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ABSTRACT 

The potential for breeding Gossypium hirsutum L. for water stress tolerance 

was investigated in the present studies. For this purpose, a sample of 50 cotton 

cultivars was screened out in greenhouse at 20% field capacity. Water stress 

was applied for four weeks. The performance of 50 cultivars was compared 

using data on shoot and root lengths, relative water content, excised leaf water 

loss and relative cell injury in absolute terms, calculating drought 

susceptibility indices (DSI) and through biplot analysis. Cultivars showing 

low DSI were selected as water stress tolerant, and cultivars showing highest 

DSI were identified as susceptible to water stress. Biplot analysis of 

germplasm under study revealed genetic divergence for water stress tolerance. 

On the basis of these three measures, CIM-496, 149F, DPL-26, BOU-1724 

and B-557 were found tolerant to moisture stress, whilst FH-1000, NF-801-2-

37, MNH-129 and H-499 exhibited susceptibility to water stress. The 

remaining cultivars revealed variable responses to water stress when these 

three measures were studied. Many researchers had emphasized on root length 

and used it as reliable indicator of drought tolerance. Therefore data on root 

length in the present plant material under moistures deficit conditions was 

used to calculate broad sense heritability (40%), which seemed to be 

encouraging for plant breeders. Molecular characterization of selected cotton 

cultivars was done using simple sequence repeat (SSR) markers. Analysis of 

molecular data did not reveal significant differences in genome, indicating 

relatedness among the brief sample of germplasm.  

Results of screening revealed that working variability among germplasm was 

present and controlled by significant genetic component, which may be 

exploited through hybridization. Therefore, F1 crosses were developed in the 

field keeping stress tolerant cultivars as lines and susceptible as testers using 

line × tester technique. Genetic material was field-planted and 50% moisture 

stress was applied to examine responses measuring plant height, seed cotton 

yield, number of bolls, boll weight, lint percentage and fibre traits. The 

analysis of F1 and parental data revealed the presence of both additive and non 

additive genes controlling variation under both the water regimes (normal and 

50% stress). However, non additive genetic effects were more pronounced 

under water stress, suggesting the presence of low heritability for all the traits. 

Lines and interaction term contributed more to expression of seed cotton 

yield, number of bolls and boll weight, whilst lint percentage and fibre length 

were largely determined by the lines. Tester parents significantly contributed 

to fibre fineness. Non additive variation for fibre and yield related traits 

suggests possibility of using this material for hybrid development, and best 

varietal combinations were identified for exploitation in drought hit areas. 
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CHAPTER 1 

INTRODUCTION 

The economic prosperity of a predominantly agricultural country depends, by and 

large, upon the state of its agricultural activities which comprise a number of al lied 

disciplines, of which, crop husbandry is one which occupies a pivotal position. Plant 

development and its productivity, after seed is planted in the soil, is subject to numerous 

biotic stresses i.e. attack of pest complex, plant diseases and viruses etc., and abiotic 

stresses which may include soil salinity, mineral toxicities, heat, water logging and 

shortage of water. It is reported that abiotic stresses are the major factors of yield 

reduction, and the estimated losses due to drought, salinity, high temperature, low 

temperature, and by other factors are 17%, 20%, 40%, 15% and 8% respectively (Ashraf et 

al., 2008; Boyer, 1982; Rahman et al., 2005). On global basis, drought in conjunction with 

high temperature and radiation, is the most important environmental constraint to plant 

survival and crop productivity (Boyer, 1982). Climatic changes occurring in the universe 

enhance the magnitude of abiotic stresses, and thus irregular rainfall pattern, dry winters, 

prolonged dry spells and elevated temperature, due to global warming, are expected to 

result in shortage of fresh water (Jeswani et al., 2008; Mir et al., 2012). As agriculture is 

the main user of water reserves in many regions of the world, therefore water scarcity and 

growing population may lead to the occurrence of catastrophic situation. 

Water is an integral component for various cellular activities of plants, i.e. nutrient 

transport, chemical reactions, cell growth and expansion etc. During dry spells, plants show 

stunted growth due to loss of turgor, reduced cell enlargement and impaired mitosis (Hsiao, 

1973; Jaleel et al., 2009). However, crop plants adapted to water stressed areas exhibit 

several physiological, morphological, biochemical and molecular adaptations, and some 

morphological adaptations make the plants able to survive under drought (Bray, 1997). 

There are three strategies which are commonly found in various plant species, native to 

desert areas. These mechanisms are escape, avoidance and tolerance. Drought escape, a 

genetic strategy allows plants to complete their life cycle before the onset of severe 

stresses. Early flowering and shortened growth duration are typical features of escape 
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mechanism (Mooney et al., 1987; Richards, 1991), and this mechanism is found in 

California poppy (Escholtzia californica Cham.) which completes its life cycle in a few 

weeks before initiation of water stress, and in contrast, onset of flowering and fruit setting 

in coffee (Coffea arabica L) and cocoa (Theobroma cacao L.) requires abundant rains on 

termination of drought period (Alvim, 1985). Stress avoidance is another strategy exhibited 

by plant species endemic to dry natural habitats. It involves a range of responses which 

prevent or at least decrease the impact of stress on plants, eventually minimizing water loss 

and maximizing water uptake (Chaves et al., 2003; Hauser et al., 2011), and the examples 

are agave (Agave deserti) and cactus species which store water in their buds, stems or 

leaves during water stress periods. Development of this mechanism for reduced 

evapotranspirational losses and extensive root system to explore deeper soil profiles 

represent some other means of avoiding negative effects of drought. Among crops which 

have evolved avoidance mechanism are cluster beans (Cyamopsis tetragonoloba (L.) 

Taub), dew beans (Vigna aconitifolia), cowpeas (Vigna uniguiculata) and black gram 

(Cicer arietinum) and are called drought avoiders (Kumar et al., 2008). However, some 

plant species native to drylands survive drought conditions using tolerance mechanism. It is 

the inherent ability of plants to sustain yield with low tissue water content and involves 

coordination between physiological and biochemical changes (Jones, 1993; Singh and 

Singh, 2004). Examples of drought tolerant species are Brassica carinata, Brassica napus, 

Brassica campestris, Eruca sativa and pearl millets. These plant species are commonly 

found in arid and semi arid regions. The ability of the plants which are adapted to drought 

stress suggest that sensitivity of the plants may be reduced through selection and breeding.  

