%, 

respectively.  

For transpiration rate, genotypes exhibited a differential behavior under both the 

water regimes, but almost similar to that in stomatal conductance (Table 3.10). Again 

NIAB-111 and VH-142 were amongst the groups of genotypes depicting significantly 

higher and lower E in both regimes than those of other genotypes. Genotype CIM-1100 

was ranked better in W2 as compared to W1 where it showed comparatively lower E. The 
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genotype FH-901 was in the intermediate group in W1; however, it showed 

comparatively lower E in W2. Average decline in E due to water stress was 54%.  

 

3.1.2.1.2 Osmotic adjustment (OA) and cell membrane stability (CMS)   

Analyses of variance for osmotic adjustment and cell membrane stability revealed 

highly significant differences (P<0.001) among the genotypes (Table 3.2). All genotypes 

exhibited some degree of OA in response to water deficit (Table 3.4). CIM-1100, NIAB-

111, FH-1200 and RH-510 expressed relatively higher levels of OA, and 13 of the 32 

genotypes showed above average OA in response to water-deficit stress (Table 3.4). 

Considerable genotypic variation for CMS was present among the cotton genotypes. CMS 

values ranged from 94.3 for FH-1200 to 60% for NIBGE-1. Fifteen genotypes exhibited 

above average CMS (Table 3.4). 

 

Table 3.9 Analyses of variance for net photosynthetic rate (Pn), stomatal conductance 

(gs) and transpiration rate (E) of 32 cotton cultivars/genotypes under two water regimes in 

2004. 

Mean squares 
SOV d.f 

Pn gs E 

Block  3 18.9 37068 0.89 

Water Regime 1 5801.1*** 2069438*** 490.91* 

Error A 3 8.1 650 23.80 

Genotype  31 14.9*** 3958*** 1.49*** 

Water Regime x Genotype 31 9.8*** 2692*** 1.11*** 

Residual 186 2.7 861 0.27 

CV (%)  15.9 19.4 13.8 

*P<0.05 and *** P<0.001 
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Table 3.10 Mean net photosynthetic rate (Pn), stomatal conductance (gs), and 

transpiration rate (E), of 32 cotton cultivars/genotypes grown under well-watered (W1) 

and water-limited (W2) regimes during 2004. 

Pn gs E 

W1 W2 †RD W1 W2 RD W1 W2 RD Genotype  
µmol/m2/s % mmol/m2/s % mmol/m2/s % 

BH-160 15.9 5.8 64 229 81 65 5.0 3.0 40 
CIM-1100 14.5 9.9 32 195 77 61 4.4 2.4 45 
CIM-443 17.0 4.9 71 289 65 78 5.9 2.5 58 
CIM-473 16.7 6.7 60 276 89 68 5.7 3.0 47 
CIM-497 15.5 6.0 61 303 87 71 6.3 3.2 49 
CIM-499 13.5 5.4 60 197 51 74 4.4 2.0 55 
CIM-501 19.1 5.6 71 224 94 58 4.5 3.0 33 
CIM-707 15.4 5.9 62 230 67 71 5.1 2.4 53 
FH-87 13.4 7.0 48 179 53 70 4.4 2.0 55 
FH-634 18.1 4.1 77 235 75 68 4.9 2.8 43 
FH-682 10.2 4.9 52 195 57 71 4.4 2.4 45 
FH-900 13.3 5.8 56 253 63 75 4.6 2.5 46 
FH-901 15.4 3.1 80 265 41 85 5.3 1.9 64 
FH-925 15.5 4.4 72 269 45 83 5.0 1.8 64 
FH-930 12.7 4.6 64 241 54 78 5.2 2.1 60 
FH-1000 16.0 4.0 75 277 43 84 5.3 1.8 66 
FH-1200 17.0 8.2 52 255 69 73 5.7 2.5 56 
FH-2000 13.4 3.9 71 283 48 83 5.7 2.4 58 
MNH-147 12.6 5.5 56 198 40 80 5.3 1.8 66 
MNH-552 14.9 3.5 77 241 45 81 5.0 2.0 60 
MNH-554 14.1 4.7 67 247 51 79 5.6 2.3 59 
MNH-642 17.4 5.3 70 261 63 76 5.8 2.2 62 
NIAB-78 17.2 7.7 55 236 75 68 4.9 2.7 45 
NIAB-111 14.5 6.3 57 325 98 70 6.2 3.3 47 
NIAB-Karishma 14.7 6.6 55 220 62 72 5.2 2.4 54 
NIBGE-1 15.1 4.4 71 223 48 78 5.3 2.0 62 
NIBGE-2 15.0 4.7 69 259 49 81 6.0 2.1 65 
NIBGE-4 13.4 4.2 69 220 39 82 4.8 1.9 60 
NIBGE-160 12.7 3.7 71 291 47 84 6.3 2.0 68 
RH-510 16.5 9.0 45 230 84 63 4.6 2.9 37 
SLH-257 14.9 6.5 56 213 77 64 4.3 3.2 26 
VH-142 14.3 3.1 78 171 38 78 3.7 1.6 57 
Mean 15.0 5.5 63 242 62 74 5.2 2.4 54 
LSD (0.05) 2.3  41  0.7  
†RD=relative reduction in Pn, gs and E due to water stress.  



             

 
- 76 - 

Results  

3.1.2.2 Productivity traits 

 Analyses of variance performed for SCY, BY and HI revealed significant 

(P<0.001) effects of genotypes, irrigation regimes and regimes x genotype interaction 

(Table 3.11). Like physiological attributes, effect of water deficit was more distinct on 

growth and yield attributes in 2004 than in 2003.  

Water stress caused mean reduction of 42% in SCY and 55% in BY across the 

genotypes. Drought stress, on average, improved HI by 21%.  

Genotypes MNH-554, FH-2000, BH-160, FH-901, FH-900 and CIM-1100 showed 

significantly higher SCY than all the other genotypes in W1 regime (Table 3.13).  

Although there was a marked reduction in SCY for all genotypes in W2 regime, FH-901 

suffered a substantial yield loss of 74%. RH-510 and CIM-1100 produced significantly 

higher seedcotton in W2 with comparatively lower reduction of 20 and 27%, respectively. 

Biological yield performance of genotypes varied under W1 and W2 regimes 

(Table 3.13). CIM-1100, RH-510 and NIBGE-160 had significantly higher BY under both 

water regimes, while CIM-497 had a lower BY in both regimes. Reduction in BY of 

genotypes across the water regimes ranged between 13 and 76% for CIM-473 and MNH-

147, respectively. 

Performance of genotypes with respect to HI is presented in Table 3.13. All the 

genotypes exhibited better HI in W1 as compared to that in W2 except CIM-473, FH-682, 

FH-2000, FH-901, NIAB-Karishma, NIBGE-160 and CIM-499. 

Analyses of variance of seedcotton yield components and plant height for the 

growing season 2004 revealed significant (P<0.001) variation with respect to water 

regimes, genotypes and the interaction of these two parameters (Table 3.12). 

Under W1 regime, FH-901, MNH-554, FH-682, FH-87 and FH-900 produced 

significantly higher BN compared to the other genotypes. However, a drastic reduction in 

BN of all genotypes occurred in due to water-stress with an average decrease of 36% 

(Table 3.14). Under W2 regime, 13 of the 32 genotypes, including FH-901 and FH-682, 

showed reduction in BN greater than the mean, whereas NIAB-111, RH-510, FH-1200 

and CIM-1100 showed relatively lesser reductions (Table 3.14). 
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Table 3.11 Analyses of variance for seedcotton yield (SCY), biological yield (BY) and 

harvest index (HI) of 32 cotton cultivars/genotypes under two water regimes in 2004. 

Mean squares 
SOV d.f 

SCY BY HI 

Block  3 55 436 0.03 

Water Regime 1 42611*** 460384*** 0.85** 

Error A 3 71 454 0.022 

Genotype  31 1136*** 11029*** 0.144*** 

Water Regime x Genotype 31 348*** 3684*** 0.072*** 

Residual 186 41 224 0.011 

CV (%)  13.7 13.7 21.1 

**P<0.01 and *** P<0.00 

 

Table 3.12 Analyses of variance for bolls per plant (BN), boll weight (BW) and plant 

height (PH) of 32 cotton cultivars/genotypes under two water regimes in 2004. 

Mean squares SOV d.f 
BN BW PH 

Block  3 7.5 0.015 125.1 
Water Regime 1 4037.8*** 5.467*** 94156.9*** 
Error A 3 7.8 0.002 68.3 
Genotype  31 143.8*** 0.315*** 2780.1*** 
Water Regime x Genotype 31 53.1*** 0.029** 330.1*** 
Residual 186 6.1 0.015 51.7 
CV (%)  14 5 7 
*P<0.05 and *** P<0.001 
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Table 3.13 Mean seedcotton yield (SCY), biological yield (BY) and harvest index (HI) of 

32 cotton cultivars/genotypes grown under well-watered (W1) and water-limited (W2) 

regimes during 2004. 

SCY BY HI 

W1 W2 †RD W1 W2 RD W1 W2 RD Genotype 
----- g ----- % ---- g ----- %   % 

BH-160 81 47 42 180 94 48 0.46 0.50 -9 
CIM-1100 78 57 27 272 122 55 0.29 0.47 -62 
CIM-443 53 30 43 122 56 54 0.44 0.53 -20 
CIM-473 70 43 39 104 90 13 0.67 0.48 28 
CIM-497 34 29 15 54 46 15 0.64 0.64 0 
CIM-499 60 32 47 89 51 43 0.68 0.65 4 
CIM-501 59 35 41 102 61 40 0.58 0.58 0 
CIM-707 68 46 32 142 92 35 0.48 0.51 -6 
FH-87 74 46 38 205 72 65 0.36 0.64 -78 
FH-634 57 34 40 103 69 33 0.56 0.50 11 
FH-682 69 22 68 201 89 56 0.34 0.25 26 
FH-900 79 49 38 115 86 25 0.69 0.59 14 
FH-901 70 18 74 136 50 63 0.52 0.38 27 
FH-925 49 31 37 91 53 42 0.55 0.60 -9 
FH-930 49 36 27 166 55 67 0.30 0.65 -117 
FH-1000 51 34 33 156 49 69 0.34 0.70 -106 
FH-1200 55 42 24 202 108 47 0.28 0.39 -39 
FH-2000 81 25 69 125 46 63 0.67 0.55 18 
MNH-147 62 26 58 165 39 76 0.39 0.68 -74 
MNH-552 63 21 67 165 51 69 0.39 0.41 -5 
MNH-554 87 33 62 201 60 70 0.43 0.56 -30 
MNH-642 48 24 50 162 47 71 0.30 0.52 -73 
NIAB-78 53 33 38 144 78 46 0.37 0.43 -16 
NIAB-111 64 49 23 139 78 44 0.46 0.62 -35 
NIAB-Karishma 68 42 38 144 86 40 0.49 0.50 -2 
NIBGE-1 39 21 46 95 34 64 0.41 0.64 -56 
NIBGE-2 34 25 26 144 39 73 0.24 0.64 -167 
NIBGE-4 45 26 42 86 45 48 0.52 0.58 -12 
NIBGE-160 33 13 61 221 94 57 0.15 0.14 7 
RH-510 74 59 20 280 118 58 0.27 0.51 -89 
SLH-257 59 27 54 243 86 65 0.24 0.32 -33 
VH-142 31 19 39 97 31 68 0.32 0.60 -88 
Mean 59 34 42 152 68 55 0.43 0.52 -21 
LSD (0.05) 9  21  0.15  
†RD=relative reduction in SCY, BY and HI due to water stress.  
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Table 3.14 Mean bolls per plant (BN), boll weight (BW) and plant height (PH) of 32 

cotton cultivars/genotypes grown under well-watered (W1) and water-limited (W2) 

regimes during 2004. 

BN BW PH 

W1 W2 †RD W1 W2 RD W1 W2 RD Genotype  
  % ----- g ----- % -----cm---- % 

BH-160 27.0 17.3 36 3.0 2.7 10 137 103 25 
CIM-1100 27.2 21.9 20 2.9 2.6 10 156 123 21 
CIM-443 20.4 13.1 36 2.6 2.3 14 118 75 37 
CIM-473 25.1 16.1 36 2.8 2.7 5 125 98 21 
CIM-497 13.8 13.6 2 2.5 2.2 13 85 66 23 
CIM-499 21.1 12.5 41 2.8 2.6 9 111 89 19 
CIM-501 18.8 12.5 34 3.1 2.8 11 125 91 27 
CIM-707 23.2 16.9 27 3.0 2.7 7 133 100 25 
FH-87 28.3 18.0 37 2.6 2.5 3 134 100 25 
FH-634 22.6 16.4 27 2.6 2.1 19 130 83 36 
FH-682 29.3 9.7 67 2.4 2.3 3 150 100 34 
FH-900 28.2 19.1 32 2.8 2.6 8 139 105 25 
FH-901 26.4 7.6 71 2.7 2.4 9 142 76 47 
FH-925 17.1 12.5 27 2.9 2.5 13 124 72 42 
FH-930 15.7 12.3 22 3.1 2.9 6 143 87 39 
FH-1000 17.4 13.0 25 3.0 2.6 13 109 71 35 
FH-1200 17.2 14.5 16 3.2 2.9 10 139 96 31 
FH-2000 31.4 11.7 63 2.6 2.1 19 113 74 35 
MNH-147 21.6 9.6 56 2.9 2.8 5 142 76 46 
MNH-552 22.0 7.9 64 2.9 2.6 8 153 105 31 
MNH-554 29.8 12.6 58 2.9 2.6 10 167 118 29 
MNH-642 17.3 9.4 46 2.8 2.6 9 143 95 34 
NIAB-111 22.7 19.9 12 2.8 2.5 13 103 73 30 
NIAB-78 18.5 13.3 28 2.9 2.5 13 109 84 24 
NIAB-Karishma 24.3 16.9 31 2.8 2.5 11 107 83 22 
NIBGE-1 14.8 8.7 41 2.7 2.5 8 110 68 38 
NIBGE-2 13.0 10.0 23 2.7 2.5 8 115 101 13 
NIBGE-4 15.2 10.2 33 2.9 2.5 15 93 72 23 
NIBGE-160 11.0 4.9 56 3.0 2.6 13 146 106 28 
RH-510 24.7 21.4 13 3.0 2.8 8 173 128 26 
SLH-257 21.2 10.8 49 2.8 2.5 9 145 101 30 
VH-142 11.7 9.4 19 2.6 2.0 24 87 62 29 
Mean 21.2 13.2 36 2.8 2.5 11 128 90 30 
LSD (0.05) 3.5  0.17  10.1  
†RD=relative reduction in BN, BW and PH due to water stress.  



             

 
- 80 - 

Results  

In both regimes, genotypes also varied for BW ranging from 3.2 g for FH-1200 to 2.4 g 

for FH-682 under the W1 regime and from 2.9 g for FH-930 to 2.0 g for VH-142 in the 

W2 regime. However, average reduction in BW across the water regimes was only 11% 

(Table 3.14). 

Genotypes exhibited differential behavior for plant height in both regimes (Table 

3.14). Genotype RH-510 remained the tallest under both regimes. Reduction in plant 

height across water regimes ranged from 13 to 47% for NIBGE-2 and FH-901, 

respectively  

 

3.1.2.3 Drought indices 

 Genotypic variation for DSI and GM was found during both years (Table 3.15). In 

this year, previous ranking of the genotypes for drought tolerance assessed by DSI was 

affected, however, 12 genotypes including RH-510, FH-1200, FH-930, CIM-1100 and 

CIM-707 again ranked drought tolerant. Genotypes FH-2000, FH-901 and FH-682 were 

found the most susceptible to water-deficit stress. 

 Thirteen genotypes showed above average GM in 2004. The genotypes RH-510, 

NIAB Karishma, CIM-707, MHN-554, FH-2000, CIM-473, CIM-1100 and BH-160 

again exhibited comparatively higher GM. 
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Table 3.15 Drought susceptibility index and geometric mean yield of 32 cotton 

cultivars/genotypes during 2003 and 2004. 

DSIa GMb Genotype 
2003 2004 2003 2004 

BH-160 1.47 0.97 58.1 61.7 
CIM-1100 0.80 0.62 52.3 66.7 
CIM-443 1.66 1.00 42.7 39.9 
CIM-473 0.64 0.89 52.4 54.9 
CIM-497 0.79 0.34 41.4 31.4 
CIM-499 0.50 1.08 38.9 43.8 
CIM-501 0.69 0.94 34.4 45.4 
CIM-707 0.91 0.75 45.3 55.9 
FH-87 0.89 0.87 36.3 58.3 
FH-634 0.66 0.93 28.9 44.0 
FH-682 1.16 1.57 30.7 39.0 
FH-900 1.09 0.88 37.2 62.2 
FH-901 1.18 1.71 63.9 35.5 
FH-925 1.06 0.85 38.2 39.0 
FH-930 0.61 0.61 39.4 42.0 
FH-1000 1.72 0.77 45.5 41.6 
FH-1200 0.65 0.54 36.4 48.1 
FH-2000 1.39 1.59 52.8 45.0 
MNH-147 1.27 1.34 48.5 40.1 
MNH-552 0.58 1.54 41.4 36.4 
MNH-554 0.98 1.43 55.7 53.6 
MNH-642 0.46 1.15 31.5 33.9 
NIAB-78 0.67 0.87 49.4 41.8 
NIAB-111 1.12 0.54 36.2 56.0 
NIAB-Karishma 0.79 0.88 53.3 53.4 
NIBGE-1 0.80 1.06 34.9 28.6 
NIBGE-2 1.30 0.61 33.6 29.2 
NIBGE-4 1.36 0.97 35.1 34.2 
NIBGE-160 1.55 1.40 30.0 20.7 
RH-510 0.46 0.47 52.4 66.1 
SLH-257 0.74 1.25 57.3 39.9 
VH-142 1.41 0.89 40.0 24.3 
aDrought susceptibility index = (1 – Yd/Yp)/(1 – Xd/Xp). 
 bGeometric mean yield = (Yd*Yp)1/2 
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3.1.3 Phenotypic correlation 

Phenotypic correlation between measured physiological and yield attributes for 

each irrigation regime and correlation coefficients among traits for each year are 

presented in Tables 3.16 and 3.17.  

Net photosynthetic rate was positively correlated with gs, E, SCY and BY (P<0.01) 

in W2 regime and did not correlate with any variable in W1 in both years (Table 3.16). 

Similarly, SCY was positively correlated with gs and E in W2 in both seasons. Seed cotton 

yield was also associated with BY in both water regimes in 2003; however, this 

association was significant only in W2 regime in 2004. Highly significant (P<0.01) 

positive association was also found between gs and E under both regimes in 2003 and 

2004. Harvest index showed a significant (P<0.01) negative correlation with BY under 

W1 as well as W2 in both seasons. 

Correlation coefficients between W1 and W2 regimes were positive and highly 

significant (P<0.01) for yield and yield components in both the years (Table 3.17). 

Seedcotton yield was significantly associated with BN in both water regimes in both 

years. Seedcotton yield was also associated (P<0.05) with BW in the W2 regime in 2004; 

however, the level of these associations was not significant in 2003 trial. 

Correlations of OA and CMS with SCY in W2 regime were calculated to assess the 

association among the traits. Osmotic adjustment was significantly associated (P<0.01) 

with yield under W2 regime. Cell membrane stability was not correlated with yield under 

W2 regime, however, it was associated significantly with OA in both 2003 (P<0.01) and 

2004 (P<0.05) (Figure 3.1 and 3.2, respectively). 

Drought susceptibility index was not correlated with none of the productivity or 

physiological attributes in 2003 when drought intensity was mild. No significant 

correlation between DSI and SCY in W1 was also observed (data not shown) however, 

significant negative association of DSI with SCY in W2 (P<0.01) in 2004 suggested DSI 

as a useful predictor of drought tolerance in cotton (Table 3.18). Moreover, significant 

negative correlation of DSI was found with BN (P<0.01) and certain physiological 

attributes conferring drought tolerance including net photosynthetic rate, stomatal 

conductance and osmotic adjustment in 2004. 
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Table 3.16 Phenotypic correlation among net photosynthetic rate (Pn), stomatal 
conductance (gs), transpiration rate (E), seedcotton yield (SCY), biological yield (BY) and 
harvest index (HI) of 32 cotton cultivars/genotypes grown under well-watered (Upper 
diagonal) and water-limited (lower diagonal) regimes during years 2003 (non-bold font) 
and 2004 (bold font). 

 Pn gs E SCY BY HI 

Pn 1 
0.16  

0.26  

-0.06  

0.13  

0.02  

-0.10  

-0.02  

-0.18  

0.01  

0.12  

gs 
0.74** 

0.64** 
1 

0.69** 

0.84** 

0.29  

-0.14  

0.17  

-0.23  

0.03  

0.19  

E 
0.66** 

0.51** 

0.81** 

0.94** 
1 

0.34  

-0.21  

0.03  

-0.15  

0.24  

-0.10  

SCY 
0.58** 

0.78** 

0.45** 

0.61** 

0.40* 

0.48** 
1 

0.30  

0.39* 

0.37* 

0.30  

BY 
0.39* 

0.75** 

0.02  

0.57** 

0.18  

0.51** 

0.44* 

0.69** 
1 

-0.72** 

-0.71** 

HI 
0.05  

-0.06  

0.38* 

-0.10  

0.38* 

-0.17  

0.26  

0.22 

-0.70** 

-0.53** 
1 

*P<0.05, **P<0.01   
 

Table 3.17 Phenotypic correlation among well-watered (W1), water-limited (W2) 
regimes, for seedcotton yield (SCY), number of bolls per plant (BN) and boll weight (BW) 
of 32 cotton cultivars/genotypes evaluated during 2003 (Upper diagonal) and 2004 (lower 
diagonal).  

 SCY BN BW 
 

 W1 W2 W1 W2 W1 W2 

W1 1 0.92** 0.97** 0.87** 0.08 0.06 
SCY 

W2 0.57** 1 0.89** 0.96** 0.10 0.01 

W1 0.96** 0.45* 1 0.90** -0.14 -0.12 
BN 

W2 0.55** 0.97** 0.48** 1 -0.14 -0.27 

W1 0.07 0.33 -0.18 0.13 1 0.79** 
BW 

W2 0.21 0.42* -0.01 0.19 0.84** 1 

*P<0.05 and **P<0.01 
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Significant positive correlation of GM was found with seedcotton yield, number of bolls 

per plant (P<0.01), and osmotic adjustment (P<0.05) in both years in W2 (Table 3.18). 

Biological yield, plant height and stomatal conductance were also significantly associated 

with GM in 2004 W2 regime, however the level of these association was not significant in 

2003 (Table 3.18). 

 

3.1.4 Greenhouse experiment 

Three drought tolerant and three drought susceptible genotypes were selected on 

the basis of their performance for gas exchange and productivity traits in W2 in field trials 

to evaluate their taproot length (RL) and total root dry weight (TRDW) in polyethylene 

tubes under greenhouse conditions. The selected genotypes differed significantly for both 

the traits (Table 3.19). Genotypes CIM-1100, FH-1200 and RH-510 had significantly 

longer RL than FH-901 and FH-634. Total root dry weight for genotypes ranged from 

477 (FH-901) to 975 mg (RH-510). Genotype FH-2000 showed significantly longer 

taproot than FH-634 however, had lesser TRDW. 
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Table 3.18 Correlation coefficients between drought susceptibility index, geometric 

mean with productivity traits and physiological attributes of 32 cotton cultivars/genotypes 

grown under water-limited regime during 2003 and 2004. 

DSIa GMb Trait 
2003 2004 2003 2004 

Seedcotton yield -0.16 -0.63** 0.98** 0.93** 
Boll number -0.18 -0.63** 0.93** 0.90** 
Boll weight 0.11 -0.22 0.04 0.38 
Biological yield -0.03 -0.26 0.43 0.68** 
Plant height -0.35 0.00 0.08 0.54* 
Harvest index -0.14 -0.44 0.24 0.12 
Photosynthetic rate -0.26 -0.55* 0.52* 0.69** 
Stomatal conductance -0.16 -0.50* 0.42 0.52* 
Transpiration rate -0.46 -0.33 0.31 0.45 
Osmotic adjustment -0.36 -0.71** 0.47* 0.59* 
Cell membrane stability -0.24 -0.24 0.29 0.15 
aDrought susceptibility index = (1 – Yd/Yp)/(1 – Xd/Xp). 
 bGeometric mean yield = (Yd*Yp)1/2 

*P<0.05, **P<0.01 

 

Table 3.19 Mean (±standard error) taproot length (RL) and total root dry weight 

(TRWD) of six cotton cultivars/genotypes at 55 days after sowing.  

Genotype RL (cm) TRDW (mg) 

CIM-1100 93.5±2.19 914±14.6 

FH-901 64.5±1.70 477±15.1 

FH-634 65.8±1.67 565±15.0 

FH-1200 82.8±1.87 810±15.5 

FH-2000 75.3±1.80 550±13.5 

RH-510 90.3±2.28 975±15.1 
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Figure 3.1 Association of osmotic adjustment (OA) with cell membrane stability (CMS) 

of 32 cotton cultivars/genotypes due to water-deficit stress during 2003(a) and 2004 (b). 
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3.2 Analyses of drought tolerance in filial generations 

The genotypes RH-510 and FH-901 were selected to develop mapping 

populations for genetic map construction and subsequent QTL analysis on the basis of 

their diverse performance for productivity and physiological attributes in drought 

screening experiments. 

 

3.2.1 Phenotypic analysis and heritability of physiological attributes in parents and 

         F2 population 

One hundred and forty-three F2 plants along with their parents were analysed for 

drought tolerance in field experiment using gas exchange parameters and osmotic 

adjustment as selection criteria.  

 

3.2.1.1 Gas exchange parameters 

Thirty three days long water stress treatment revealed differences in net 

photosynthetic rate and related physiological traits between the parent genotypes (Table 

3.20). The results of Student’s t-test indicated that differences were statistically 

significant in gs (P< 0.01), and in both of Pn and E (P<0.05). Summary statistics of the 

phenotypic performance of parents and F2 individuals for gas exchange attributes 

exhibited that measured values of the three traits for parent RH-510 were all higher than 

those for FH-901 (Table 3.20). For example Pn remained 8.67 µmol/m2/s for RH-510 

compared with the value of 5.53 µmol/m2/s for FH-901. Frequency distribution curves 

constructed using phenotypic data of 143 F2 plants for gas exchange parameters depicted 

normal distribution with transgression in both directions (Figure 3.1). The mean values of 

Pn, gs and E were 6.44 µmol/m2/s, 53.07 and 2.07 mmol/m2/s, respectively. The broad 

sense heritability (h2
B) estimates were higher for Pn and gs and moderate for E (Table 

3.20). 

 

3.2.1.2 Osmotic adjustment (OA) 

Both parents and F2 population were also phenotyped for OA by the rehydration 

method of Blum (1989). Both parents showed highly significant differences (P<0.001) 

for OA (Table 3.20). Phenotypic distribution of the 143 F2 plants displayed normal 
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distribution indicating polygenic inheritance of the trait (Figure 3.2). Osmotic adjustment 

values ranged from 0.25 to 1.22 MPa among F2 individuals with mean value of 0.62 

MPa. Broad sense heritability of OA was estimated 0.48. 
 

3.2.1.3 Phenotypic correlations  

Correlation coefficients among net photosynthetic rate, stomatal conductance, 

transpiration rate and osmotic adjustment in F2 population are shown in Table 3.21. As 

expected, relatively high correlations (P<0.01) of net photosynthetic rate were observed 

with stomatal conductance and transpiration rate. A strong association (P<0.01) was also 

found between transpiration rate and stomatal conductance. Osmotic adjustment was 

correlated with all gas exchange parameters, however its relationship was strong (P<0.01) 

with net photosynthetic rate than those with stomatal conductance and transpiration rate 

(P<0.05). 
 

3.2.2 Phenotypic analysis and heritability of productivity measures in parents and 

         F2:3 families 

Out of 143 F2:3 families, 128 lines with sufficient seed were completely evaluated for 

productivity parameters in replicated trial under well-watered and water-limited regimes. 
 

3.2.2.1 Seed cotton yield and its components 

 Among the three traits tested, boll weight fitted to normal distribution according 

to Kolmogorov-Smirnov normality test. Seed cotton yield and bolls per plant were 

transformed by square root prior to QTL analysis. Continuous variation pattern of F2:3 

families for all the traits indicated that measured traits were quantitatively inherited. 

Transgressive segregation observed in both directions indicated that both parents 

transmitted favourable alleles for each trait (Figure 3.3). Analysis of variance also 

indicated that the effect of water treatments was significant for yield and for its 

components except boll weight. A significant water regime x line interaction was 

observed for yield and its components (Table 3.22). As for as performance of parents 

regarding yield traits was concerned, FH-901 produced relatively higher seedcotton yield 

of 88.5 g compared to 75.1 g of RH-510 in well-watered condition, however, it yielded 

much lower SCY of 26.4 g than RH-510 in water stress conditions (Table 3.23). 
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Figure 3.2 Phenotypic distribution of, (A) Net photosynthetic rate (µmol/m2/s), (B) 

Stomatal conductance (mmol/m2/s), (C) Transpiration rate (mmol/m2/s) and (D) Osmotic 

adjustment (MPa) in F2 population (RH-510 x FH-901) evaluated under water-limited 

conditions during 2005. (Filled and empty arrows indicate means of RH-510 and FH-901, 

respectively). 
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Table 3.20 Phenotypic performance and broad sense heritability (h2
B) estimates for net 

photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (E) and osmotic 
adjustment (OA) of parents and F2 mapping population from a cross of RH-510 and FH-
901 evaluated under water-limited conditions in 2005. 

F2 Population 
Trait RH-510 FH-901 Proba h2

B 
Mean ± SE CV (%) Range 

Pn (µmol/m2/s) 8.67 5.53 0.013 0.82 6.44 ± 0.32 43 2.08-13.50 
gs (mmol/m2/s) 70.60 43.12 0.006 0.87 53.07 ± 1.52 34 23.7-100.00
E (mmol/m2/s) 2.50 1.78 0.022 0.53 2.07 ± 0.05 29 1.02-3.80 
OA (MPa) 0.67 0.31 0.001 0.48 0.62 ± 0.02 28 0.25-1.22 

a The probability of the t-test on the means of the parents. 

 

Table 3.21 Phenotypic correlation among net photosynthetic rate (Pn), stomatal 
conductance (gs), transpiration rate (E) and osmotic adjustment (OA) in F2 mapping 

population from a cross of RH-510 and FH-901 evaluated under water stress in 2005.  
  Pn gs E OA 

Pn 1    
gs 0.627** 1   
E 0.616** 0.782** 1  
OA 0.281** 0.192* 0.184* 1 

*P<0.05, **P<0.01 

 
Table 3.22 Analyses of variance for seedcotton yield (SCY), bolls per pant (BN) and boll 
weight (BW) of 128 F2:3 families from a cross of RH-510 and FH-901 evaluated under 
contrasting water regimes in 2006. 

Mean squares 
SOV d.f 

SCY BN BW 

Block  1 455.6 26.2 0.001 
Water Regime 1 86606.0* 6145.9* 19.298 
Error A 1 237.9 30.1 0.219 
Line 127 500.9*** 70.7*** 0.896*** 
Water Regime x Line 127 234.0*** 27.0*** 0.121*** 
Residual 254 40.3 4.8 0.078 

*P<0.05 and *** P<0.001 
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Yield loss due to water-deficit stress was 71% for FH-901 and 35% for RH-510. 

Similarly FH-901 retained higher number of bolls than RH-510 in well-watered regimes, 

however, it suffered a significant reduction of 67% in BN due to drought. On the other 

hand, boll production decreased only 31% in case of RH-510. Boll weight was also 

decreased by the water-deficit stress, but the loss was not as remarkable as that of other 

traits. The average boll weight under well water regime was 3.5 and 3.2 g for RH-510 

and FH-901, respectively. Water deficit caused only 6 and 9% reduction in boll weight of 

RH-510 and FH-901, respectively. 