Pakistan is located in arid and semi arid regions. She fetches 90% of agricultural 

outcome from irrigated lands which primarily depend on the Indus and its tributaries for 

irrigation. Although the cultivated area of the country  has increased to about 14.70 million 

hectares (Mha) in 1947 to 23.5 Mha in year 2008, whilst actual availability of surface water 

has declined from 97.4 million acre feet (MAF) in the year 2003-04 to 89.6 MAF in 2012-

13 (Anonymous, 2012-13).  This situation demands the scientists to develop such irrigation 

technologies and methods which could exploit potential of agricultural crops with 

minimum use of water. The irrigated areas situated along Indus plain receive average 

annual rainfall ranging from 102 cm to 600 cm. Therefore, canal irrigation is the mainstay 
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of all agricultural activities executed in these areas. Unfortunately, despite having a good 

canal system, considerable proportion of water is being lost due to improper lining of water 

canals of the country. According to the reports, losses due to seepage are 55-66%, and 30-

40% application losses, thus causing Pakistan to suffer 40-60% reduction in agricultural 

production (Lashari and Mahesar, 2012).  

For increasing crop production in arid and semi arid regions, agricultural scientists 

are looking for ways and means to make judicious use of irrigation water, and had 

recommended some agronomic practices for raising good crops using minimum quantity of 

water, for example, changes in cropping pattern, tillage systems, sowing dates of crops, 

seed bed preparation and planting density etc. Tillage operations prevent water logging 

during heavy monsoon rains by breaking hardpan, and thus improving rainwater 

penetration into soil. Conservation tillage has been adopted in coastal plains by upgrading 

the quality of soil, and thus increasing production potential of cotton (Ward et al., 2006). 

Adoption of bed and furrow sowing methods for planting cotton saves 35-40% (41 cm per 

hectare) of water. In addition, alternative furrow irrigation method has been used for 

producing good quality cotton because vegetative growth can be controlled, and additional 

field maintenance operations can be avoided. In some areas, watershed ponds have been 

constructed to conserve rainfall water which is being used during periods of water scarcity. 

In Sindh and Baluchistan, farmers store water in “Karezes, Sailaba and Khushkhaba”, but 

due to inadequate rainfall these are not of practical use these days. However, Pakistan 

Council of Research in Water Resources (PCRWR) has constructed water ponds and water 

tanks in “Cholistan” desert to store surplus rainwater (Bhutta et al., 2002). Covering crops 

are beneficial to replenish soil nutrients and moisture especially in cotton growing regions, 

for example, winter cereals (rye), and mixture of vetch and oat are used as cover -crops, and 

these minimize wind and water erosion, increase carbon, soil moisture status and 

infiltration (Unay et al., 2005), but crop management procedures are unpopular among 

farmers despite aiding them to counter harsh effects of dry spells.  

 

A further development to this end is the use of appropriate irrigation technology, 

called “drip and sprinkler irrigation,” and this technology is suitable for a variety of soils. 

By using this method soil moisture is retained for longer period because it allows 
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application of water near to plant roots. Fertilizer can also be supplied to a crop along with 

irrigation water. However, due to escalating cost of energy, skilled labour and initial cost 

in developing countries like Pakistan, the adoption of sprinkler and drip irrigation systems 

have become unpopular among farmers. Although initial cost of these technologies is high 

due to involvement of computerized control, it can be compensated due to the long term 

benefits. 

Clearly in situations where it is not possible to modify the environments to suit the 

plants, breeders and geneticists are seeking to modify the plants to suit adverse 

environmental conditions while maintaining reasonable and reliable yields. This alternative 

strategy is being emphasized as a possible means to tackle the problem of water shortage 

(Singh, 1998). This approach constitutes genetic modification of conventional crop plants, 

through selection and breeding, to make them suitable for water stressed areas. In order to 

be able to produce such material, two basic requirements, fundamentals to all plant 

breeding programmes, must be available. Firstly, there must be variability for water stress 

tolerance in a crop as a whole, and secondly this variation must involve significant genetic 

component. For effective exploitation of genetic resources through selection and breeding, 

information about these two components must be obtained. The existence of adequate 

amount of variability within a species allows identification of the desired genotypes for the 

character in question. Previous studies on drought tolerance are few, but these provide 

evidence on the occurrence of variation in various plant species, for example, sunflower, 

soybeans and corn (Daneshian et al., 2010; Khodarahmpour, 2011; Rauf et al., 2009). 

 The potential for selecting and breeding plants for increased water stress tolerance 

may be good if variation exhibited for the character is genetically based. Because of a 

general lack of genetic studies on drought tolerance, information about the genetic bas is of 

water stress tolerance is not extensive. The evidence from the few studies which do exist, 

suggest that the phenomenon is polygenically controlled (Athar and Ashraf, 2009). 

Significant genetic variation has been manifested by several characters associated with 

drought tolerance in different crops, for instance, root traits in rice (Ganapathy et al., 

2010), leaf water content, proline accumulation and stomatal conductance in wheat (Bogale 

et al., 2011; Moayedi et al., 2012), root/shoot ratio and dry matter accumulation in oil palm 

(Sun et al., 2011), stem diameter variations in peach, plum and tomato (Gallardo et al., 
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2006; Genard et al., 2001), seedling root and shoot characters in sunflower and corn 

(Khodarahmpour, 2011; Rauf et al., 2008), plant height, pod number per area, 1000 grain 

weight and harvest index in soybean (Daneshian et al., 2010), membrane leakage in wheat 

(Bajji et al., 2002), wax deposition in Arabidopsis and tree tobacco (Cameron et al., 2006; 

Kosma et al., 2009), days to maturity, 1000 kernel weight and productive tillers per plant 

in rice (Ashfaq et al., 2012) and anthesis-silking-interval in corn (Dass et al., 2001). Given 

the occurrence of variability in water stress tolerance, it is clear that for effective and rapid 

plant improvement through conventional breeding method, a thorough understanding about 

the mechanism of genetic control of drought tolerance in a crop species to be improved is 

essential. Information on the genetic basis of stress tolerance would assist the breeder in 

two ways; firstly, it would help to devise appropriate selection protocols for screening 

tolerant plants and evaluating their performance, and secondly, it would provide estimates 

of heritability of the character which may be used to predict progress through selection.  

Previous work on the influence of drought on various growth stages of plant species 

has been reported, and it is noted that reproductive stage in many crops is most sensitive to 

abiotic stress, and final yields are seriously reduced (Prasad et al., 2008; Selote and 

Khanna, 2004). This suggests that protection against abiotic stress at reproductive stage is 

essential to harvest high yield from crop plants grown in stressed areas around the world. 

Information on water stress tolerance at different phases of plant development is valuable 

in two ways. Firstly, the growth stage most sensitive to water deficit is identified, and 

selection for enhanced tolerance to water deficit from variable plant material can be made 

with great effect at the stage. Secondly, this knowledge may be helpful for the development 

of possible management practices for irrigation to crops in areas where problem of shortage 

of fresh water is acute, and this approach has been adopted and recommended by Reller and 

Gerstenberg (1997) and Sankaranarayanan et al. (2007). 