 The mean SCY of F2:3 families in well-watered and water stress conditions was 

49.6 and 23.4 g, respectively, and was reduced by 53% under water stress. Average 

values of BN of the F2:3 lines differed significantly across different water regimes with 

considerable loss of 46%, however, reduction in BW in F2:3 lines due to water deficit was 

15% (Table 3.23). The broad sense heritability was estimated for each trait under well-

watered and stress conditions. Heritability estimates ranged from 0.48 for SCY to 0.65 for 

BW under well-watered regime. Most of the traits exhibited low heritability values under 

stress compared to non-stress conditions (Table 3.23). 
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Table 3.23 Phenotypic performance and broad sense heritability (h2
B) estimates for 

seedcotton yield (SCY), bolls per pant (BN) and boll weight (BW) of 128 F2:3 families 

from a cross of RH-510 and FH-901 evaluated under contrasting water regimes in 2006. 

F2:3 families 
Water Regime Trait RH-510 FH-901 h2

B 
Mean ± SE CV (%) Range 

SCY (g) 75.1 88.5 0.48 49.6 ± 1.52 15 20.8-97.6

BN 21.5 27.3 0.56 15.1 ± 0.54 17 5.4-38.0 Well-watered 

BW (g) 3.5 3.2 0.65 3.4 ± 0.05 8 2.0-4.2 

SCY (g) 48.6 26.1 36 23.4 ± 0.73 20 8.4-49.6 

BN 14.8 9.0 40 8.1 ± 0.30 22 2.6-22.4 Water-limited 

BW (g) 3.3 2.9 60 3.0 ± 0.04 9 1.9-3.9 

 

Table 3.24 Analyses of variance for plant height (PH) main stem nodes per plant (SN) 

and height to node ratio (HN) of 128 F2:3 families from a cross of RH-510 and FH-901 

evaluated under two water regimes. 

Mean squares 
SOV d.f 

PH SN HN 
Block  1 26.3 0.781 0.102 

Water Regime 1 60117.8* 661.570* 22.588* 

Error A 1 146.6 2.823 0.128 

Line 127 863.8*** 38.314*** 0.567*** 

Water Regime x Line 127 351.8*** 35.232*** 0.631*** 

Residual 254 124.4 6.373 0.095 

*P<0.05 and *** P<0.001 
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Figure 3.3 Phenotypic distribution of, (A) Seed cotton yield per plant, (B) Boll weight 
and (C) Bolls per plant in F2:3 families derived from cross RH-510 x FH-901 and 
evaluated under well-watered (W1) and water-limited (W2) regimes (Filled and empty 
arrows indicate means of RH-510 and FH-901, respectively).  

Seed cotton yield (g)

958065503520

N
um

be
r o

f F
3 

fa
m

ili
es

20

15

10

5

0

W1 

Seed cotton yield (g)

49413325179
N

um
be

r o
f F

3 
fa

m
ili

es

25

20

15

10

5

0

W2 

(A) 

Boll weight (g)

4.23.73.32.82.41.9

N
um

be
r o

f F
3 

fa
m

ili
es

20

15

10

5

0

W1 

Boll weight (g)

3.93.53.12.72.31.9

N
um

be
r o

f F
3 

fa
m

ili
es

20

15

10

5

0

W2 

Bolls per plant

20.717.213.710.16.63.1

N
um

be
r o

f F
3 

fa
m

ili
es

30

25

20

15

10

5

0

W2 

Bolls per plant

36.030.024.018.012.06.0

N
um

be
r o

f F
3 

fa
m

ili
es

30

25

20

15

10

5

0

W1 

(B) 

(C) 



             

 
- 94 - 

Results  

3.2.2.2 Growth related traits 

 Analyses of variance performed for plant height, number of main stem nodes and 

height to node ratio revealed significant (P<0.05) effects of F2:3 lines, irrigation regimes 

and regimes x lines interaction (P<0.001) (Table 3.24). The data presented in Table 3.25 

depicted that RH-510 was substantially taller than FH-901 in both water regimes, 

however, differences for number of main stem nodes and height to node ratio were not 

apart. Water deficit caused reduction in all the three growth traits in both parents. Despite 

that the parent FH-901 was more affected by drought however, unlike yield attributes, 

effect of water deficit was not distinct on growth attributes. Considerable continuous 

genetic variation of these three traits in F2:3 families implied their quantitative nature. 

Phenotypic distributions for all the growth traits in both water regimes were normal. 

Additionally, transgressive segregation was also observed in both direction for all traits 

except plant height where transgression was skewed towards FH-901. 

 

3.2.2.3 Phenotypic correlations  

Pearson correlation analysis was carried out to establish association among 

measured productivity traits. Bolls per plant was found the primary determinant of 

seedcotton yield under well-watered (r = 0.889) and water-limited (r = 0.886) regimes 

(Table 3.26). Bolls per plant was negatively associated (P<0.01) with boll weight in both 

regimes. Similarly, plant height was significantly correlated with number of main stem 

nodes and height to node ratio.  
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Table 3.25 Phenotypic performance and broad sense heritability (h2
B) estimates for plant 

height (PH), main stem nodes per plant (SN) and height to node ratio (HN) of 128 F2:3 

families from a cross RH-510 x FH-901 evaluated under contrasting water regimes in 

2006. 

F2:3 families 
Water Regime Trait RH-510 FH-901 h2

B
Mean ± SE CV (%) Range 

PH (cm) 186.0 133.0 74 144.7 ± 1.48 8 88.0-193.0

SN 37.0 29.0 70 30.9 ± 0.41 9 17.0-44.0 Well-watered 

HN 5.08 4.65 68 4.8 ± 0.05 7 3.5-6.4 

PH (cm) 158.0 98.0 70 123.0 ± 1.60 9 83.0-158.0

SN 35.0 26.0 65 28.6 ± 0.35 8 20.0-38.0 Water-limited 

HN 4.5 3.7 71 4.4 ± 0.05  6 3.2-5.7 

 

Table 3.26 Phenotypic correlation among seedcotton yield (SCY), bolls per pant (BN), 

boll weight (BW), plant height (PH), main stem nodes per plant (SN) and height to node 

ratio (HN) of 128 F2:3 families from a cross RH-510 x FH-901 evaluated under well-

watered (Upper diagonal) and water-limited (lower diagonal) water regimes in 2006. 

  SCY BN BW PH SN HN 

SCY 1 0.899** -0.086 0.144 0.122 -0.029 
BN 0.886** 1 -0.481** 0.134 0.075 0.023 
BW -0.109 -0.524** 1 -0.010 0.043 -0.070 
PH 0.109 0.051 0.066 1 0.592** 0.224* 
SN 0.095 -0.011 0.099 0.679** 1 -0.641** 
HN 0.016 0.067 -0.016 0.448** -0.342** 1 

*P<0.05, **P<0.01 
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Figure 3.4 Phenotypic distribution of, (A) Plant height, (B) Nodes per plant and (C) 
Height to in F2:3 families derived from cross RH-510 x FH-901 and evaluated under 
well-watered (W1) and water-limited (W2) regimes (Filled and empty arrows indicate 
means of RH-510 and FH-901, respectively).   
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3.3 Genetic mapping 

3.3.1 Parental polymorphism 

 In this study, three DNA marker systems i.e. simple sequence repeats (SSR), 

random amplified polymorphic DNA (RAPD) and cleaved amplified polymorphic 

sequences (CAPS) were employed to identify polymorphism between the parent 

genotypes, RH-510 and FH-901.  

 

3.3.1.1 Simple sequence repeats (SSR) analysis 

  A total of 822 SSR primer pairs including 84 EST-derived (prefix MGHES) and 

738 genomic sequences based SSRs (prefix JESPR: 309, TMB: 179, CIR: 158, BNL: 50, 

PGMB: 22 and CM: 20) were assayed on the parent genotypes to detect potential 

polymorphic markers that could be used in genetic map construction and QTL analysis. 

Seventy-five, out of 84 MGHES (EST-SSRs) primer pairs, amplified the score-able 

products. Of these, seven SSR primer pairs (9.3%) yielded seven clear and unambiguous 

polymorphic loci while PCR-products of 68 markers were monomorphic (Table 3.27). 

 Among the structural genomic markers, 309 JESPR SSR primer pairs (Reddy et 

al., 2001) were surveyed in parental genotypes, where 100 (32.3%) primer pairs could not 

amplify any product. Out of 209 well-amplified SSRs, only 5 (2.4%) JESPR primer pairs 

(JESPR 6, 153, 195, 286, 291) were polymorphic. One hundred seventy nine BAC-end 

derived SSR primer pairs from BAC library of TM-1 (Yu et al., 2002b 

http://www.mainlab.clemson.edu/cmd ) were also genotyped on parental lines. Out of 

179 primer pairs, 170 amplified the parental genomic DNA, and 5% primer pairs could 

not produce any product. Nine (5.3%) BAC-derived SSR primer pairs (TMB0409, TMB-

0283, 0327, 0409, 1149, 1181, 1268, 1615, 1645) were informative between parents. Out 

of 158 CIR primer pairs, 150 gave good amplification with seven polymorphic SSRs. All 

of the 70 primer pairs of BNL and CM series were successfully amplified. Two primer 

pairs from BNL and CM series each revealed polymorphism between the parents. Twenty 

two SSR primer pairs, developed in our Lab (prefix PGMB). (Plant Genomics and 

Molecular Breeding Labs., National Institute for Biotechnology & Genetic Engineering, 

Faisalabad, Pakistan) were also surveyed on parents revealing one informative primer 

pair (Table 3.27). In total, 33 (4.7%) polymorphic SSR primer pairs were identified out of 
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696 successfully amplified SSR primer pairs in parental lines (Table 3.27). These 

informative SSR primer pairs generated a total of 61 different loci (13 primer pairs each 

amplified single locus, 14 primer pairs each developed two loci, four primer pairs each 

generated three loci and two primer each amplified four loci) with an average of 1.85 loci 

per primer pairs (Figure 3.5). The size of most of these alleles was in good agreement 

with previous published work (Liu et al., 2000a; Yu et al., 2002b; Qureshi et al., 2004). 

Out of 61 SSR loci amplified, 33 were polymorphic which were used to assay the entire 

F2 population consisting of 143 individuals. Among the 33 SSRs surveyed on mapping 

population 25 loci segregated co-dominantly whereas rest of the markers were found 

dominant (Figure 3.6). A total of six loci showed distorted segregation when subjected to 

chi-square goodness-of-fit test for the expected Mendelian segregation ratio that is. 1:2:1 

and 1:3 for co-dominant and dominant markers, respectively. 

 

3.3.1.2 Random amplified polymorphic DNA (RAPD) analysis 

 In addition to SSR analysis, RAPD assays were also performed on parent 

genotypes RH-510 and FH-901 using arbitrary deca-mer oligonucleotide primers. A total 

of 520 RAPD primers were employed to screen RH-510 and FH-901, the parents of intra-

specific F2 population, and 30 primers were found informative (Table 3.28) indicating a 

low level of polymorphism of only 5.8%. The surveyed RAPD primers produced 4056 

amplicons with an average of 7.8 amplicons per primer. Maximum 18 amplicons were 

generated by RAPD primer OPC-13 (Figure 3.7) whereas OPT-9 amplified only two 

DNA bands. The amplified products ranged from 290 to 2700 bp in size. The thirty DNA 

markers identified through RAPD profiling varying in size from 300 to 1200 bp (Table 

3.28) were used in genotyping of 143 F2 individuals (Figure 3.8). All the loci segregated 

dominantly. Around 12% of the loci showed distorted segregation in the mapping 

population. 

 

3.3.1.3 Cleaved amplified polymorphic sequences (CAPS) analysis 

 The parent genotypes RH-510 and FH-901 were also subjected to CAPS analysis. 

In conventional CAPS technique, DNA stretches of interest are amplified using sequence 

specific primers and amplified products are digested with panel of restriction enzymes 
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having sites in the amplicons to display restriction site polymorphism. However in this 

study, monomorphic SSR and RAPD products of both the parent genotypes were 

restricted with endonuclease Mse1 to detect polymorphism between the parents. Two co-

dominant CAPS markers were identified by digestion of two hundred SSR products 

which was subsequently surveyed on F2 mapping population (Figure 9, 10). However, 

digestion of RAPD products resulted in production of very complex DNA profiles which 

were not scoreable when employed in mapping population. 

 

3.3.2 Linkage analysis and map construction 

  A total of 65 DNA markers including 33 SSR, 30 RAPD and two CAPS loci 

were genotyped on F2 mapping population; however, data of 51 loci were utilized for 

linkage analysis and map construction due to ease in allele scoring. Linkage analysis 

resulted in mapping of 45 loci (24 SSRs, 20 RAPDs, one CAPS) on 10 different linkage 

groups (LG) ranging from 10.6 to 215.8 cM in length. The remaining 6 markers were 

unlinked. The resulting linkage groups were numbered LG1–LG10 in descending order 

of length. The 10 linkage groups ranged from 2 to 12 markers with an average length of 

69.79 cM. The map spanned a total of 697.9 cM, covering about 15% of the total cotton 

genome and the average distance between adjacent markers was 15.5 cM (Table 3.29). 

The linkage groups LG3, LG6 and LG10 were composed entirely of SSRs, while LG8 

and LG9 consisted of RAPDs. The LG1, LG2, LG4, LG5 and LG7 were comprised of 

RAPDs, SSRs and CAPSs. Six of the linkage groups were assigned to five chromosomes 

of the tetraploid cotton genome based on the presence of SSRs (BNL786, BNL3090, 

CIR253, CIR292, CIR307 JESPR153, TMB0409) mapped to specific chromosomes by 

aneuploid analysis (Liu et al., 2000a), or assigned to chromosomes by linkage analysis 

(Lacape et al., 2003; Nguyen et al., 2004; Song et al., 2005b). All the SSR markers 

utilized to assign the chromosomes are boxed in the linkage groups (Figure 3.11). 
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Table 3.27 Detail of primers employed in simple sequence repeats (SSR) analysis of 
cotton genotypes RH-510 and FH-901.  

Prefix Primers 
used 

Primers 
Amplified 

Primers 
Polymorphic Name of Polymorphic Primers* 

MGHES 84 75 7 (9.3%) 
MGHES6, MGHES11a, 
MGHES33, MGHES40, 
MGHES62, MGHES66, MGHES70

JESPR 309 209 5 (2.4%) JESPR6, JESPR153, JESPR 286, 
JESPR209, JESPR291 

TMB 179 170 9 (5.3%) 
TMB0283, TMB0327, TMB0409, 
TMB1149, TMB1181, TMB1268, 
TMB1615, TMB1645, TMB1791 

CIR 158 150 7 (4.7%) CIR61, CIR 216, CIR253, 
CIR292, CIR307, CIR320 

BNL 50 50 2 (4%) BNL786, BNL3090 
PGMB 22 22 1 (4.5%) PGMB20 
CM 20 20 2 (10.0%) CM45, CM,56 
Total 822 696 33 (4.7%)  
* Primer sequences were available on http://www.mainlab.clemson.edu/cmd/primer 
except of PGMB series. 
 
Table 3.28 Detail of primers employed in random amplified polymorphic DNA (RAPD) 
analysis of cotton genotypes RH-510 and FH-901. 

Operon
Series 

Number of 
Polymorphic 

Primers 

Name of Polymorphic Primers and size of the markers in 
base pair (subscripted) 

B 1 OPB4_1200 
C 1 OPC13_520 
E 1 OPE11_760 
G 4 OPG10_610, OPG11_390, OPG14_415, OPG17_615 
H 1 OPH1_560 
J 1 OPJ6_600 

K 5 OPK7_815, OPK8_1075, OPK15_590, OPK16_800, 
OPK17_790 

N 2 OPN4_690, OPN15_900 
O 4 OPO4_300, OPO9_510, OPO14_820, OPO15_300 
U 2 OPU2_1150, OPU4_780 
V 2 OPV8_850, OPV10_600 
W 2 OPW12_600, OPW17_600 
X 1 OPX4_680 
Y 1 OPY18_760 
Z 2 OPZ5_620, OPZ10_600 
Total 30  
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Figure 3.6 Segregation of SSR locus MGHES-62 in 13 plants of F2 population 

derived from a cross of RH-510 x FH-901.  

Figure 3.5 DNA profiles of RH-510 (P1) and FH-901 (P2) amplified with 7 SSR 

primer pairs. “M” indicates 50 bp size marker. 

 M P1 P2 1 2 3 4 5 6 7 8 9 10 11 12 13  
 

P1= RH-510, P2= FH-901, 1 through 13= F2 plants 
M= 50 bp size marker. 
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Figure 3.8 Segregation of RAPD locus OP11_760 in 13 plants of F2 population 

derived from a cross of RH-510 x FH-901. 