Evidently, crop plants that are increasingly important in their effect in reducing crop 

yields under water stress condition exhibit some degree of drought to lerance. In Pakistan, 

Gossypium hirsutum L. regardless of whether it is irrigated or not, is often exposed to 

drought which reduces both yield and lint quality (Pettigrew, 2004). It has been reported 

that shortage of fresh water at critical growth stages e.g. flowering and boll development 

period can significantly reduce lint production and quality (Karl et al., 2009) Initiation of 
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new flowering sites is retarded under water stress conditions (Krieg, 2000). In addition, 

shedding of young squares and bolls are collectively responsible for poor yields in cotton 

(McMichael and Hesketh, 1982). In a study, Pettigrew (2004) has determined the impact of 

supplemental irrigation on cotton production and observed an increase in lint yield due to 

production of more number of bolls. Therefore development of water stress tolerance with 

hirsutum species would be of tremendous value. 

Previous work reported on variability in drought tolerance in upland cotton is not 

extensive, a few studies which have been reported suggest that variation in water stress 

tolerance at seedling stage is available. Such information regarding whole-plant- response 

to water deficit is also necessary for the induction of drought tolerance, since 

morphological traits in upland cotton have been widely used to ident ify water stress 

tolerant and susceptible germplasm, because these characters readily undergo structural 

changes on encountering drought stress (Jaleel et al., 2009). Another advantage of using 

morphological characters in screening experiments is that these do not require any 

specialized equipment for their measurement. Significant proportion of workable variation 

had been reported to exist in different morphological characters like plant height, root 

length, shoot length, stem diameter, number of bolls per plant and boll weight (Ahmad et 

al., 2009; Iqbal et al., 2010; Mahmood et al., 2006).  

Root morphology has important role for determining responses to drought because 

major physiological processes, for example, water uptake, nutrition, assimilation and stress 

signals are operated through it (Bassal and Unay, 2006; Liu et al., 2008). Reduced leaf area 

and lesser leaves per plant are evident symptoms of drought stressed cotton plants to 

decrease water loss through transpiration (Prasad et al., 2008).  

Cotton plant shows several modifications in physiological attributes which help 

survive under extended periods of drought. High leaf water content and cell membrane 

thermo stability are controlled genetically and widely used as reliable measures to assess 

drought and heat tolerant plants (Azhar et al., 2009; Azhar et al., 2005; Brito et al., 2011). 

Cell membrane stability is the capability of retaining electrolytes by plant tissues under 

water deficit (Sullivan, 1972), and has been widely used as an indicator of tolerance against 

water stress in wheat (Ashraf et al., 1992), rice (Tripathy et al., 2000) and sorghum 

(Premachandra et al., 1992). Indices of selection for various morpho-physiological 
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attributes conferring drought tolerance is another pragmatic and useful approach reported 

by several researchers, because it allows comparison among the performance of drought 

tolerant and susceptible genotypes when they are subjected to drought (Saba et al., 2001; 

Taheri et al., 2011; Ullah and Zafar, 2006; Ye et al., 2003). 

Nowadays, novel biotechnological tools and techniques have facilitated the 

identification of such variation in highly precise manner. Among these methods, DNA 

marker technology, gene expression analysis, proteomics, are some of the techniques which 

offer great opportunity to explore genetic diversity and observe changes in expression 

pattern of crops grown in different environments (Mohammadi et al., 2007; Ozturk et al., 

2002). Particularly, identification and isolation of water stress responsive genes can be 

performed by available expression analysis techniques (Bhatnagar-Mathur et al., 2008). 

Undesirable genetic linkages which restrict interspecific and intergeneric hybridization can 

be dealt by using these innovative techniques. Such studies may help in broadening the 

genetic base of cotton (Vadez et al., 2007). 

The objective of the present investigation was therefore to provide basic information 

about water stress tolerance in cotton, and it comprised three major components. Firstly, 

variation for drought tolerance in germplasm was examined at seedling stage using 50 

cotton cultivars under normal and water stress conditions; secondly a genetic technique was 

followed at adult plant stage to gain an insight into the potential of upland cotton for 

improving drought tolerance in this species through selection and breeding. For this 

purpose, the drought tolerant and drought susceptible cultivars were hybridized following 

line × tester mating design (Kempthorne, 1957) to develop plant material for genetic 

studies. This biometric approach provided information about the potential of breeding 

Gossypium hirsutum L. under water stressed conditions through selection and breeding. 

Thirdly, a molecular analysis of a small sample of germplasm was also undertaken in order 

to substantiate the prarent material identified from germplasm. The information derived 

from these investigations may be of potential use for continued improvement in drought 

tolerance in Gossypium hirsutum L. in this area.  
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CHAPTER 2 

REVIEW OF LITERATURE 

Owing to the growing problem of water shortage in Pakistan, breeding of cotton for 

drought tolerance has emerged as an area of special interest for plant breeders. Certainly, 

genetic variation provides the fuel for crop improvement exercise. Cotton, being originated 

in hot climate of Asia, Africa and America, is also adapted to limited moisture conditions, 

and thus has been categorized as drought tolerant (Wendel and Cronn, 2003). A deep 

insight into whole-plant-response to water stress is therefore, mandatory for developing 

cultivars tolerant to acute water shortage. In this regard, trait -based-selection strategy has 

been strongly recommended, in which, traits mainly conferring drought tolerance, besides 

imparting yield stability, are employed (Azhar, 2001). Breeding value of such traits is 

enhanced if they are controlled by significant additive component which indicates the 

response of a breeding population to selection (Falconer and Mackay, 1996; Iqbal et al., 

2010). The interest for breeding drought tolerance in field crops is still in early stage of 

development, and therefore information on genetics and breeding aspect is not frequently 

available. In the following paragraphs, an attempt has been made to review the previous 

work on agronomic and molecular aspects of drought tolerance in cotton.  

 

2.1. Agronomic responses to water stress  

Cotton productivity, in terms of lint yield and quality, depends on fresh water 

supplied either through irrigation or through rainfall (Iftikhar et al., 2012). Enhancement of 

drought tolerance in cotton cultivars, has remarkable utility for attaining yield stability. 

The instrumental role of water during different reproductive phases had been documented 

in several studies. The supply of adequate moisture during flowering and boll maturity 

effectively contributed to traits determining lint quality. The reproductive growth of cotton 

plant is characterized by squaring, flowering and boll development. Thus incidence of 

drought at or prior to any of these phenophases could bring heavy economic losses to 

cotton growers. Rijks (1965) and Pace et al. (1999) had reported reduced production of 

fruiting points in water stressed cotton plants and lesser number of fruiting branches which 
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might be attributed to stunted shoot growth. Campbell and Bauer (2007) had investigated 

the effect of supplemental irrigation on different agronomic and fibre traits of cotton. In 

addition to natural rainfall, a drip system was installed in field to irrigate experimental 

plant material. It was found that regular water supplies had favoured seed cotton yield by 

producing more number of bolls, whilst boll weight and seed index were negatively 

affected. Guinn (1982) had favored application of mild stress prior to flowering in order to 

decelerate vegetative growth. Pettigrew (2004) had found that vertical and horizontal 

distribution of bolls on main stem was influenced by water stress. According to his 

findings, water stressed plants produced more bolls at the fruiting nodes than above main-

stem node. 