Figure 3.7 DNA profiles of RH-510 (P1) and FH-901 (P2) amplified with seven 

RAPD primers. “M” indicates 1 Kb size marker. Arrows are indicating polymorphic 

band between the parents. 

 M P1 P2 1 2 3 4 5 6 7 8 9 10 11 12 13  
 

P1= RH-510, P2= FH-901, 1 through 13= F2 plants 
M= 1 kb size marker. 
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Figure 3.9 Gel image of CAPS products. 

Lane-1 and 2 loaded with PCR products of 

FH-901 and RH-510 using SSR primer 

TMB-0126. Lane 3 and 4 loaded with same 

product after restriction with Mse1 enzyme. 

“M” indicates 50 bp size marker. 

Figure 3.10 PCR products amplified using genomic DNA of RH-510 (P1), FH-901 (P2) 

and RH-510 x FH-901 F2 plants 1-13 as template with SSR primer TMB-0126 were 

restricted with Mse1 enzyme. “M” indicates 50 bp size marker. 

 M P1 P2 1 2 3 4 5 6 7 8 9 10 11 12 13
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Table 3.29 Distribution of molecular markers on the genetic map of cotton constructed 

using F2 population derived from intra-specific cross RH-510 x FH-901. 

Linkage 
group 

Assigned 
chromosome 

No. of 
marker loci 

Percentage of 
marker loci 

Length  
(cM) 

Marker 
density 

1 5 12 26.7 215.8 18.0 
2 15 9 20.0 146.6 16.3 
3 11 5 11.1 97.6 19.5 
4 - 3 6.7 66.1 22.0 
5 14 4 8.9 56.2 14.1 
6 15 3 6.7 38.8 12.9 
7 - 3 6.7 27.4 9.1 
8 - 2 4.4 21.6 10.8 
9 - 2 4.4 17.2 8.6 
10 18 2 4.4 10.6 5.3 

Total  45 100 697.9 15.5 
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Figure 3.11 Genetic linkage map of cotton constructed using F2 population derived 
from intra-specific cross RH-510 x FH-901. Marker names are given on right and 
position of 25 SSR, 20 RAPD and one CAPS loci in centiMorgans (Kosambi 1944) on 
left. The fragment sizes (in base pair) of RAPDs are given next to the marker name. 
The SSR markers used to assign the chromosomes are boxed. 
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3.4 QTL analysis 

 QTL analysis for physiological and productivity traits was carried out using the 

software QTL cartographer V 2.5 (Wang, et al., 2006c). The association between 

phenotype and marker genotype was investigated by single marker analysis (SMA), 

interval mapping (IM) and composite interval mapping (CIM) methods. Seventeen 

markers associated (P<0.01) with eight traits were identified by SMA (Table 3.32). 

Putative QTLs for different measured traits detected by IM and CIM are listed in Tables 

3.30 and 3.31. The tables explain the QTL positions on the chromosomes, log of odds 

(LOD) scores, additive effects, and the variability explained by each QTL. All markers 

with a LOD of 2.00 or greater have been listed. Additive effects of the traits are given as 

positive or negative values. Positive values indicate that the alleles for the traits in the F2 

population were contributed by the tolerant parent (RH-510), and negative by the 

susceptible parent (FH-901). The R2 explains the variability accounted by the trait. QTLs 

were defined as “Q” followed by trait acronym, and then followed by chromosome or 

linkage group number. “a” or “b” were placed to differentiate more than one QTLs 

identified for a specific traits on same chromosome. QTLs discovered with IM were 

designated by “M” while “C” stood for composite interval mapping.  

 

3.4.1 Mapping QTL for physiological attributes  

 The marker and trait data of 143 F2 plants were used in QTL mapping of 

physiological traits conferring drought tolerance. The SMA could found seven markers 

associated with net photosynthetic rate, transpiration rate and osmotic adjustment under 

water stress and no marker was discovered linked with stomatal conductance (Table 

3.32). Other two detection methods (IM and CIM), however, identified putative QTLs for 

all the physiological traits. The IM and CIM collectively detected nine putative QTLs, of 

which six were commonly found, while one was detected with IM and two were 

discovered with CIM only (Tables 3.30, 3.31). Most of the QTLs for physiological traits 

were positioned on chromosome 5 (Figure 3.12).  
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Table 3.30 Information regarding putative QTLs detected for net photosynthetic rate 

(Pn), stomatal conductance (gs), transpiration rate (E), osmotic adjustment (OA), 

seedcotton yield (SCY), bolls per plant (BN), boll weight (BW), plant height (PH) and 

height to node ratio (HN) in well-watered (W1) and water-limited regimes (W2) based on 

interval mapping (QTL Cartographer V 2.5). 

Trait QTL LGa 
(Chrom)

Nearest 
marker 

QTLb 
Position 

LODc 
Score 

Additive 
effect 

R2d
 

(%) 
QPn5aMe 1 (5) OPW17_600 42.2 2.73* 0.27 10 Pn (W2) 

QPn5bM 1 (5) MGHES33 193.1 2.62* -0.20 6 

gs (W2) Qgs5M 1 (5) OPZ5_620 8.2 2.05* 0.73 17 

QE4M 4 OPC13_520 17.1 2.37* 0.16 5 E (W2) 

QE5M 1 (5) MGHES33 188.2 2.51* 0.20 6 

QOA5M 1(5) OPZ5_620 9.6 3.31 -0.09 13 OA (W2) 

QOA15M 2 (15) OPO14_820 133.7 2.23* 0.09 10 

QSCY5M 1 (5) JESPR291 207.3 2.35* 0.45 7 SCY (W1) 

QSCY8M 8 OPV8_850 19.9 2.67* -0.39 6 

SCY (W2) QSCYw25M 1 (5) OPO15_300 72.6 2.51* 0.25 5 

BW (W1) QBW5M 1 (5) MGHES33 188.3 2.62* 0.17 5 

QBWw215M 2 (15) OPN15_900 105.6 3.56 0.16 7 

QBWw211M 3 (11) MGHES40 59.4 2.71* -0.14 6 

BW (W2) 

QBWw25M 1 (5) MGHES33 187.4 2.21* 0.25 10 

QBN4M 4 TMH126C 0.00 2.17* 0.37 11 BN (W1) 

QBN8M 8 OPV8_850 20.0 3.29 -0.27 8 

BN (W2) QBNw25M 1 (5) OPO15_300 73.4 3.06 0.19 6 

PH (W1) QPH15M 2 (15) OPE11_760 38.3 2.34* 20.44 21 

HN (W2) QHNw215M 2 (15) OPN15_900 115.4 3.77 -0.37 24 
aLinkage group/chromosome 
bPosition in centiMorgan from top of the linkage group/chromosome 
cLog of odds scores 
dPhenotypic variation explained 
e Discovered through interval mapping 

* Tentative QTL
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Net photosynthetic rate (Pn) 

 Single marker analysis revealed significant (P<0.01) relationship between SSR 

marker MGHES33 and net photosynthetic rate. The IM method detected two tentative 

QTLs (designated QPn5aM and QPn5bM) on chromosome 5 at 42.2 and 193.1 cM, 

respectively. Four tentative QTLs, QPn5aC, QPn5bC, QPn5cC and QPn9C were identified 

by CIM method explaining 46% of the total phenotypic variation for the trait. First three 

QTLs were located on chromosome 5 whereas fourth was placed on LG 9. The QTL 

QPn5cC accounted for the largest phenotypic variance of 28%. However, two QTLs were 

commonly identified by IM and CIM methods. 

• Stomatal conductance (gs) 

 A tentative QTL proximal to RAPD marker OPZ5_620 on chromosome 5 

with considerable genetic effect was found by IM and CIM methods. The QTL alone 

explained around 17% of the total variation of stomatal conductance in the F2 population. 

No marker was detected associated with the trait using SMA.  

• Transpiration rate (E) 

 Single marker analysis indicated significant association (P<0.01) of 

transpiration rate with SSR marker MGHES33. Two tentative QTLs (QE4M and QE5M) 

influencing the trait, one on linkage group 4 and other on chromosome 5 with LOD of 

2.37 and 2.51, respectively, were found through IM method. They collectively explained 

11% of the total variation. The QTL QE5M mapped at a position of 188.2 cM on 

chromosome 5 coincided with the estimated location of QTL QPn5bM for Pn at a position 

of 193.1 cM on the same chromosome (Figure 3.12). The composite interval mapping 

displayed almost similar results.  

•  Osmotic adjustment (OA) 

 Maximum markers were discovered linked with OA using SMA. Among the 

five linked RAPD markers, OPG10_610 and OPZ5_620 showed highly significant 

(P<0.001) association with osmotic adjustment. Interval mapping detected two QTLs 

(QOA5M and QOA15M) on chromosomes 5 and 15 for OA, explaining 23% of the 

phenotypic variance with LOD scores of 3.31 and 2.23, respectively. The QTL QOA5M 

overlapped with a QTL affecting gs (Qgs5M) indicating some genetic association between 

these traits (Figure 3.12). 
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Table 3.31 Information regarding putative QTLs detected for net photosynthetic rate 
(Pn), stomatal conductance (gs), transpiration rate (E), osmotic adjustment (OA), 
seedcotton yield (SCY), bolls per plant (BN), boll weight (BW), plant height (PH) and 
height to node ratio (HN) in well-watered (W1) and water-limited regimes (W2) based on 
composite interval mapping (QTL Cartographer V 2.5). 

Trait QTL LGa 
(Chrom)

Nearest 
marker 

QTLb 

Position 
LODc 
Score 

Additive 
effect 

R2d 

(%) 
QPn5aCe 1 (5) OPW17_600 39.5 2.65* 0.23 10 
QPn5bC 1 (5) MGHES33 194.7 2.74* -0.16 7 
QPn5cC 1 (5) OPG10_610 5.54 2.81* 0.72 28 

Pn (W2) 

QPn9aC 9 OPH1_560 8.0 2.14* 0.05 1 
gs (W2) Qgs5C 1 (5) OPZ5_620 9.2 2.09* 0.79 18 

QE4C 4 OPC13_520 16.1 2.34* 0.16 5 E (W2) 
QE5C 1 (5) MGHES33 188.2 2.58* 0.21 5 

OA (W2) QOA5C 1 (5) OPZ5_620 8.8 3.85 -0.10 13 
QSCY5C 1 (5) JESPR291 207.3 2.20* 0.45 7 
QSCY14C 5 (14) OPG11_390 33.5 2.03* 0.24 3 

SCY (W1) 

QSCY8C 8 OPV8_850 19.9 2.85* -0.40 6 
SCY (W2) QSCYw25C 1 (5) OPO15_300 71.5 2.23* 0.27 5 
BW (W1) QBW5C 1 (5) MGHES33 188.6 2.57* -0.13 4 

QBWw215C 2 (15) OPO14_820 117.4 5.98 0.29 14 
QBWw211C 3 (11) MGHES40 55.3 2.01* 0.12 3 

BW (W2) 

QBWw25C 1 (5) MGHES33 185.5 2.29* -0.26 11 
QBN4C 4 TMH126C 0.0 2.01* 0.37 11 BN (W1) 
QBN8C 8 OPV8_850 20 2.69* 0.26 6 

BN (W2) QBNw25C 1 (5) OPO15_300 73.5 2.04* 0.16 3 
QPH15C 2 (15) OPE11_760 38.3 2.96* 11.0 7 PH (W1) 
QPH5C 1 (5) MGHES33 202.7 2.13* 7.74 9 
QHN15aC 2 (15) TMB1149 12.1 2.66* -0.32 11 HN (W1) 
QHN15bC 6 (15) TMB1181 36.3 2.57* 0.27 12 
QHNw215C 2 (15) OPN15_900 109.1 4.84 -0.40 24 HN (W2) 
QHNw25C 1 (5) OPO15_300 71.3 2.96* 0.11 2 

aLinkage group/chromosome 
bPosition in centiMorgan from top of the linkage group/chromosome 
cLog of odds scores 
dPhenotypic variation explained 
e Discovered through composite interval mapping 
*Tentative QTL 
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 A single QTL (QOA5C) significantly affecting OA on a relatively higher LOD score of 

3.85 was detected using CIM. The detected QTL was mapped on chromosome 5 at a 

position of 8.8 cM and explained 13% of the total phenotypic variance.  

 

3.4.2 Mapping QTL for productivity traits 

 The marker data of F2 individuals and two data sets (well-watered and water-

limited) of F2:3 families means across the replicates for productivity traits including 

seedcotton yield, bolls per plant, boll weight, plant height, main stem nodes per plant and 

height to node ratio were utilized to map QTLs. Single marker analysis revealed 10 

markers significantly (P<0.01) correlated with five out of the six traits. No marker was 

found associated with PH using SMA method (Table 3.32). Interval mapping analysis 

employed to determine chromosomal location of genes impacting the productivity traits 

yielded 12 QTLs for five traits in both water regimes. Five additional chromosomal 

regions controlling these traits were identified through CIM method. No QTL was found 

for main stem nodes per plant. Detailed biometrical parameters for each QTL detected in 

each water regime by IM and CIM are provided in Tables 3.30 and 3.31, respectively.  

• Seed cotton yield (SCY) 

 Under well-water regime, IM discovered two QTLs on chromosome 5 and linkage 

group 8 for SCY. Composite interval mapping yielded one additional QTL on 

chromosome 14. The QTL on chromosome 5, designated as QSCY5M was located 8.5 

cM from a SSR marker JESPR291 which explained about 7% of the total phenotypic 

variation of the F2:3 lines (Table 3.30). The QTL detected on linkage group 8 was 

designated as QSCY8M. This QTL peaked at the RAPD marker OPV8_850 with a LOD 

score of 2.67 (Table 3.30). QSCY8M explained 6% of the total phenotypic variation of 

F2:3 lines. QSCY14C, the additional QTL identified by CIM, was at the RAPD marker 

interval, OPG11_390 –OPX4_680, and was 2.0 cM from OPG11_390; however, it 

contributed only 3% in total trait variation. Additive genetic effects indicated that both 

parents contributed alleles for SCY under well-watered regime (Table 3.31). Only one 

QTL was detected by IM and CIM for SCY located at 72.6 cM under water stress 

environment with an LOD score of 2.5. Single marker analysis established significant 

(P<0.01) relationship between SSR marker TMB0327 and SCY in non-stressed 

environment. 
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Table 3.32 DNA markers associated with net photosynthetic rate (Pn), transpiration rate 

(E), osmotic adjustment (OA), seedcotton yield (SCY), bolls per plant (BN), boll weight 

(BW), number of main stem nodes (SN) and height to node ratio (HN) in well-watered 

(W1) and water-limited regimes (W2) based on single marker analysis (QTL Cartographer 

V 2.5). 

 Trait LG (Charm)a Marker F P-value 

Pn (W2) 1 (5) MGHES33 8.323 0.005 

E (W2) 1 (5) MGHES33 6.622 0.010 

2 (15) OPO14_820 9.768 0.002 

2 (15) OPW12_600 9.444 0.003 

1 (5) OPG10_610 12.364 0.001 

1 (5) OPZ5_620 14.882 0.000 

OA (W2) 

1 (5) OPW17_600 6.633 0.010 

SCY (W1) 3 (11) TMB0327 6.869 0.010 

BW (W1) 1 (5) MGHES33 7.079 0.009 

2 (15) OPO14_820 9.070 0.003 BW (W2) 

1 (5) MGHES33 7.534 0.007 

BN (W1) 4 TMH126C 7.206 0.008 

BN (W2) 2 (15) OPO14_820 6.864 0.010 

SN (W1) 1 (5) JESPR291 7.448 0.007 

HN (W1) 6 (15) TMB1181 8.052 0.005 

2 (15) OPN15_900 12.952 0.000 HN (W2) 

2 (15) OPO14_820 8.742 0.004 
aLinkage group/chromosome 
pProbability that the marker genotype had no effect on the trait 
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•  Bolls weight (BW) 

 Three QTLs for boll weight under water-limited regime were detected on 

chromosome 5, 11 and 15. The contributions to total phenotypic variations for individual 

QTL varied between 3% and 14%, with total contributions of 28%. The QTL QBWw215C 

on chromosome 15 had the highest LOD score (5.98). The correspondence of QTL 

QBWw25C with QPn5bC and QE5M, QTL influencing Pn and E respectively, revealed 

related genetic control of the traits (Figure 3.12 and 3.13). One QTL was mapped on 

chromosome five for boll weight under well-watered regime. Similar results were 

obtained with CIM. Single marker analysis depicted significant (P<0.01) association of 

RAPD locus OPO14_820 and SSR marker MGHES33 with boll weight (Table 3.32).  