De Kock et al. (1990) studied cotton cultivars grown under water stress to identify 

most sensitive growth stage, and concluded that boll development stage was the most 

critical to water shortage. It was further proposed that in case of limited moisture 

availability, the order of preference for providing irrigation would be boll development 

stage followed by initiation of flowering and then peak flowering. In another study, 

influence of drought on various yield components was determined by Alishah and 

Ahmadikhah (2009), and it was shown that water stressed cotton cultivars had low yields 

due to marked decrease in number of bolls as compared to non-stressed cultivars, thus 

declaring this trait as an important determinant of seed cotton yield. The most sensitive 

phenophases to drought were identified as peak blooming and boll development period. 

The availability of inadequate moisture at these two stages could lead to production of 

smaller bolls with deteriorated quality, resulting in poor cotton yields. Guinn (1990) had 

proposed that boll shedding might occur due to shifts in nutritional and hormonal balance. 

In water stressed cotton, decrease in fibre length, strength and maturity were 

noticed, because of curtailed supplies of carbohydrate and nitrogen to young bolls (Basal 

and Unay, 2006; Krieg and Sung, 1986). While discussing drought management in cotton, 

McWilliams (2003) had proposed that sudden supply of supplemental irrigation at peak 

blooming could reduce lint percentage, however, the same practice during boll 

development could reduce lint weight and strength besides improving seed weight, fiber 

length and fineness. 
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The importance of an extensive and robust root system has been recognized in a 

variety of crops since long. Roots perform several essential functions, for example, 

anchorage, water uptake, nutrient traffic, stress signaling and hormone synthesis. Cotton 

productivity was largely influenced by root architecture, therefore several root 

characteristics had been thoroughly studied to investigate their role in sustaining plant 

development, particularly during hostile environmental conditions which might arise due to 

drought, salinity, mineral toxicities or pathogen attack (Bengough et al., 2011; Prasad et 

al., 2008). Water stress was believed to interrupt root growth resulting in disruption of vital 

physiological functions. The analysis of root traits had been reported as a difficult task 

because of tedious, lengthy extraction and washing procedures (Fita et al., 2006), and this 

problem suggested the researchers to study root characters at seedling stage. It must be 

ensured, however that seedling data must be in accordance with the data of mature plants 

(Clarke and McCaig, 1993). While studying the impact of drought on young cotton 

seedlings, Pace et al. (1999) recorded an increase in root length with contraction in root 

diameter. The growth and development of roots of cotton plant was stated to be under 

genetic control, indicating that drought tolerance could be improved by modifying root 

traits through selection and breeding (Basal and Turgut, 2003). A number of environmental 

factors including soil compaction, temperature, salinity and pathogens had been reported to 

alter the phenotypic expression of root system (Loka and Oosterhuis, 2011). 

Among various root traits, root length has a central role in maintaining plant water 

status by retrieving water from deeper zones of soil profile. The length of cotton taproot 

and number of its lateral branches had been considered as indicators of root penetration and 

root density, however, both these characters generally showed a declining trend under 

limited moisture conditions (Klepper et al., 1973). Kramer and Boyer (1995) had reported 

that root and shoot growth were interconnected through exchange of growth regulators and 

carbohydrates between the two organs. In contrast, findings of McMichael and Quisenberry 

(1991) opposed such interdependency between root and shoot growth. They compared 

different exotic and commercial cotton genotypes for biomass partitioning between roots  

and shoots under different moisture regimes. Researchers had reported significant genetic 

variability in cotton germplasm for biomass partitioning with roots being preferential sites 

for photosynthates. Moreover, though root:shoot ratio was genetically controlled but the 
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trait showed differential response to changing environments. Harris (1992) had suggested 

that plants often revealed increased root-shoot ratios when grown under harsh 

environmental conditions. It was proposed that preferential partitioning of photosynthates 

to roots imposed negative influence on both shoot growth and harvest index (Ludlow and 

Muchow, 1990).    

Several modifications in vegetative attributes impart drought tolerance in cotton 

plant. In this regard, Baloch et al. (2011) stated plant height as indirect determinant of seed 

cotton yield because a taller plant develops more fruiting initiation points and fruiting 

branches. However, tallness was not desirable during water deficit conditions because taller 

cultivars had higher water requirement due to rapid growth rate, therefore, Ahmad et al. 

(2009) had suggested medium statured cultivars suitable for water deficit conditions. 

Different plant structures responded to reduced water supply by showing variation in their 

size. Effect of water stress on stem radial contraction of cotton plants was studied by 

Namken et al. (1971), and accounted developmental stage as crucial in determining relation 

between relative water content and stem contraction. During squaring or early bloom stage, 

only acute water shortage could decrease stem diameter, but if the stress occurred during 

late bloom or boll development stage, then even slight deficit could be sufficient to change 

stem girth. Gensler and Diaz-Munoz (1983) monitored changes in cotton stem diameter 

under natural rainfall and irrigation conditions. Plants getting regular irrigat ion produced a 

permanent expansion in stem girth as compared to plants grown under rainfall conditions. 

Similarly another study described stem shrinkage variation as a result of variable plant 

water potential (Zhang et al., 2006). Cotton plants grown in pots were subjected to drought 

stress by with-holding water at flowering stage. Significant association of stem diameter 

with vapour pressure deficit and solar radiation was found, however, stem expansion was 

not related with air temperature and wind velocity. Mahajan and Tuteja (2005) pointed out 

that leaf growth was more sensitive to drought than root growth. The obstruction of 

essential cell growth processes, such as cell division and cell enlargement was mainly due 

to loss of turgor, thus preventing emergence of new leaves and restricting leaf expansion 

(Alves and Setter, 2004)  
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2.2. Physiological responses to water stress 

Plant water relations are operated by soil water continuum, and therefore any 

disturbance in this continuity due to low moisture or elevated temperature could develop 

notable gradient between vapour pressure of leaf and air, which leads to develop incidence 

of drought stress.  Consequently, a series of physiological responses began to express in a 

periodic manner, imposing yield penalty. Among various physiological characters 

conferring drought tolerance, osmotic adjustment, stomatal characters relative water 

content, membrane integrity, wax deposition and leaf rolling etc. (Cattivelli et al., 2008; 

Huner and Hopkins, 2008). Osmotic adjustment was accounted as significant in 

maintaining turgor potential, by synthesizing a variety of compatible solutes 

(osmoprotectants) in different plant organs. Bhatnagar-Mathur et al. (2008) rendered 

osmoregulation as best breeding strategy for improving tolerance against water stress, 

though this response was not exhibited by all crops. Blum (2005) strongly advocated the  

role of osmotic adjustment in sustaining root growth, meiosis and pollen development 

during dry spells.   

Leidi et al. (1993) evaluated cotton germplasm under water deficit conditions and 

found that leaf photosynthesis had been affected by changes in stomatal conductance. 

Drought tolerant genotypes could minimize transpirational losses through stomatal closure, 

but it was also accompanied by a decline in the rate of photosynthesis. According to 

Chaves et al. (2003), alterations in CO2 exchange into mesophyll tissue adversely affected 

the rate of photosynthesis. Fluctuations in stomatal conductance were considered as the 

main cause for decreased photosynthetic rate. In addition, metabolic activities were 

reported to suffer a setback because of tissue dehydration at extreme levels of drought 

(Cornic, 2000). Water shortage could drastically affect the rate of photosynthesis, because 

loss of relative water content was responsible for shrinkage of guard cells, finally 

stimulating stomatal closure and preventing CO2 flux. Alishah and Ahmaikhah (2009) 

described boll shedding as a result of disruption in carbohydrate metabolism due to 

changes in CO2 exchange. 

Membrane integrity has been used in stress breeding studies as an indicator of 

drought and heat stress. Water stress was reported to induce membrane fluidity, causing 

electrolyte leakage from cells (Sullivan, 1972). With a decline in turgor potential, lipid 
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biosynthesis was inhibited thus decreasing lipid content of cellular membranes. It was 

observed that water stressed tolerant genotypes had capability to maintain polyunsaturated 

fatty acids in membranes (Allakhverdiev et al., 2001; Gigon et al., 2004). Membrane 

stability had been used as reliable selection criterion for breeding cotton for drought 

tolerance but Prasad et al. (2008) cautioned that use of membrane thermostability might not 

represent the yield potential of a genotype; because tolerance expressed by a plant at its 

vegetative and reproductive stages could not be correlated. Rahman (2004) studied the 

effect of relative cell injury on seed cotton yield under heat stress, and it was found that 

membrane thermostability had no effect on cotton yield under optimum experimental 

conditions. However, heat stress induced a positive impact of membrane stability on cotton 

yield, thus confirming this trait as important physiological adaptation of cotton plant.   

Wax deposition has been considered as typical feature of drought tolerance. The 

significant role of wax-loaded leaves in hostile environments was reviewed by Shepherd 

and Wynne (2006). They observed decline in leaf reflectance and an increase in 

photosynthesis with minimum transpirational losses. Wax composition was found to be 

under the influence of light and temperature. In another study, which was conducted to 

investigate impact of water stress on field grown cotton plants, Bondada et al. (1996) 

recorded 41% more wax load on different plant structures (leaves, bracts, bolls) of non 

irrigated cotton plants as compared to plants supplied with regular irrigation. Alishah and 

Ahmaikhah (2009) had reported competition for carbohydrate reserves between vegetative 

and reproductive growth of cotton plant soon after induction of flower and bud shedding 

due to drought stress. De Souza and Da Silva (1987) examined annual and perennial cotton 

genotypes to analyze dry matter allocation to various plant tissues. Annual genotypes 

turned out to be efficient in assimilates distribution. In contrast, perennial genotypes were 

inclined to reserve photosynthates in roots which seem logical owing to their capability of 

conferring drought resistance. However, genetic control of carbohydrate allocation 

indicated that it could be modified through selection and breeding.  

In drought tolerance improvement programmes, relative water content has been 

widely used as effective selection criteria in cotton particularly at seedling stage. Basal and 

Unay (2006) had proposed that high leaf water content and minimum water loss from 

excised leaf were identified as salient features of drought tolerant genotypes. A study was 
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conducted on water stressed leaves of two cotton cultivars by Parida et al. (2007). They 

had observed that tolerant variety had accumulated more compatible solutes than 

susceptible variety during water stress. A decrease in relative water content was also noted 

despite that leaf growth was resumed during recovery cycle which might be attributed to 

elevated levels of compatible solutes like proline, sugars, polyphenols and total free amino 

acids. Reduced leaf area was characterized by a decrease in rate of photosynthesis. 

Abscission of older leaves, leaf pubescence and wax deposition on leaf surface were some 

other morphological adaptations, reported to lower transpirational losses thus conserving 

water (Ehleringer, 1980; McCree et al., 1984). In another study, Singh et al. (2006) 

investigated role of phosphorus in maintaining leaf turgor and structure during dry spells. 

They exposed cotton germplasm to varied levels of phosphorus and water simultaneously 

and showed that phosphorus contributed significantly to drought tolerance by improving 

accumulation of free water during water stress.   

 

2.3. Screening of germplasm based on agronomic characters for water stress 

tolerance 

Screening of germplasm had been an integral component of crop improvement 

programmes. The utilization of effective screening protocols had assisted researchers for 

making selection of genotypes with desirable characters. In stress tolerance studies, 

exploration of workable genetic variation for stress adaptive traits could be stated as the 

crux of selection procedures. Different morphological, physiological and biochemical 

responses had been identified as indicators of plant water status, and thus could be 

employed as reliable selection criteria for breeding drought tolerant crops. Athar and 

Ashraf (2009) had proposed integration of various traits conferring drought tolerance into 

one genotype, to counter the effect of water deficit on cotton crop.  

A screening technique was supposed to be useful if it could evaluate a large number 

of plants at growth stages critical to exposure of water stress. In addition, small sample size 

of experimental plant material for assessment had been considered as mandatory (Johnson, 

1980; Kumar and Singh, 1998). Screening of germplasm could be conducted in both field 

and controlled conditions depending upon breeding objective and available resources. 

Singh et al. (2007) had advocated for use of screening in field due to the presence of 
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natural environmental conditions. As environmental conditions could not be controlled, 

therefore this kind of screening might lead to erroneous selection due to involvement of 

many other factors. In contrast, Araus et al. (2008) had favoured for screening in 

glasshouse. Researchers had suggested certain standards for screening plant characters 

which possess heritable genetic variation at species or variety levels. These characters 

could be estimated through simple and economical means and are stable to environmental 

fluctuations, and therefore may be rendered as suitable for screening procedures (Araus et 

al., 2008; Athar and Ashraf, 2009). 

The level of sensitivity to water stress was subjected to the intensity and 

development stage of cotton plant. Dasgan et al. (2002) had accounted seedling stage to be 

ideal for screening because of the involvement of fewer resources in terms of labour, time 

and expenditure, simultaneous evaluation of more cultivars, and data recorded on seedlings 

was quite reliable. In cotton, vigorous seedlings were believed to be reflective of plant 

performance at maturity. This necessitated the need of investigating seedling tra its. Malik 

et al. (2013) analyzed genetic mechanisms controlling root and shoot characters in cotton 

seedlings, and strongly recommended that cotton plants selected on the basis of seedling 

traits could serve as potential parents in drought breeding programmes. Rauf et al. (2008) 

reported the influence of moisture stress on the inheritance of seedling traits in sunflower. 