• Bolls per plant (BN) 

 A total of three QTLs for bolls per plant were located on different linkage 

groups. Two QTLs designated as QBN4M and QBN8M were identified in well-watered 

regime whereas QBNw25M was detected in water-limited regime. QBN4M was peaked at 

CAPS locus TMH126C on LG 4 explaining 11% of the total phenotypic variance. Second 

QTL QBN8M was 1.6 cM away from RAPD marker OPV8_850 on linkage group 8 with 

LOD of 3.29. This QTL coincided with the QTL QSCY8M impacting SCY under well-

water regime (Figure 3.13). The QTL mapped for bolls per plant in stressed environment 

was located on chromosome 5 in a genomic region where the QTL QSCYw25M affecting 

SCY under water-limited environment. These correspondences suggested genetic 

relatedness between the traits. One marker each in both water regimes was found linked 

with bolls per plant by SMA (Table 3.32). The CAPS marker TMH 126C and RAPD 

locus OPO14_820 were significantly (P<0.01) correlated with BN in well-watered and 

water-limited regimes, respectively. 

• Plant height (PH) 

 Interval mapping revealed only single QTL (QPH15M) controlling PH in 

non-stressed environment with a considerable additive genetic effect of 20.44. The QTL 

QPH15M was mapped on chromosome 15 at RAPD marker OPE11_760 explaining 

substantial portion (21%) of total trait variation (Table 3.30). Composite interval 

mapping mapped another QTL determining plant height (QPH5C) on chromosome 5 at 

202.7 cM (Table 3.31). Both statistical methods could not identify any QTL affecting 
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plant height under water deficit. Positive values of additive genetic effect for both QTLs 

depicted contribution of alleles from the tolerant parent (RH-510). No marker trait 

association was found for PH using SMA. 

•   Main stem nodes (SN) 

 The SSR marker JESPR 291 was found significantly (P<0.01) associated with 

SN in water-limited regime using SMA. However, IM and CIM could not detect any 

genomic region influencing main stem nodes in both water regimes. 

•   Height to node ratio (HN) 

 Composite interval mapping detected four QTLs for HN on chromosome 5 and 15 

under both water regimes (Table 3.31). The QTL QHNw215C mapped on chromosome 15 

with LOD score 4.84 explained the largest phenotypic variance of 24%. This QTL was 

also commonly discovered by IM. Second QTL on chromosome 15 designated as 

QHN15aC was located in the SSR interval TMB1149-CM45. Another QTL, QHN15bC, 

discovered on chromosome 15 was positioned at 36.3 cM whereas 4th QTL for HN was 

located on chromosome 5 at 71.3 cM. All the four QTLs explained 49% of the trait 

variation in F2:3 families. Single marker analysis found three markers TMB1181, 

OPN15_900 and OPO14_820 linked with HN. Among these three markers, RAPD locus 

OPN15_900 showed highly significant (P<0.001) association with HN (Table 3.32) 



             

 
- 114 - 

Results  

 

 

 

 

 
Statistical tool Pn gs E OA 
Composite interval mapping  

Interval mapping  

TMB1181 

 

0.1 

17.3 
23.6 

38.3 

101.5 

146.6 

68.6 

0.1 

36.6 

52.3 

JESPR6 

TMB1149 
CM45 

OPE11_760 

OPK8_1075 

CIR307 

OPO14_820 

OPW12_600 

BNL786 
38.8 

129.7 

BNL3090 

Chromosome-15 

OPN15 900

MGHES70/MGHES6

 

0.1 

13.6 

30.1 

61.9 

137.0 

146.8 

166.6 

126.9 

191.0 

215.8 

102.0 

OPG10_610 

OPZ5_620 

OPW17_600 

OP15_300 

OPN4_690 

OPK7_815 

CIR320 

CIR253 

MGHES33 

JESPRR291 

Chromosome-5 

Figure 3.12 Position of QTLs associated with net photosynthetic rate (Pn), stomatal 
conductance (gs), transpiration rate (E) and osmotic adjustment (OA) in water-limited 
condition on genetic linkage map of cotton constructed using F2 population derived 
from intra-specific cross RH-510 X FH-901. These positions of QTLs were identified 
with log of odds ratio ≥2.0 in QTL Cartographer V 2.5. 
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Figure 3.12 (Contd.) 
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Figure 3.13 Position  of QTLs associated with seedcotton yield (SCY), bolls per plant 
(BN), boll weight (BW), plant height (PH) and height to node ratio (HN) in well-
watered and water-limited regimes on genetic linkage map of cotton constructed using 
F2 population derived from intra-specific cross RH-510 X FH-901. These positions of 
QTLs were identified with log of odds ratio ≥2.0 in QTL Cartographer V 2.5. 
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Figure 3.13 (Contd.) 
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4. DISCUSSION  

Sustainability and improvement in cotton production are the major challenges to meet the 

upcoming threats of increasing volume of world population, deterioration of arable land, 

depletion of water resources and environmental stresses, especially drought. The 

development of cotton genotypes that endure and recover from drought is a practical and 

economical approach to lessen the yield losses in rainfed areas and to reduce the water 

required in irrigated farming. Tremendous progress has been made for maximizing cotton 

productivity since its domestication and reached a plateau, necessitating undertaking 

genomic procedures for complementing the cotton improvement programs adaptive to 

our ecosystem especially in water limited environment. Identification of DNA markers 

associated with polygenic traits has been remained the major focus of researchers 

worldwide as an indirect way of selection on Mendelian lines. In the present study, 

quantitative trait loci (QTLs) for net photosynthetic rate, stomatal conductance, 

transpiration rate and osmotic adjustment under water-deficit stress, and for productivity 

traits under well watered and water-limited regimes were identified developing mapping 

population derived from a cross between FH-901 (drought susceptible parent) and RH-

510 (drought tolerant parent) selected after screening 32 cotton genotypes for 

physiological and agronomic features. 
 

4.1 Screening of cotton germplasm for drought tolerance 

Many reports have been documented regarding growth and physiological 

response of cotton genotypes in water-limited environment under greenhouse conditions 

(Loffroy et al., 1983; Ball et al., 1994), in a growth chamber (Genty et al., 1987; 

Nepomuceno et al., 1998), under field condition in arid (Turner, et al., 1986; Leidi et al., 

1999) and humid environment (Pettigrew, 2004). However, the present study on 

screening for drought tolerance was conducted in a semi-arid climate to assess response 

of a set of cotton genotypes for productivity and some selected physiological attributes. 
 

4.1.1 Productivity traits and yield indices 

The results for seedcotton yield and its components clearly indicated significant 

magnitude of variation in the response of various cotton genotypes to water stress during 
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the two years of experimentation. However, between the two years, the genotypes 

showed differential responses which resulted in a shift in their ranking regarding drought 

response. These differences are probably related to differences in the rainfall pattern 

between years (Figure 2.1). During 2003 compared to 2004, seedcotton yields were 

higher in the water-limited regime due to well-distributed rainfall during the flowering 

and boll setting periods.  

Yield in cotton, like many other crops, is not an independent plant trait because 

increased production of lint depends upon the interplay of numerous yield components 

like bolls per plant, boll weight under a set of particular environmental conditions. When 

water-deficit stress occurs during the flowering stage, reduction in seedcotton yield of 

cotton genotypes is mainly due to square and young boll shedding (Cook and El-Zik, 

1992). Significant association of seedcotton yield with number of bolls per plant, and 

reduction in boll number with drought susceptibility index in this study confirmed this 

relationship.  

Breeding strategies for drought tolerance rely strongly on the kind of target 

environment(s) to which a breeding effort is addressed. Breeding for high yield potential 

under optimum (non-water stress) condition should improve yield under both water stress 

and non-stress conditions (Quisenberry et al., 1980). Significant positive correlations in 

seedcotton yield and its components under well-watered and water-limited regimes in 

2003 and 2004 supported this hypothesis. In contrary, other researchers suggested that 

breeding lines developed in optimum conditions are not likely to perform well in stress 

conditions (Ceccarelli, 1996) due to genotype environment interaction and selection only 

under water stress condition is fruitful (Arboleda-Rivera and Compton, 1974). However, 

these high yielding genotypes under water stress could likely to be low yielding under 

well-watered environments (Rosielle and Hamblin, 1981). Moreover, too dry selection 

sites probably do not reflect the conditions of natural drought which more commonly 

occur as low water availability in a normally reasonable wet period.  

Another approach suggests testing of germplasm under stress and non-stress 

conditions and ranking genotypes for drought tolerance/susceptibility on reduction of the 

yield (Blum, 1988) using different yield indices such as geometric mean yields (GM; 

Fernandez, 1993) and drought susceptibility index (DSI; Fischer and Maurer, 1978). 
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Genotypic differences in GM and DSI have been demonstrated in crop species (Ramirez-

Vallejo and Kelly, 1998; Rashid et al., 1999; Frahm et al., 2004), however information in 

this regard are limited in cotton. Significant genotypic variation for DSI was found in the 

present study. Drought susceptibility index was not correlated with none of the 

productivity traits in 2003 when drought intensity was mild, however, significant 

negative association of DSI with seedcotton yield under water-limited regime (P<0.01) in 

2004 suggested DSI as a useful predictor of drought tolerance in cotton. Moreover, 

significant negative correlation of DSI with yield components (P<0.01) further elucidate 

its use in identification of drought tolerant genotypes. However, one should be careful 

while using DSI as a selection criterion as it does not differentiate between potentially 

drought-tolerant genotypes and those that possessed low overall yield potential as 

reported in common bean (White and Singh, 1991; Schneider et al., 1997) and wheat 

(Clark et al., 1992).  

In addition to economic traits, biological yield is also a vital measure of drought 

tolerance. In the present study, strong positive correlation between seedcotton yield and 

biological yield under water stress (r =0.44 in 2003; r =0.69 in 2004) as compared to 

well-watered regime (n.s. in 2003; r =0.39 in 2004) indicates that biological yield is also 

a primary determinant of seedcotton yield under water stress and genetic improvement of 

biological yield under water stress may also improve seedcotton yield. Although 

reduction in biological yield due to water stress is quite obvious, however, strong 

negative correlation of biological yield with harvest index under normal regime in 2004 

indicates that more vegetative growth in well-watered regime resulted in less economic 

harvest ratio. 

 

4.1.2 Physiological attributes 

Traditional plant breeding efforts aims to improve drought tolerance in crop 

species using solely yield per se have met only with limited success. Yield is a complex 

trait and is end product of various developmental and physiological processes. Therefore, 

the heritability of yield, particularly under drought, is low which hampers the progress in 

improving yield and its stability under water stress conditions. Moreover, large genotype 

x environment interaction for yield under drought is another major reason for slow 
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progress. Indirect selection for the secondary physiological traits exhibiting high 

correlation with yield may complement empirical breeding efforts to improve drought 

tolerance in crop plants (Cooper, 1999).  

• Gas exchange attributes 

Photosynthesis is a process of converting light energy into chemical energy and is 

primary detriment of plant growth and yield; however, it is particularly sensitive to water 

stress (Lawlor, 1995). This study showed considerable intra-specific (Gossypium 

hirsutum) variation for photosynthetic rate, which is comparable with earlier reports 

(Pettigrew et al., 1993; Leidi et al., 1999). In contrast, in another study, genetic 

differences for net photosynthetic rate were not observed (Hsiao et al., 1989) which 

might have been due to small number of genotypes assessed. 

A positive correlation between net photosynthetic rate and plant productivity has 

been reported by several workers under irrigated conditions (Gifford and Evans, 1981; 

Lawlor, 1995). However, in the present study, any association was not found between net 

photosynthetic rate and seedcotton yield under well watered regime which may have been 

due to the contribution of photo-assimilates to maximizing leaf area (Stitt and Schulze, 

1994) and allocation of photo-assimilates to other organs and hence little contribution to 

crop yield (Pooter and Remkes, 1990). Correlation of net photosynthetic rate and 

stomatal conductance with seedcotton yield (P<0.01) and biological yield (P<0.05 in 

2003; P<0.01 in 2004) in water-limited regime reflects strong association of net 

photosynthetic rate and stomatal conductance with productivity (Lopez et al., 1995). 

At whole plant level, water stress is usually perceived as a decrease in 

photosynthesis, and this inhibition has been attributed to stomatal and non-stomatal 

limitations (reviewed by Chaves, 1991; Cornic, 2000; Flexas et al., 2004). In the present 

studies, a positive association (P<0.01) between net photosynthetic rate and stomatal 

conductance under water-limited regime, and the plot of relative reduction in net 

photosynthetic rate against relative reduction in stomatal conductance across the regimes 

in 2003 (P<0.05) and 2004 (P<0.001), illuminates significant linear association between 

these traits supporting hypothesis of stomatal effects of photosynthesis inhibition under 

water stress (Cornic, 2000; Flexas et al., 2004). However, under sever water stress when 

tissue relative water contents drops below 70%, inhibition of photosynthesis may be 
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caused by non-stomata1 effects (Kaiser, 1987; Faver and Gerik, 1996; Ennahli and Earl, 

2005) at the chloroplast level, with electron transport and phosphorylation being main 

targets of inhibition. 

Transpiration refers to internal water loss through stomata, cuticles or lenticels. 

The present study reflects a marked reduction in transpiration rate under water-limited 

conditions, which is comparable with some earlier reports (Leidi, et al., 1993; 

Nepomuceno et al., 1998). Transpiration occurs via two paths in parallel, the stomatal 

pathway and cuticular path. Of the two, the former is quantitatively more important. A 

strong positive correlation between transpiration rate and stomatal conductance under 

well-watered and water-limited regimes (r= 0.69 and 0.84 respectively, in 2003; r= 0.81 

and 0.94 respectively, in 2004) confirms stomatal nature of transpiration.  

• Osmotic adjustment  

The importance of osmotic adjustment as an effective mechanism for crop 

drought tolerance has received considerable recognition. Osmotic adjustment may enable 

a continuation of leaf elongation, though at reduced rates (Turner, 1986), stomatal and 

photosynthetic adjustment (Gunasekera and Berkowitz, 1992; Ober et al., 2005; Kiani et 

al., 2007a), maintain root development and soil moisture extraction (Morgan and 

Condon, 1986; Basu et al., 2007) and delay leaf senescence resulting in better dry matter 

accumulation and yield production for crops in water-deficit stress environment (Blum, 

1988). In the present study, all 32 cotton genotypes exhibited some degree of osmotic 

adjustment in response to water deficit. A maximum value of osmotic adjustment was 

comparatively greater than previous reports in cotton leaves (Oosterhuis and 

Wullschleger, 1987; Nepomuceno et al., 1998). The higher osmotic adjustment value is 

not unexpected since it is inducible rather than an inherent character. Active osmotic 

adjustment in response to water-deficit stress is more likely to occur if the drought is 

imposed slowly (Morgan, 1984). Previous studies reporting smaller values of osmotic 

adjustment in cotton were conducted in a controlled environment, and instant drought 

was induced by withholding irrigation in sand pots (Oosterhuis and Wullschleger, 1987) 

or addition of polyethylene glycol in hydroponically grown plants (Nepomuceno et al., 

1998).  
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The present study reveals moderate genotypic differences for osmotic adjustment, 

reflecting low diversity for the trait compared to previous reports on lentil (0.33-1.28 

MPa, Ashraf et al., 1992) and rice (0.1-1.7 MPa, Babu et al., 1998). This low level of 

diversity might be related to the narrow genetic base in cotton that resulted from intensive 

selection for productivity and fiber quality traits. (Rahman et al., 2002; Rahman et al., 

2005).  

 Among physiological parameters, response to water deficit clearly implicates 

osmotic adjustment as an adaptation mechanism to a water-deficit environment. The 

positive association of osmotic adjustment with seedcotton yield in water-limited regime 

and its negative correlation with the drought susceptibility index is in agreement with 

earlier reports in cotton (Saranga et al., 2001), wheat (Moinuddin et al., 2005) and 

sunflower (Kiani et al., 2007b). 