The analysis of water stressed seedlings showed that recovery percentage and root weight 

are significant contributors of achene yield, and in contrast, no such significant association 

was observed in seedlings grown under normal moisture regime.  

  

The use of root characters, had been extensively used as dependable selection 

criteria, for improving drought tolerance in cotton. Iqbal et al. (2010) had studied the 

impact of drought stress on cotton seedlings to identify the potential parents. Data were 

recorded at third true leaf stage and plants having longer roots and shoots were categorized 

as drought tolerant. The study further showed the existence of workable variation in 

germplasm collection. Longenberger et al. (2006) had devised an instant screening method 

to examine drought tolerance in cotton at seedling stage. Genotypes were grown under 

controlled conditions of temperature and humidity, and were exposed to three water stress 

cycles after two weeks of planting. Plants were rewatered when indicator variety exhibited 
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a specific reading for water content, and it was observed that none of the plants developed 

more than two true leaves and had shed cotyledonary leaves as well in response to water 

stress. This screening technique had been considered as novel due to use of indicator plants 

and their volumetric water content instead of using visual aid to detect wilting symptoms.  

Soomro et al. (2011) had screened 31 cotton cultivars for assessment of drought 

tolerance in field. One set of experimental material was supplied with normal irrigation, i.e. 

seven, whilst the other set was provided with only two irrigations till maturity. The 

variations were compared on the basis of growth, physiological and agronomic parameters 

i.e. bolls per plant, boll weight and seed cotton yield. The analysis of data had revealed 

reduction in leaf water content and other yield determinants in most of the cotton cu ltivars. 

However, some cultivars turned out to be drought tolerant as they had survived water stress 

maintaining leaf water content and photosynthetic activities. These results had clearly 

indicated that drought tolerant cotton cultivars were efficient users of soil moisture due to 

rapid phonological growth. In a similar field experiment, Quisenberry and McMichael 

(1996) screened out cotton germplasm to investigate the effect of spacing and limited 

moisture on root growth potential. The study inferred that with increased row spacing, seed 

cotton yield had also increased, and the gain might be attributed to the ability of root 

system to acquire additional water present in fallow rows. 

 

 

2.4. Screening based on physiological characters  

Maintenance of leaf turgor was considered as salient feature of drought tolerant crop 

plants. It regulated stomatal conductance and thus responsible for photosynthesis. For this 

reason, leaf water content had been stated as important standard to distinguish plants on the 

basis of their water retention capacity particularly during water stress. Wheat plants were 

evaluated for different physiological traits under induced water stress, among which 

relative water content turned out to be simple, rapid and dependable selection criteria 

(Geravandi et al., 2011). Wheat plants which were able to survive damaging effects of 

water shortage had depicted high relative and excised leaf water content. The use of same 

criteria had been recommended in sorghum (Ali et al., 2009b), wheat (Moayedi et al., 

2009), oil palm (Sun et al., 2011) and cotton (Ahmad et al., 2009) for assessment of 



 
 

18 
 

potential genotypes under variable water regimes. Cell membrane thermostability was 

widely employed in screening trials conducted for drought and heat tolerance. While 

working on sorghum, Sullivan (1972) had suggested the use of membrane integrity as 

selection criteria for drought and heat tolerance. According to the reports, drought 

tolerance and heat tolerance were interconnected phenomenon as most of the heat tolerant 

plants had also shown appreciable degree of drought tolerance (Singh et al., 2007).   

Brito et al. (2011) investigated physiological responses of cotton cultivars to drought 

stress. One set of plant material was regularly irrigated, whilst in other set, stress treatment 

was imposed by suspending irrigation at flowering stage. Data were recorded on membrane 

leakage, leaf water content, chlorophyll content and carbon isotope composition, but 

cultivars revealed significant variation in membrane leakage and carbon isotope 

composition, thus stating both of these characters fit for selection. Membrane stability 

based genetic diversity of wheat landraces was explored for drought tolerance (Habibpor et 

al., 2011) by creating water stress by means of polyethelyne glycol (PEG 6000). The 

findings showed strong association between cell membrane thermostability and drought 

resistance, confirming the use of membrane integrity as effective selection tool for 

improving drought tolerance in crops. Wahid et al. (2007) mentioned that interplay of the 

age, type and growth phase of plant tissue, collectively determine membrane conductivity 

of crop plants.  

In a study conducted to compare the effectiveness of three different screening 

methods, membrane leakage was found to be the most practical technique to identify 

potential germplasm showing adaptation to elevated temperatures (Bibi et al., 2008). The 

use of cell membrane stability as a useful screening approach had been reinforced by 

investigations made on sesame plant. The effect of water stress on field grown sesame 

cultivars was studied by monitoring changes in relative cell injury, water content, proline 

content and total soluble sugars. The imposition of water stress resulted in decreased water 

content in all sesame cultivars. However, cultivars which managed to maintain relative 

water content to some extent accumulating more proline turned out to be more drought 

tolerant. A greater proline deposition not only contributed to stable turgor potential but also 

minimized membrane disruption (Molaei et al., 2012). 
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2.5. Use of DNA marker technology for improving water stress tolerance 

Plant breeding has made significant achievements through development of cultivars 

exhibiting high yield potential, better stress tolerance and improved quality traits, but the 

pace of this progress is relatively slow. This issue may be resolved through biotechnology, 

one area of which is molecular markers having huge potential for genetic fortification of 

crop plants depending on breeding objectives. Wendel and Cronn (2003) had reported that 

lack of genetic diversity in modern cotton cultivars made them higly vulnerabe to various 

biotic and abiotic stresses. Extensive cytological, molecular and taxonomic studies have 

revealed that genetic diversity does exist in cotton, whilst a good proportion of this 

diversity is still unexploited (Huang et al. 2002). Preetha and Raveendren (2008) had 

discussed different molecular marker techniques for example, Random Amplified 

Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP), 

Restriction Fragment Length Polymorphism (RFLP), Simple Sequence Repeats (SSR), 

Inter Simple Sequence Repeats (ISSR) and Sequence Related Amplified Polymorphism 

(SRAP) in cotton breeding. They further suggested that DNA fingerprinting, phylogenetic 

analysis, molecular examination of polygenic traits might play significant role in the 

development of cotton cultivars having improved yield and better adaptation to hostile 

environments.  

Among marker techniques used in cotton, simple sequence repeats (SSR) or 

microsatellites are short, tandem motifs (DNA sequences) present repeatedly throughout 

the genome. SSR markers are widely used in assessment of genetic diversity because of 

their co-dominant nature, high allelic diversity and easy interpretation. In addition, SSR 

may assist in cultivar identification as they remain conserved among closely related species 

(Morgante et al., 2002; Zhang et al., 2003). Previously, Ulloa et al. (2013) had examined 

genetic divergence among 111 accessions of Gossypium species using SSR marker system. 

They found distinct clustering of all 111 accessions into phylogenetic groups confirming 

earlier studies regarding genomic origin and evolutionary history of Gossypium species. In 

another study, Alkuddsi et al. (2013) had used SSR markers to determine association 

between parental divergence and performance of their F1 hybrids. Asif et al. (2009) had 

reported SSR markers as useful molecular tools for confirming parentage of cotton hybrids, 

and proposed that this application of SSR markers may contribute in better execution of 
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plant breeder’s rights. Dahab et al. (2013) had examined genetic variation in 50 cotton 

cultivars of Pakistan, and found narrow genetic base in these cultivars of Pakistan. They 

emphasized the need to upgrade indigenous cotton gene pool by exploring new sources of 

genetic variation. High genetic similarity among 53 Brazilian cotton cultivars was reported 

by Bertinini et al. (2006), who also emphasized the introduction of new alleles in cotton 

germplasm. 

SSR markers had been extensively used for studying genetic diversity in other crops 

species, for example, wheat (Abouzied et al., 2013), Sorghum bicolor L. Moench 

(Ganapathy et al., 2012; Kimani et. al., 2014), rice (Bhowmik et al., 2009), Malus (Zhang 

et al., 2012; Muzher et al., 2007), Rosa (Nadeem et al. 2014) and creeping bentgrass 

(Kubik et al., 2009).  

 

2.6. Breeding cultivars for water stress tolerance 

Utilizing limited natural resources, development of drought tolerant cultivars had 

been a durable and economical approach to sustain agricultural growth. Expression of 

drought tolerance is largely determined by interaction of genetically controlled  adaptive 

characters, and therefore exploration and exploitation of genetic variability in these 

characters has become significant to plant breeders. When potential variability is available 

to breeders, the selection of a biometrical technique to evaluate the usefulness of plant 

material becomes important. Some of the biometrical techniques had been helpful in 

identification of potential parents that nicked well to generate plant material for selection. 

Besides, biometry had simplified the interpretation of quantitative traits (Singh and 

Narayanam, 2011). This section would review literature reporting the presence of 

genetically rich plant characters conferring drought tolerance, and feasibility to utilize it.  

In any crop, the efforts to incorporate drought tolerance also essentially address 

yield potential of that crop. A pragmatic approach generally suggested the plant breeders to 

integrate drought tolerance and high yield in one genotype through selection and breeding. 

Another explanation of this strategy was given by Mitra (2001), who recommended that 

agronomic and physiological traits associated with drought resistance must be genetically 

fixed in commercial cultivars in order to improve their potential for survival under drought 

stress. Araus et al. (2002) had suggested hybridization of agronomically fit plants with 
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those performing better in dry environments. Repeated selections and rigorous evaluation 

of progenies had finally resulted in the development of drought tolerant crops. For cotton, 

Soomro et al. (2010) had strongly advocated for those plant characters which may be 

included in drought tolerance improvement programmes. Manifestation of seed cotton yield 

under drought stress was determined by the coordinated operation of genetic effects and 

environment (Baloch et al., 2011; Pettigrew, 2004; Rahman, 2006; Rahman et al., 2008; 

Sarwar et al., 2012; Ullah and Zafar, 2006). Crop yields were negatively affected by 

drought stress, and the extent of damage could be assessed by the time and span of its 

incidence (Basal and Unay, 2006). Among various yield determinants, boll characters were 

considered as major components of seed cotton yield. Alishah and Ahmaikhah (2009) had 

found significant differences in cotton cultivars for yield, number of bolls, boll weight and 

plant height under three different irrigation levels. The plants that received least quantity of 

water had shown decreased yield due to production of lesser number of bolls, as a 

consequence of shorter sympodial and monopodial branches. Two cultivars were turned out 

to be drought tolerant on the basis of estimated values for stress tolerance index. According 

to Pettigrew (2004), decreased boll production during water stress had been primarily the 

reason of declined cotton production. In a separate study, Shakoor et al. (2009) 

investigated drought induced changes in morphological and fibre characters in parental, 

segregating and backcross generations, and the results revealed the presence of significant 

additive genetic effects, showing high estimates of narrow sense heritability for seed cotton 

yield and its determinants, i.e. number of bolls, boll weight, seed weight, and lint yield was 

largely correlated with seed weight.  

Seedling traits were extensively studied due to their contribution towards drought 

tolerance, and using shoot and root lengths. Iqbal et al. (2011) had screened 80 cultivars of 

cotton under water stressed conditions. They selected four drought tolerant and four 

drought susceptible cultivars using drought tolerance indices. Contrasting parents were 

hybridized in all possible combination to retrieve information on genetic components of 

variation in 64 F1 families, tested under two water treatments. The variability appeared to 

be controlled by additive genetic components, and high estimates of narrow sense 

heritability, suggested that single plant selection could be used in segregating populations 

to enhance drought tolerance in Gossypium hirsutum L. In sorghum, Ali et al. (2009a) had 



 
 

22 
 

recommended the use of root and shoot characters, flag leaf area, leaf water content and 

cell membrane thermostability as effective selection criteria for drought tolerance. They 

had investigated all of the mentioned traits at seedling stage and post anthesis stage of 

sorghum and found consistent readings for genetic advance and broad sense heritability. 

Heritability and genetic gain were referred as important parameters in quantitative genetics 

used to determine the stability of physical expression of a particular character. High values 

for these statistics had shown that selection for such traits, even in early generations would 

be rewarding because of having least environmental interaction (Safavi et al., 2011). 

Leaf characters which include number of leaves, leaf area and leaf water content 

could be used as signals for plant water status. Therefore, leaf traits could be used as 

efficient predictors of water economy of plants. Mahmood et al. (2006) had compared the 

response of vegetative and reproductive phases of cotton to drought stress. One set of 

plants was subjected to two cycles of drought stress, whilst the other was treated with four 

cycles of drought stress. The plants receiving two water deficit cycles had shown reduced 

plant height, number of leaves, leaf area, number of bolls and boll diameter. At two cycles 

of drought stress, the production of bolls in NIAB-Karishma and MNH-554 were not 

affected, and further, NIAB-Karishma had produced large sized bolls. In contrast, the 

plants with four drought cycles had survived the detrimental effects of water stress by 

restricting leaf growth. At maximum stress intensity, the highest production of bolls was 

recorded in variety, MNH-552.  