• Cell membrane stability 

Cell membrane stability has been widely exploited as an indicator of tolerance to 

different abiotic stresses including high temperature in wheat (Blum et al., 2001), cowpea 

(Ismail and Hall, 1999) cotton (Ur-Rahman et al., 2004), and freezing (Dexter, 1956), 

salinity (Leopold and Willing, 1983) and drought in sorghum (Premachandra et al., 

1992), mustard (Hashem et al., 1998), rice (Tripathy et al., 2000), wheat (Ashraf et al., 

1992; Premachandra and Shimada, 1988; Bajji et al., 2002) and other plant species 

(Saneoka et al., 2004). These studies revealed a significant genetic variation for tolerance 

to different stresses using the cell membrane stability assay in a number of crops. 

Moreover, these reports also found a correlation between tolerance assessed by cell 

membrane stability and performance of the crops under field conditions. However, in 

most of the drought tolerance studies, the cell membrane stability assay was performed 

with osmotic stress induced in vitro with polyethylene glycol (PEG). Unlike field induced 

water stress, which develops gradually, PEG induces osmotic stress instantaneously. To 

the extent of the knowledge, the cell membrane stability assay has not been conducted on 

cotton where the water stress is imposed gradually under field conditions.  

Though appreciable genotypic variation was found for cell membrane stability in 

the present study, cell membrane stability was not associated with seedcotton yield or 

drought susceptibility index (Figure 4.1). Perhaps the differences in cell membrane 
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stability comes from difference in leaf structure (MacRae et al., 1986), cell wall 

composition (Jarvis et al., 1988), degree of membrane lipid saturation (Tal and Shannon, 

1983) or epicuticular wax coating (Sutter and Langhans, 1982). However, these 

associations may only be correlative and the mechanism involved has yet to be 

determined. Moreover, a number of mechanisms are involved in adaptation of crop plants 

to drought including drought escape, avoidance and tolerance. Cell membrane stability is 

only one of these mechanisms and, thus, an association between economic yield and cell 

membrane stability may not always be expressed.  

Osmotic adjustment results from accumulation of compatible solutes that can 

associate with lipid or protein and prevent membrane disintegration (Bohnert and Jensen, 

1996). The significant positive correlation found in this study between cell membrane 

stability, and osmotic adjustment (Figure 4.3, 4.4) tends to support previous finding that 

indicate a role for osmolytes in the protection of various cellular functions, including 

those associated with cellular membranes (Blum and Pnuel, 1990).  

 

4.1.3 Breeding implications 

Drought escape and drought tolerance are considered main strategies adapted by 

plants to cop drought stress. Shortening of crop duration (early flowering) constitutes an 

important attribute of drought escape. The short growth duration generally resulted in low 

economic yield especially in indeterminate crops like cotton.  

In this study, drought escape did not influence the tolerance rating as it was 

observed that water stress did not significantly modify the time of flowering among the 

cotton genotypes in both years. 

Drought tolerance is referred to as ability of plant to maintain high water status 

for sustaining better function (drought avoidance) and the capacity of plant to sustain 

function at low water status (drought resistance). Latter seldom occur in crop plants. 

Plants maintain favorable water balance by morphological or physiological 

characters that either reduce water loss by transpiration mainly controlling stomatal 

conductance and or increase water absorption through extensive and deep root system 

and osmotic adjustment. 
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Figure 4.1 Association of osmotic adjustment and cell membrane stability with 

seedcotton yield in water-limited regime (W2) and drought susceptibility index in 32 

cotton genotypes due to water-deficit stress during 2003 and 2004.  
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Figure 4.2 Phenotypic correlation among well-watered, water limited regimes, for 

seedcotton yield (SCY), number of bolls per plant (BN) and boll weight (BW) of 128 F2:3 

families from a cross of RH-510 and FH-901 evaluated in 2006. 
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Figure 4.3 Association of osmotic adjustment with cell membrane stability in 32 cotton 

genotypes due to water-deficit stress during 2003.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Association of osmotic adjustment with cell membrane stability in 32 cotton 

genotypes due to water-deficit stress during 2004. 
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In the first case, stomatal closure reduce CO2 absorption and transpiration leading to 

photosynthesis inhibition which ultimately resulted in slow growth rate which has been 

suggested as an adaptive feature of plant survival under water stress because it allows 

plants to divert assimilates and energy, otherwise used for growth, into protective 

molecules to fight stress (Zhu., 2002). 

This feature may be relevant for crops intended for drought prone area (Chaves et 

al., 2003) but inconvenient for regions like Pakistan where only mild and sporadic stress 

is likely to occur. In the second case, when certain constitutive traits like root mass and 

depth, and osmotic adjustment help plant to maintain higher water status by extracting 

more water, it ensures maintenance of some stomatal conductance under water stress 

resulting in higher photosynthesis and growth, and yield (Morgan 1984; Morgan and 

Condon 1986; Niknam et al., 2003; Ober et al., 2005; Kiani et al., 2007a). However, root 

traits are complex to measure and screening methods are destructive making their use 

limited in breeding programes. Thus direct screening of genetic materials for osmotic 

adjustment, relatively higher stomatal conductance and photosynthesis under water stress 

conditions should shift the population towards higher productivity and may be useful in 

selecting deep-rooted germplasm (Reynolds et al., 2005). 

The same can be implicated to the significant association of stomatal conductance 

and net photosynthetic rate with productivity found in this study and contrasting 

performance of some high yielding genotypes in water-limited regime. The results for 

seedcotton yield depict outstanding performance of CIM-1100 and RH-510 under water-

limited regime proving their superiority to other genotypes under drought conditions. FH-

2000, FH-901, and FH-634 were high yielding under favorable conditions; however, 

exhibited a sharp reduction in yield under drought conditions. This reduction in yield can 

be explained on their performance regarding net photosynthetic rate. Both drought 

tolerant genotypes faced less inhibition in net photosynthetic rate, probably due to 

favourable water status maintained by their deep root system and osmotic adjustment 

whereas all the three poorly adjusting drought susceptible genotypes, having 

comparatively shorter taproot experienced a considerable reduction in stomatal 

conductance which resulted drastic inhibition in photosynthetic rate and ultimately 

resulted in low productivity. Although root trait was recorded in green house using silt 
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filled polyethylene tubes, however, crop varieties identified as being deep rooted in green 

house are indeed better at depth in the field (Price et al., 2002a) and do perform better in 

the field under drought in term of drought avoidance (Champoux et al., 1995).  

The results reported here indicate substantial genotypic variation for physiological 

attributes including gas exchange parameters, osmotic adjustment and cell membrane 

stability among the cotton genotypes examined and supports the hypothesis that higher 

photosynthetic rate, maintained through osmotic adjustment and deep root system, leads 

to sustain seedcotton yield under water deficit during the fruiting stage in cotton. 

Therefore, osmotic adjustment and net photosynthetic rate may be useful as selection 

criteria in breeding programs with the objective of improving drought tolerance and 

seedcotton yield under water-limited environments. However, direct selection in the field 

for these traits within a large population is difficult. Hence, their use in a breeding 

program will depend largely upon the development of associated molecular markers. In 

addition, cotton genotypes RH-510 & CIM-1100 and, FH-901 & FH-2000 came out as 

drought tolerant and drought susceptible genotypes, respectively which could be 

exploited in breeding drought tolerant cotton cultivars, and for cotton genomics studies. 

 

4.2 Genetic analysis of drought tolerance 

In the present study, several QTLs were detected for measures of productivity and 

the physiological traits having high correlation with seedcotton yield in cotton using F2 

and F2:3 mapping populations. The parental lines used to develop the mapping 

populations, RH-510 and FH-901, were evaluated along with 30 other cotton genotypes 

for differences in drought tolerance using some physiological attributes as selection 

criteria under contrasting water regime (Sarwar et al., 2006; Rahman et al., 2007a; Ullah 

et al., 2006, 2008). These studies indicated substantial differences in gas exchange 

attributes, osmotic adjustment and cell membrane stability, although physiological 

differences in cell membrane stability were not associated with agronomic performance. 

Significant divergence between the parent genotypes in all the measured traits in trials to 

phenotype the mapping populations confirmed previous findings as described in section 

3.1 of this dissertation.  
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4.2.1. Phenotypic analysis, inheritance and correlations of physiological attributes 

Significant genetic variability for net photosynthetic rate, stomatal conductance, 

transpiration rate and osmotic adjustment was observed in F2 plants grown under water-

limited conditions. In the present study, transgressive segregation of all the physiological 

attributes observed in the progeny in both directions indicated that both the parents 

transmitted favourable alleles for each trait. These results agreed with previous research 

in cotton (Saranga et al., 2004). Transgressive segregation results when high or low 

alleles for a particular trait, dispersed between the parents, come together in progeny 

(Prioul et al., 1997).  

Heritability estimation of a particular trait is a first step towards assessing the 

amount of genetic variation present in a breeding population. Regardless of the type of 

heritability estimate, heritability broadly defined, is the proportion of observable field 

variation that is due to genetic factors (Nyquist, 1991). In the present experiment, broad 

sense heritability for net photosynthetic rate was found 0.82. High heritability of 0.87 was 

found for stomatal conductance and an intermediate heritability of 0.53 and 0.48 for 

transpiration rate and osmotic adjustment, respectively. According to a report by Stiller et 

al. (2005), net photosynthetic rate had heritability of 0.65 whereas Ulloa et al. (2000) 

reported realized heritability estimation of 0.41 for stomatal conductance in cotton. Broad 

sense heritabilities for gas exchange traits in various crops ranged from 0.26 to 0.8 (Asay 

et al., 1974; Crosbie et al., 1977; Quail et al., 1989; Abdullaev et al., 1990; Donovan and 

Ehleringer, 1994; Herve et al., 2001; Stiller et al., 2005), however, our estimates are in 

the higher end of this range. These discrepancies may be due to a wide range of factors 

including the utilization of different estimation methodologies, type of population, 

diverse environments, and generation of evaluation. 

Several correlations were observed among the physiological attributes. 

Association of net photosynthetic rate with stomatal conductance (P<0.01) established a 

strong relationship between the traits and indicates stomatal nature of photosynthesis 

inhibition due to water-deficit stress which is comparable with some earlier findings 

(Cornic, 2000; Flexas et al., 2004; Ullah et al., 2008). There are contradictory reports 

demonstrating that inhibition of photosynthesis may be caused by non-stomata1 effects, 

however, such effects are likely only under sever water stress when tissue relative water 
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contents drops below 70%, (Faver and Gerik, 1996; Ennahli and Earl, 2005). Significant 

positive relationship of stomatal conductance with transpiration reinforces pervious 

findings suggesting stomatal nature of transpiration (Ullah et al., 2008).  

 

4.2.2. Phenotypic analysis, inheritance and correlations of productivity traits 

 One hundred and twenty eight F2:3 families along with parents were evaluated for 

productivity parameters in replicated trial under well-watered and water limited regimes. 

Highly significant genetic effects were observed among the families for seedcotton yield, 

bolls per plant, plant height, number of main stem nodes and height to node ratio 

indicating that variations existed among the lines were genetically controlled. Compared 

to well-watered condition, drought stress reduced the seedcotton yield of the susceptible 

parent by 71% and the tolerant parent by 35%, while seedcotton yield of F2:3 families 

were decreased by 53% on average. Frequency distribution curves constructed using 

phenotypic data regarding productivity measures in both water regimes depicted normal 

distribution with transgression in both directions which implies that genetic diversity 

existed between the parents and that multigenic inheritance influenced these traits. Our 

results are in conformity with the results of several earlier studies, reporting multiple 

genes controlling these traits (Ulloa et al., 2000; Saranga et al., 2004; He et al., 2007). 

 The heritability values for seedcotton yield were the lowest among all traits and 

were estimated 0.48 and 0.36 in well-watered and water-limited regimes respectively. 

These results demonstrate significant effect of environment on the trait. For most of the 

cases, higher h2
B were observed under well-watered condition than under water-limited 

regime. Highly significant correlations (P<0.01) were observed between performances 

under well-watered and water-limited conditions for seedcotton yield and all yield 

components in this study (Figure 4.2). On average, phenotypic value under normal 

condition explained a large proportion of the variation for performance under drought. 

This result had two implications in breeding for drought tolerance: (1) Yield potential, 

expressed as the yield in a favorable environment, should be emphasized (Quisenberry et 

al., 1980); (2) Selection in well-watered condition was generally effective to improve 

seedcotton yield and its components (bolls per plant and boll weight) under drought. As 

the drought occurs sporadically among seasons and years, selection for yield potential in 
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well-watered conditions and yield under drought in turn is appropriate for a drought 

tolerance breeding program.  

Correlation analysis of yield and its components indicated that bolls per plant was 

highest contributing factor to seedcotton yield under well watered as well as water-

limited conditions. This result suggested that more emphasis should be given on boll 

retention under stress to improve drought tolerance in cotton. These results are 

comparable with earlier studies investigating associations among seedcotton yield and 

yield components under water-deficit stress (Cook and El-Zik, 1992; Rehman et al., 

2007a) and non-stress (Shen et al., 2007) conditions. 

 

4.3 Genetic mapping 

 Genetic map is an abstract model of the linear arrangement of a group of genetic 

markers, and is crucial for the reliable detection, mapping, and analysis of gene effects of 

important quantitative traits. Construction of a genetic linkage map simply involves 

identification of parental polymorphism, scoring of segregation of markers in a test 

population to estimate recombination fraction for linkage grouping, and finally 

determination of order of the genetic markers within each linkage group (Kearsey and 

Pooni, 1996). In the present study, three DNA marker systems, including simple 

sequence repeats (SSR), random amplified polymorphic DNA (RAPD) and cleaved 

amplified polymorphic sequences (CAPS) were employed to identify polymorphism 

between the parental genotypes, RH-510 and FH-901 and subsequent profiling of F2 

individuals. 

 

4.3.1 Parental polymorphism  

SSRs have been successfully used in the construction of genetic maps and 

molecular tagging (Zhang et al., 2002; Nguyen et al., 2004; Song et al., 2005a; Han et al., 

2006; Abdurakhmonov et al., 2007; He et al., 2007). More than 66% SSR primer pairs 

used in the study amplified more than one amplicon from one or both parent. Multiple-

locus amplification is found a common phenomena allopolyploids like Gossypium 

hirsutum, and may be related to fusion of A and D genome and chromosome duplication 

events during evolution (Buteler et al., 1999). 
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SSR is a co-dominant marker system where length polymorphism between two 

accessions under investigation results from insertion or deletion of repeat motifs. About 

76% SSR primer pairs used in this study revealed co-dominant behavior, however, 

dominant polymorphism shown by 24% primer pairs may be consequence of base 

substitution or complete deletion of primer annealing sites which are otherwise 

considered highly conserved even across the species (Liu et al., 2004). 

Most of genetic studies on SSR analysis in cotton revealed a low level of 

polymorphism within Gossypium hirsutum and high levels of polymorphism between 

different cotton species (Reddy et al., 2001; Frelichowski et al., 2004; Rungis et al., 2005; 

Wang et al., 2007d).  

Guo et al. (2006) found 7.4% polymorphism between genetic standard line TM-1 

and the multiple dominant marker line T586 in Gossypium hirsutum. Similarly, other 

studies conducted on SSR analysis of upland cotton also detected low level of intra-

specific polymorphism of 11.3 (Frelichowski. et al., 2006) and 12.3% (Zhang et al., 

2003). The present study revealed slightly lower estimates of polymorphism between the 

parents as compared to these reports and is in accordance with Wang et al. (2006a), 

Rungis et al. (2005) and Shen et al. (2005) who found genetic diversity of 3.1, 4.5 and 5.6 

% between the parental lines, respectively. However, Abdurakhmonov et al. (2007) and 

Qureshi et al. (2004) reported relatively higher level of intra-specific polymorphism 

estimates of 18 and 26%, respectively. The discrepancy in polymorphic rate may be 

attributed to the difference in plant material used and number of primer pairs employed 

across the different studies (Han et al., 2006). 

Random amplified polymorphic DNA (Williams et al., 1990) is perhaps the 

simplest method among numerous available molecular techniques recruited to measure 

constitution, change and evolution of genetic material. Despite controversies on 

limitations and reproducibility of RAPD markers, they can still be instrumental to address 

various objectives in molecular biology (Basha and Sujatha, 2007; Grimmer et al., 2007; 

Rahman et al., 2007b). Similar to SSR analysis, RAPDs also revealed a relatively low 

percentage of polymorphism between the parent genotypes used to develop mapping 

populations in this study. These results are contrary to some earlier reports (Guo et al., 

2002; Zhang et al., 2002, 2005a) of relatively higher polymorphism in cotton using 
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RAPD marker system, however all these studies were conducted on inter-specific 

mapping parents where higher estimates of polymorphism can be expected compared to 

intra-specific analysis. 

The low level of polymorphism revealed in the present study by SSR and RAPD 

analyses illustrated narrow genetic base of modern cotton cultivars. This finding is 

supported by some earlier studies on genetic diversity in cotton reflecting high similarity 

among the cotton cultivars/genotypes. Iqbal et al. (1997) reported the genetic similarity of 

17 elite Pakistani upland varieties ranged from 81.5 to 93.4%. Another study from 

Pakistan (Rahaman et al., 2002) revealed high similarities of 81.5 to 90.5% among 26 

upland cultivars-genotypes evaluated. Similarly, other studies with RAPD analysis 

conducted on nine closely related Australian upland cotton cultivars (Multani and Lyon, 

1995) and 10 influential U.S cotton germplasm lines (Lu and Myers, 2002) also reported 

low genetic diversity estimates to range from 1 to 8% and 2 to 7%, respectively. A recent 

study (Wang et al., 2007d) reported genetic similarity of 97.8 to 99.8% among 95 cotton 

cultivars from china based on AFLP and SSR bands. 

Potential explanation for such low level of genetic diversity includes self-

pollinating nature of cotton, the breeding history of the tetrapolloid species, which has 

passed through the genetic bottlenecks at every stage of its history, from the original 

polyploidisation event to the development of the modern commercial cultivars (Endrizzi 

et al., 1985), and finally, the tendency to use similar parents extensively in breeding 

programs.  

Upland cottons are self-compatible and produce a high proportion of their seed 

through self-pollination (Wendel, 1995). Self-pollination is known to reduce effective 

population size, which in turn reduces expected level of genetic diversity. Surveys of 

nucleotide diversity have shown that the diversity is greater in maize, an out crossing 

species, compared to self-pollinating species like wheat and cotton (Legesse et al., 2007; 

Wang et al., 2007 b, d). 

More than 70% of the flowering plants, including many important crops (like 

cotton, wheat, oat, canola and peanut) are polyploid (Stebbins, 1971; Masterson 1994; 

Leitch and Bennett, 1997). Polyploidy may have some advantages because duplicated 

genomes provide additional genetic material for functional divergence and adaptive 
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evolution. Moreover, diploidization of polyploids also gave rise to the fixation of 

homoeologous genes or hybrid vigor. However, diploidization and self-fertilization in 

many polyploids result in homozygosity for loci within each genome, a process called as 

an evolutionarily dead end or genetic “bottleneck” (Stebbins, 1971). As a result, genetic 

variation is extremely limited in polyploid species such as Gossypium hirsutum, 

especially among elite cultivated types (Mei et al., 2004). 

The processes of domestication and selection have resulted in a drastic narrowing 

of genetic variation of crop species (Tanksley and McCouch, 1997) including cotton. 

Upland cottons, representing 95% of the global cotton crop, has been subjected to 

extensive selection for yield and fiber traits resulting in narrowing the genetic base. The 

tendency to use similar parents extensively in breeding program has led to a concern of 

lack of genetic diversity. This is particularly a major reason of high level of genetic 

similarity among Pakistani cottons where emergence of cotton leaf curl virus disease 

(CLCuD) as epidemic in 1991 compelled cotton breeders to include one of the three 

CLCuD resistant exotic germplasm lines LRA-5166, CP15/2 and Cedix in variety 

development programs which leaded to low genetic diversity.  

 
4.3.2 Linkage analysis and map construction 

A linkage map of 24 SSRs, 20 RAPDs and one CAPS markers scored in the 

mapping population was developed to facilitate QTL analysis of drought tolerance. The 

majority of the published genetic maps have been developed through inter-specific 

hybridization between Gossypium hirsutum and Gossypium barbadense (Zhang et al., 

2002; Nguyen et al., 2004; Song et al., 2005b; Han et al., 2006; Frelichowski et al., 2006; 

He et al., 2007). Although these maps are highly saturated with wider genome coverage, 

however have little use in a conventional breeding program (Reinisch et al., 1994; Ulloa 

and Meredith, 2000). In conventional cotton breeding, deliberate inter-specific 

hybridization between Gossypium hirsutum and Gossypium barbadense have yielded 

limited impact on cultivar development (Paterson and Smith, 1999). Hence, in the present 

study, intra-specific F2 population consisting of 143 plants was used to generate genetic 

map comprising 10 linkage groups and spanning 697.9 cM, around 15% of the total 4660 

cM recombinational length of the cotton genome (Reinisch et al., 1994). This map length 



 

 

Discussion 

- 135 - 

is in harmony with previous reports on genetic maps constructed on Gossypium hirsutum 

x Gossypium hirsutum mapping populations using PCR-based molecular markers (Ulloa 

and Meredith, 2000; Zhang et al., 2005b; Guo et al., 2006; Wang et al., 2006a, 2007a). 

Earlier intra-specific genetic maps were developed using RFLPs ranging in length from 

43 (Shappley et al., 1996) to 1503 cM (Ulloa et al., 2002). The first linkage map based on 

an intra-specific cross (Gossypium hirsutum × Gossypium hirsutum) using PCR based 

markers was reported by Shen et al. (2005). The 56 SSR markers were assembled into 17 

linkage groups, covering 557.8 cM or about 12 % of the cotton genome. Another 

intraspecific PCR-based linkage map was reported by Guo et al. (2006). Fifty-three SSR, 

RAPD and morphological loci were assigned to 19 linkage groups with a total map 

distance of about 548 cM of the cotton genome. Recently a comparatively more saturated 

intra-specfic map of upland cotton was reported (Shen et al., 2007). This map was 

comprsised of 31 linkage groups using 156 SSRs which covered a genetic distance of 

1024 cM. 

In the present study, many of the markers were mapped to small linkage groups, 

ranging between two to five markers. Small linkage groups may occur when a low 

number of markers are used to cover a large genome such as cotton (~ 2250 Mb; 

Arumuganathan and Earle, 1991). The marker distribution on the map depicted 15.5 cM 

average distance between adjacent markers which is in agreement with the best 

confidence interval of 10 cM proposed for QTL detection (Kearsey, 1998; Kearsey and 

Farquhar, 1998). Six of the linkage groups were assigned to five chromosomes of the 

tetraploid cotton genome based on the presence of SSRs mapped to specific 

chromosomes by aneuploid analysis (Liu et al., 2000b), or that have been assigned to 

chromosomes by linkage to such SSRs (Lacape et al., 2003; Nguyen et al., 2004; Song et 

al., 2005b). Four linkage groups could not be assigned to any chromosome because of 

lack of reference marker.  

Skewed segregation ratios, the deviation of segregation ratio from the expected 

Mendelian ratio, have been reported frequently in barley (Teulat et al., 1998), wheat 

(Huang et al., 2003), rice (Robin et al., 2003), sorghum (Bidinger et al., 2007), cotton 

(Ulloa et al., 2002, 2005; Lacape et al., 2003; Mei et al., 2004; Shen et al., 2007) and in a 

wide range of other plant species. Distorted segregation largely due to the complexities of 
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gene segregation and recombination during meiosis in polyploids, namely: (i) multiplex 

allele segregation; (ii) double reduction, a phenomenon in which sister chromatids enter 

in the same gamete and cause systematic segregation distortion and complex segregation 

pattern; and (iii) mixed bivalent and quadrivalent pairings among homologous 

chromosomes (Luo et al., 2006). However, high frequency of segregation distortion (49–

80%) has been observed in inter-specific crosses compared to intra-specific crosses in 

cotton (Ulloa et al., 2002; Lacape et al., 2003; Shen et al., 2005). Low frequency of 

distorted loci in the present study supported these findings. However, Shen et al. (2007) 

reported high proportion of distorted ratios, even though they mapped QTLs in an intra-

specific cross. More than one-half of the markers deviated from the expected genotypic 

ratio of 1:1 in the RILs. This high distortion ratio probably attributed to the use of 

introgressed parent 7235 which was developed by crossing Gossypium hirsutum cv. 86-1 

and Gossypium anomalum, followed by backcrossing to Xumian-6 twice and then 

outcrosses with Acala 3080 and PD4381 (Qian et al., 1992). Moreover, they also 

analyzed recombinant inbred lines, where the high rate of distortion is not unexpected 

(Song et al., 2006).  

  

4.4 QTL analysis 

QTL analysis is an effective mean to reveal genetic control of quantitative traits 

like physiological attributes as well as relatively more complex traits such as yield and 

yield components under different environmental regimes. In this study, a total of 26 

QTLs impacting drought tolerance traits were mapped, ranging from one to four for each 

trait, in a mapping populations derived from an intra-specific cross. This population was 

useful in discovering QTLs for drought tolerance because of the use of the genetically 

diverse parents (RH-510 and FH-901) exhibiting contrast performance for productivity 

(Ullah et al., 2006) as well as some physiological (Rahman et al., 2007a; Ullah et al., 

2008) and biochemical (Sarwar et al., 2006) parameters controlling drought tolerance 

under contrasting water regimes. Although a high stringency (LOD ≥2.4) is proposed 

(Lander and Botstein, 1989) in detecting QTLs to reduce the number of false positives. 

However, this may result in loss of the potential QTLs through false negatives, especially 

under high environmental effects which could influence the power of detection of the 
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QTL. Previous studies demonstrated that some of the QTLs with low stringency in 

tomato were consistently detected across different environments (Fulton et al., 2000). 

Therefore, QTLs obtained with low stringency (LOD ≥2.0), as in case of the present 

study, may be treated as potential QTL, subject to further testing. 

 

4.4.1 Mapping QTLs for physiological attributes 

Plant yield under stress is the primary trait for selection in conventional plant 

breeding programs for drought prone environments, however, improvement in drought 

tolerance using solely yield per se is insufficient. Indirect approaches based on 

understanding and analyses of certain physiological, morphological and biochemical 

factors may complement empirical breeding programes to improve drought tolerance in 

crop plants. However, inclusion of candidate secondary traits in breeding programes is 

subjected to conditions that targeted traits are easy and cheap to score. Unfortunately, 

only a very small number of secondary physio-morphological traits meet these 

prerequisites and practically a little success has been achieved to improve yield under 

drought by applying indirect selection. Recent advances in molecular genetics and 

statistical techniques make it possible for plant breeders to identify chromosomal regions 

where these QTLs are located. Availability of tightly linked DNA markers for a trait 

could allow plant breeder to exercise marker assisted selection (MAS) to identify plants 

with desired traits in early generation which will ultimately save time and expense, and 

enhance the efficiency of breeding program. Genomic regions controlling physiological 

traits conferring drought tolerance have been reported in number of crops such as barley 

(Teulat et al., 2001), sunflower (Herve et al., 2001), wheat (Verma et al., 2004), 

Arabidopsis (Juenger et al., 2005) and rice (Gomez et al., 2006).  

Although relationships between physiological attributes and yield or its 

components under drought stress have been established in cotton (Lawlor, 1995; Lopez et 

al., 1995; Ullah., 2008), however, reports on mapping QTLs for these traits are sparse 

(Saranga et al., 2004). The present study mapped, for the first time, QTLs for 

physiological traits including gas exchange parameters and osmotic adjustment in intra-

specific F2 mapping population under water-deficit stress. A total of nine QTLs on four 

chromosomes/linkage groups were detected for the four physiological traits studied.  
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Photosynthesis is a fundamental factor of dry matter production and seedcotton yield and 

its role in whole plant drought tolerance is established in cotton (Lopez et al., 1995; 

Ullah., 2008) necessitating identification of QTLs for leaf photosynthesis and its related 

traits for their incorporation in cotton breeding for drought tolerance through molecular 

breeding. The present study successfully detected QTLs for cotton leaf photosynthesis 

and related traits under water-limited conditions. Maximum four QTLs were identified 

for photosynthetic rate whereas one QTL was detected for stomatal conductance and two 

QTLs were discovered controlling transpiration rate. Similar findings have been reported 

in rice (Teng et al., 2004) where two, one and two QTLs were detected influencing 

photosynthetic rate, stomatal resistance and transpiration rate, respectively. These results 

are in agreement with the findings of Ulloa et al. (2000) who identified two putative 

QTLs controlling stomatal conductance under optimum water condition in an inter-

specific population of cotton. In contrary, Herve et al. (2001) mapped four QTLs 

regulating stomatal conductance in sunflower.  

Osmotic adjustment is widely considered one of the major adaptive mechanisms 

for plants subjected to water deficit (Ludlow and Muchow, 1990; Rahman et al., 2007a). 

Due to its proved role in sustaining productivity under water limited conditions, osmotic 

adjustment is one of the most extensively exploited physiological traits in QTL mapping 

studies in number of crop species (Teulat et al., 1998, 2001; Morgan and Tan, 1996; 

Kiani., et al., 2007a), especially in rice (Lilley et al., 1996; Zhang et al., 2001; Babu et al., 

2003; Robin et al., 2003). Number of QTLs controlling osmotic adjustment in different 

crop species ranged from one (Lilley et al., 1996) to 14 (Robin et al., 2003). Only two 

QTLs influencing osmotic adjustment could be mapped on chromosome five and 15 in 

the present study. The QTL mapping for osmotic adjustment is also reported in cotton 

(Saranga et al., 2001). The authors have mapped 11 QTLs controlling osmotic adjust in 

an inter-specific population of cotton. None of the two QTLs identified herein for 

osmotic adjustment co-localized with the QTLs discovered by Saranga et al. (2001). 

Though, there is a chance that QTL for a specific trait may co-localize across the 

population, however, considering limited number of QTLs identified for the trait with 

only 15% of total genome coverage, this probability remains low.  

Among the four physiological traits mapped in this study, favourable alleles were 
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contributed from both parents for photosynthetic rate and osmotic adjustment which 

suggests a strong likelihood for recovering transgressive segregants among segregating 

progeny. 

A genomic region flanked by two RAPD loci (OPG10_610 and OPZ5_620) on 

chromosome 5 contained QTLs each for photosynthetic rate, stomatal conductance and 

osmotic adjustment. This indicates probable pleiotropic effect of QTL for these traits, 

even though this explanation could not be separated from the possibility that two tightly 

linked loci control several traits. These finding have also been supported by significant 

phenotypic correlation found among the traits. Such types of coincidence have also been 

reported in sunflower (Herve et al., 2001). 

The identification of limited number of QTLs for each of the mapped 

physiological trait was not surprising as similar findings are available in literature for net 

photosynthetic rate (Teng et al., 2004) and osmotic adjustment (Lilley et al., 1996). 

Though only a small number of QTLs could account for a large portion of each trait 

variation (Foolad et al., 2003), however, in the presence of moderately high heritability 

estimates for each trait, it seems unlikely that the small number of QTLs identified in this 

study for different physiological traits are responsible for all the genetic variation for the 

traits. There might be QTLs in parts of the genome not covered by this study; therefore, 

there is a possibility of discovery of more QTLs related to each physiological trait using a 

more saturated genetic map with wider genome coverage. Hence, the QTLs identified 

herein for each of the four physiological traits must be considered as a minimal number 

of QTLs controlling the trait. 

As described earlier that direct selection in the field for the physiological traits 

within a large population is difficult. Hence, its use in a breeding program will depend 

largely upon the development of DNA markers. Therefore, QTLs controlling gas 

exchange attributes and osmotic adjustment, identified in this study, may complement 

breeding efforts to improve drought tolerance in upland cotton.  

 

4.4.2 Mapping QTL for productivity traits 

Like other quantitative traits, QTLs for components of whole plant drought 

tolerance have been identified in several crop species (Agrama and Moussa, 1996; 
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Kebede et al., 2001; Venuprasad et al., 2002; Yadav et al., 2002; Babu et al., 2003; 

Lafitte et al., 2004; Yue et al., 2005; Xu et al., 2005; Zou et al., 2006; Berniera et al., 

2007; Bidinger et al., 2007; Kumar et al., 2007). 

In cotton, fiber related quality traits have been extensively exploited in QTL 

mapping using both intra-specific (Shappley et al., 1998b; Ulloa and Meredith, 2000; 

Zhang et al., 2003; Shen et al., 2005; Ulloa et al., 2005; Guo et al., 2006; 

Abdurakhmonov et al, 2007; Shen et al., 2007) as well as inter-specific (Jiang et al., 

1998; Kohel et al., 2001; Paterson et al., 2003; Zhang et al., 2003; Mei et al., 2004; ; 

Chee et al., 2005a, b; Draye et al., 2005 Lacape et al., 2005; Park et al., 2005) 

populations. Quantitative trait loci controlling agronomic traits have also been reported 

by several authors in cotton (Ulloa and Meredith, 2000; Wang et al., 2007a; He et al., 

2005, 2007), however, reports on mapping drought tolerance traits are scanty (Saranga et 

al., 2001, 2004). The present study was planed with an aim to map physiological and 

productivity differences for drought tolerance in upland cotton.  

It has been advocated that F2 mapping population hold promise to provide the 

most complete genetic information for genetic map construction and QTL analysis as it 

harbor all possible combinations of parental alleles (Lander et al., 1987). The major 

drawback to F2 population is that each F2 individual has a different genotype which 

makes it impossible to employ replication or experimental design in controlling 

environmental influence while working for complex quantitative traits such as seedcotton 

yield and yield components. However this problem can be solved by developing F2:3 

progenies from individual F2 segregants by selfing which can be evaluated in replicated 

trials for multi-genic traits. Therefore, productivity traits reported in this study were 

characterized on F2:3 families planted in two replications with 10 plants per replicate. 

This study could identify a total of four putative QTLs for seedcotton yield, three 

under well-watered and one under water-limited regimes, collectively explaining 21% of 

the phenotypic variation in the F2:3 population. Previous research has also mapped as low 

as two QTLs controlling seedcotton yield under well-watered environment (He et al., 

2005; 2007). In contrary, Saranga et al. (2004) reported 13 QTLs impacting seedcotton 

yield. The inconsistency in number and location of QTLs reported for the economic traits 

reported in present study with those reported previously might reflect the presence of 
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different QTLs in different crosses, due to difference in genome coverage, or be the result 

of different environmental conditions in which studies were conducted.  

Yield in cotton, like many other crops, is not an independent plant character 

because increased production of lint depends upon the interplay of numerous yield 

components like bolls per plant, boll weight under a set of particular environmental 

conditions. These yield components contribute towards yield directly and indirectly 

through other plant characters. Another approach for genetic estimation of drought 

tolerance is whether overall yield or individual yield components provide a more reliable 

estimate of tolerance. Because yield components represent a lower conceptual level of 

complexity, it may be assumed that measurements of components may be more 

repeatable than yield. Mapping of yield components yielded three QTLs for boll weight 

under water-limited regime on chromosome 5, 11 and 15, and one QTL under well- 

watered regime. The QTL on chromosome 15, designated as QBWw215C, had the highest 

LOD score (5.98). As many as 15 QTLs for boll weight has been mapped previously in 

an inter-specific population (Saranga et al., 2004). Genetic analysis of number of bolls 

per plant discovered three QTLs which is in agreement with Saranga et al. (2004) who 

found similar results while Jiang (2004) could detect only one QTL for the trait 

explaining 8.5% of the total phenotypic variance. 

Direct comparison of QTLs controlling seedcotton yield and its components 

detected in present study could not be conducted with those in some earlier studies 

reported under well-watered condition (Ulloa and Meredith, 2000; He et al., 2007) due to 

lack of common markers, however, a QTL (QSCY14C) was detected for seedcotton yield 

in this study on the same chromosome as reported by Saranga et al. (2004). 

Co-localization of QTLs influencing different traits in a common genomic region 

is frequently reported (He et al., 2005; Kiani et al., 2007a), especially between inter-

related traits such as net photosynthetic rate and stomatal conductance (herein; Herve et 

al., 2001). Four map intervals were distinguished, where two to three QTLs related to 

productivity traits congregated. For example, three QTLs determining different 

productivity traits (QSCYw25C; QBNw25C; QHNw2aC) were mapped in the same interval 

(OP15_300-OPN4_690) which may be due to pleiotropic effects of single gene or the 

activity of gene clusters controlling different traits. The genetic resolution of the map 
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constructed in this study does not facilitate to distinguish between linkage and pleiotropy 

with QTL mapping. A more saturated genetic map and accurate phenotyping using near 

isogenic lines are needed to determine whether the QTL correspond to one gene with 

pleiotropic effects or separate but closely linked genes, each controlling a single 

character.  

Plant phenology strongly interacts with the expression of drought tolerance and 

yield potential (Ludlow and Muchow, 1990). A total of six QTLs were determined for 

plant height and height to node ratio, however, no QTL was detected for number of main 

stem nodes. Two regions of the genome on chromosome 5 and 15 were associated with 

variation in plant height. The allele associated with increased plant height was in each 

case derived from tolerant parent RH-510. Wang et al. (2006a) reported three QTLs 

controlling plant height in cotton. Two QTLs each in both water regimes were found 

related to height to node ratio which supported previous report on mapping architectural 

traits in cotton (Wang et al., 2006a). A height related QTL designated as QPH5C 

detected in the present research was positioned on the same chromosome as compared 

with previous report (Wang et al., 2006a). Such common QTL may be used in MAS 

breeding to exploit plant height in cotton. 

In this study, some QTLs revealed differential expression in response to drought. 

Out of the 18 identified putative QTLs for productivity traits, 10 were observed in well 

watered regimes and seven were detected under water-limited regime indicating 

differential genetic control of the traits between water regimes. These findings strongly 

suggest that improvement in drought tolerance in cotton can be achieved without a 

negative impact on performance under well-watered conditions. These results seem 

contrary to the long-held notion that selection for stress tolerance will generally result in 

reduced productivity under favorable environments and a decrease in average overall 

production (Rosielle and Hamblin, 1981). These findings also imply that simultaneous 

improvement of productivity for well-watered and water-limited conditions will involve 

manipulation of a large number of genes for either of the treatment alone, reducing the 

expected genetic gain (Falconer and Mackey, 1996; Paterson et al., 2003). However, 

identification of DNA markers and their subsequent use in molecular breeding may partly 

help to improve selection efficiency. 
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4.5 Conclusions 

Development of drought tolerant cotton genotypes is a practical and economical 

approach to minimize yield loss in drought prone areas, and also to reduce delta of water 

in irrigated farming. Identification and incorporation of secondary traits depicting high 

correlation with yield may expedite breeding progress for drought tolerance. The preset 

study was aimed to examine drought tolerance of a set of 32 Upland cotton genotypes 

using both empirical as well as analytical approaches, and molecular mapping of the traits 

conferring drought tolerance. Substantial genotypic variation found for physiological 

attributes including net photosynthetic rate and osmotic adjustment among the cotton 

genotypes examined and their association (P<0.01) with productivity tend to support the 

hypothesis that higher photosynthetic rate, maintained through osmotic adjustment and 

deep root system, leads to sustain seedcotton yield under water deficit environment. 

Therefore, net photosynthetic rate and osmotic adjustment may be useful as selection 

criteria in breeding programs with the objective of improving drought tolerance and 

seedcotton yield under water-limited environments. However, difficulties associated with 

measurement of the traits in field within a large population suggest identification and 

tagging of genomic regions controlling drought tolerance traits using molecular tools for 

their use in breeding programs.  

Genetic analysis of parental genotypes by DNA-markers revealed low level of 

polymorphism illustrating narrow genetic base of modern cotton genotypes from 

Pakistan. RAPD analysis exhibited comparatively high polymorphism of 5.8% between 

parent genotype compared to that of SSRs (4.7%). However, among microsatellites, EST-

SSRs were more informative.  

QTL analysis is an effective mean to reveal genetic control of quantitative traits. 

In this study, 26 QTLs impacting nine physio-economic traits were mapped, ranging from 

one to four for each trait. Keeping in view the low genomic coverage, there might be 

QTLs in parts of the genome not covered by this study; therefore, there is a possibility of 

discovery of more QTLs related to each trait using a more saturated genetic map with 

wider genome coverage. Hence, the QTLs identified herein for each of the traits must be 

considered as a minimal number of QTLs controlling the trait. Moreover, the co-

localization of the QTLs for physiological and productivity traits was in accordance with 
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the observed phenotypic correlations. 

Discovery of the QTLs is the beginning point for implementation of marker 

assisted selection (MAS) to incorporate a particular character. The information regarding 

QTLs discovered for the traits conferring drought tolerance, especially those explaining 

large amount of variation for net photosynthetic rate and osmotic adjustment, may 

complement breeding efforts to breed for drought tolerance in upland cotton. Since this 

study constitutes first knowledge of identification of QTLs for drought tolerance in 

Upland cotton using F2 and F2:3 mapping populations, the identified QTLs need to be 

validated in independent or related populations and different environments before 

their use in MAS. Recombinant inbred lines, being developed, may prove useful to test 

consistency of the QTLs across various environments. After verification, near isogenic 

lines for the QTLs may be developed for identification of underlying genes using fine 

scale-mapping approach. 
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6. APPENDIX 
 
Table 1 List of chemicals and enzymes used in the study. 

Product  Supplier  

a-Chemicals  

β-Mercaptoethenol MP Biomedicals, Inc. USA 

Agarose  Research Organics, Inc. 

Boric acid MP Biomedicals, Inc. USA 

Bromophenol blue Research Organics, Inc. USA 

Chloroform MP Biomedicals, Inc. USA 

Hexadecyltrimethylammonium bromide (CTAB) MP Biomedicals, Inc. USA 

Deoxyadenosine 5' triphosphate (dATP) Fermentas, USA 

Deoxycytidine 5' triphosphate (dCTP) Fermentas, USA 

Deoxyguanosine 5' triphosphate (dGTP) Fermentas, USA 

Deoxythymidine 5' triphosphate (dTTP) Fermentas, USA 

Ethylene diamine tetra acetate (EDTA) MP Biomedicals, Inc. USA 

Ethanol absolute MP Biomedicals, Inc. USA 

Ethidium bromide Sigma chemicals, USA 

Gelatin  Sigma chemicals, USA 

Hydrochloric acid MP Biomedicals, Inc. USA 

iso-amyl alcohol MP Biomedicals, Inc. USA 

Isopropanol MP Biomedicals, Inc. USA 

Metaphor™ Agarose Cambrex Corporation, USA 

Magnesium chloride Fermentas, USA 

Polyvinylpyrrolidone (PVP) MP Biomedicals, Inc. USA 

Sodium chloride Research Organics, Inc. USA 

Sucrose Research Organics, Inc. USA 

Tris(hydroxymethyl)Aminomethan  (Tris) MP Biomedicals, Inc. USA 

bisBENZIMIDE  Trihydrochloride (Hoechst 33258)  Sigma chemicals, USA 

b-Enzymes  

RNase A Fermentas, USA 

Taq DNA polymerase Fermentas, USA 

Mse1 Fermentas, USA 
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Table 2 Composition of buffers used in genomic DNA isolation. 

2X CTAB (Isolation buffer) 0.1X Tris-EDTA (TE) buffer 

Tris 100.0 mM Tris (pH 8.0) 10.0 mM 

EDTA 20.0 mM EDTA      (pH 8.0) 0.1 mM 

NaCl 1.4 M   

PVP 1.0 % (w/v)   

CTAB 2.0 % (w/v)   

β-Mercaptoethenol 0.2 % (v/v)   

(pH 8.0, concentrated HCl)   

 
 

Table 3 Recipes of buffers and solutions for DyNA QuantTM 200 Flourometer. 

10X Tris-NaCl-EDTA (TNE) buffer Assay solution 

Tris 100 mM TNE buffer 1X 

EDTA 10 mM Hoechst dye (H 33258) 0.0001% (w/v) 

NaCl 2 M   

 

 

Table 4 Recipes of buffers and gel used for DNA quantification using gel method. 

5X Tris-Borate-EDTA (TBE) buffer 0.8% Agarose gel 

Tris 445 mM Agarose 0.80% (w/v) 

Boric acid 445 mM TBE buffer 0.50X 

EDTA 10 mM Ethidium bromide 0.05% (w/v) 
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Table 5 Quantitative trait loci (QTLs) reported for drought tolerance.  

Trait (s) Species Population* Reference 

Carbon isotope discrimination (WUE) Arabidopsis  Juenger et al. (2005) 

Root size Barley DH Chloupek et al. (2006) 

Osmotic adjustment   Barley  RIL  Teulat et al. (1998)  

Osmotic adjustment , plant water status Barley  RIL  Teulat et al. (2001)  

Relative water content Barley RIL Teulat et al. (2003) 

Yield traits Barley DH Talamè et al. (2004) 

Various physiological traits cotton F2-F3 Saranga et al. (2004) 

Root architecture  Lettuce  F2  Johnson et al. (2000)  

Roots traits and yield  Maize  F3  Tuberosa et al. (2002b)  

Flowering parameters  Maize  F2    Ribaut et al. (1996)  

Morphological and economic traits Maize  F3  Agrama and Moussa 
(1996)  

QTL × environment interaction Maize F2-F3 Vargas et al. (2006) 

Leaf ABA concentration Maize  F3  Tuberosa et al. (1998)  

Leaf ABA concentration, yield Maize  F4  Sanguineti et al. (1999)  

Leaf elongation rate Maize RIL Welcker et al. (2007) 

Cell membrane stability Rice DH Tripathy et al. (2000) 

Root length (constitutive) Rice NILS Steele et al. (2006) 

Root traits, penetration index  Rice  RIL  Ali et al. (2000)  

Root thickness, root penetration index  Rice  DH  Zhang et al. (2001)  

Root thickness, root penetration index  Rice  DH  Zheng et al. (2000)  

Root traits  Rice  DH  Kamoshita et al. (2002) 

Root traits Rice RIL Zheng et al. (2003) 

Root growth traits  Rice  RIL  Price et al. (2002a, b)  

Tiller and root  morphological traits Rice  RIL  Champoux et al. (1995) 

Tiller, total and penetrated root number  Rice  RIL  Price et al. (2000)  

Osmotic adjustment  Rice  RIL  Lilley et al. (1996)  

Osmotic adjustment  Rice  DH  Zhang et al. (2001)  
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Table 5 (Contd.). 
 

Trait (s) Species Population* Reference 

Osmotic adjustment Rice  BC Robin et al. (2003) 
Dehydration avoidance traits Rice RIL Yue et al. (2006) 
Dehydration avoidance traits Rice lines Zhang et al. (2006a) 
Dehydration avoidance traits Rice RIL Manickavelu et al (2006)
Dehydration avoidance traits  Rice  RIL  Price et al. (2002b)  
Leaf rolling, leaf drying, RWC Rice  DH  Courtois et al. (2000)  
Morphological and physiological traits Rice  DH  Hemamalini et al. (2000) 
Morphological and physiological traits Rice  RIL Gomez et al. (2006) 
Productivity, water status, roots Rice RIL Yue et al. (2005) 
Yield and root traits  Rice  DH  Venuprasad et al. (2002) 
Yield and its components  Rice RIL Lafitte et al. (2004) 
Yield and its components  Rice RIL Zou et al. (2006) 
Yield and its components  Rice -  Xu et al. (2005) 
Yield under drought Rice RIL Berniera et al. (2007) 
Yield under stress Rice DH Kumar et al. (2007) 
Yield, biomass, Osmotic adjustment Rice DH  Babu et al. (2003) 
Leaf size and ABA accumulation  Rice  F2  Quarrie et al. (1997)  
Leaf rolling and stomatal conductance  Rice  F2  Price et al. (1997) 
WUE, RWC, Dry matter, etc  S. scabra  F2  Thumma et al. (2001)  
Yield and components Sorghum  NIL Tuinstra et al. (1998) 
Stay green Sorghum RIL Xu et al. (2000) 
Leaf senescence Sorghum RIL Crasta et al. (1999) 
Yield under terminal stress Sorghum F2:F4 Bidinger et al. (2007) 
Yield, maturity, water use efficiency  Soybean  RIL  Specht et al.( 2001)  
Photosynthesis and water status traits  Sunflower RIL  Herve  et al. (2001)  
Osmoregulation under drought Sunflower RIL  Kiani et al. (2007b) 
Seed germination Tomato  BC Foolad et al. (2003) 
Osmoregulation under drought  Wheat  RIL  Morgan and Tan (1996) 
Flag leaf senescence  Wheat  DH Verma et al. (2004) 
* DH = doubled haploids; RILs = Recombinant inbred lines; BC = Back cross; NIL = 
Near-isogenic lines. 