Use of hybrid cotton is gaining popularity for improving genetic architecture of 

cotton plant to make it able to withstand stress environments. While reviewing the 

phenomenon of heterosis, Birchler et al. (2010) had reported that heterotic plants might be 

superior for growth rate, fertility, yield potential, adaptation and resistance to the attack of 

biotic and abiotic stresses than both of the parents.  Since 1960, India and China had been 

leading countries for producing hybrid cotton at commercial level (Soomro et al., 2010). 

Khan et al. (2009) had investigated heterosis and heterobeltiosis for six cotton cultivars 

and their F1 families under different water stress levels. The characters which had exhibited 

significant positive heterosis under both the water regimes were fruiting branches, number 

of bolls per plant, seed cotton yield and gin turn out. However, for boll weight, positive 

heterosis and heterobeltiosis was recorded for some F1 hybrids under normal irrigation 
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levels. The magnitude of heterosis may be exploited for genetic improvement of drought 

resistance of commercial cotton cultivars.  

In any breeding programme, combining ability of competent parents gave useful 

information about hybrid vigour or heterosis which was exploited for hybrid development 

(Panni et al., 2012). They collected information about heterosis and inbreeding depression 

using segregating populations of G. hirsutum L. For seed cotton yield, number of bolls and 

boll weight, segregating generation performed better than high parents and F1 plants. 

Similarly, Meredith (1990) had demonstrated the superiority of F2 generation over parents 

and F1 under stress conditions, and this might be justified on account of greater genetic 

variation in F2 generation. Karademir et al. (2007) had estimated combining ability and 

hybrid vigour in cotton cultivars, and their hybrids were grown using inadequate supply of 

water. The presence of negative heterosis for fibre elongation and fibre fineness was 

reported, whilst additive gene action turned out to be important for seed cotton yield, lint 

percentage, fibre length and strength fineness. 

A study was conducted on basmati rice under water stress conditions to identify best 

general combiners through half diallel technique (Ashfaq et al., 2012), and it was found 

that three parental cultivars out of eight,s had shown the presence of workable genetic 

variation in crosses for productive tillers per plant, 1000-seed weight and grain yield per 

plant. The general combiners also exhibited marked performance for grain yield and 

associated attribtes in specific crosses which could be exploited for heterosis breeding. 

Rauf et al. (2008) had demonstrated strong interdependence between seedling traits and 

achene yield in drought stressed sunflower genotypes. An important finding of this 

experiment was the presence of moisture stress which influenced the relation between 

different phenophases of sunflower. One set of F1 hybrids was grown with sufficient water 

level, and the second set was grown with 50% reduced supply. These results revealed that 

drought conditions had supported expression of additive genetic effects which was 

confirmed by reliable estimates of general combning ability of parental genotypes. In 

contrast, performance of parents in specific crosses was not appreciative. Hybrid corn  was 

evaluated for drought tolerance by Golbashy et al. (2010), and they had preferred the use of 

stress tolerance and geometric mean productivity indices for selecting potential plant 

material having low water requirement and minimum yield losses. Singh et al. (2011) had 
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used drought susceptibility index as dependable criteria for the assessment of genetic 

variation in progenies of Brassica juncea. Liu et al. (2010) had emphasized the need to 

explore genetic diversity to discover desirable traits which could be incorporated in modern 

cultivars to enhance their fitness for harsh environments. They had examined wheat 

landraces and modern cultivars under varied levels of field capacity. Landraces turned out 

to be efficient in capturing soil moisture, in contrast to modern cultivars which were high 

yielders. So far, pyramiding of useful traits conferring drought tolerance alongwith yield 

stability had been recommended widely by the breeders to deal with the issue of water 

shortage for agricultural purposes.     
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CHAPTER 3 

MATERIALS AND METHODS 

The present research work was carried out in Department of Plant Breeding and 

Genetics and Centre of Agricultural Biochemistry and Biotechnology (CABB), University 

of Agriculture, Faisalabad, during 2010-2013. The details of various steps taken for the 

conduct of research work are given below. 

3.1 Collection of cotton germplasm 

 Seeds of 50 cotton cultivars used in the present investigations were collected from 

the germplasm stocks maintained at Central Cotton Research Institute (CCRI), Multan, and 

Department of Plant Breeding and Genetics, University of Agriculture, Faisalabad. Names 

of all 50 accessions/cultivars are given in Table 3.1. 

 

3.2 Optimization of water level to induce stress in cotton seedlings 

Optimum level of water at which cotton plants showed symptoms of stress was 

determined by using a single variety, FH-87, which had been reported as drought sensitive 

(Shakoor et al., 2009). Seeds of FH-87 were sown in three replications in polythene bags 

(25 × 15 cm) filled with 1.15 kg soil. Field capacity of soil was determined following the 

protocol developed by Dane et al. (2002). At the appearance of first true leaf, three 

different water levels were applied according to the calculated field capacity. In the first set 

100% field capacity (Tₒ) was developed; in the second set 40% of field capacity (T 1), and 

in the third set, 20% of field capacity (T2). The optimum level of stress which affected 

plants was evaluated on the basis of visual observation of leaf characteristics i.e. reduction 

in leaf area and number of leaves per plant. The optimum level of stress was found to be 

80% (i.e. T2) at which plants suffered severely but did not show permanent wilting, 

therefore this level was used for screening of germplasm. 
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Table 3.1 Names of 50 cotton cultivars of G. hirsutum L. used for water stress tolerance  

Sr. 

No. 
Cultivars Origin 

Sr. 

No. 
Cultivars Origin 

1 NIAB-78 NIAB, Faisalabad 26 Paymaster-54 Exotic 

2 NIAB-111 NIAB, Faisalabad 27 NF-801-2-37 Exotic 

3 CIM-70 CCRI, Multan 28 NIAB-313/86 NIAB, Faisalabad 

4 CIM-109 CCRI, Multan 29 NIAB-313/36 NIAB, Faisalabad 

5 CIM-240 CCRI, Multan 30 NIAB-766 NIAB, Faisalabad 

6 CIM-496 CCRI, Multan 31 CM-443 CCRI, Multan 

7 CIM-446 CCRI, Multan 32 CIM-435 CCRI, Multan 

8 CIM-448 CCRI, Multan 33 CIM-90 CCRI, Multan 

9 CIM-473 CCRI, Multan 34 MNH-552 CRS, Bahawalpur 

10 CIM-707 CCRI, Multan 35 MNH-129 CRS, Multan 

11 BH-36 CRS, Bahawalpur 36 CRIS-164 CRIS, Sakrand 

12 BH-118 CRS, Bahawalpur 37 CRIS-209 CRIS, Sakrand 

13 
FH-900 CRI, Faisalabad 38 CRIS-403 CRIS, Sakrand 

14 
FH-901 CRI, Faisalabad 39 CRIS-90 CRIS, Sakrand 

15 MNH-93 CRS, Multan 40 Babdale Exotic 

16 MNH-554 CRS, Multan 41 FH-925 CRI, Faisalabad 

17 DPL-26 Exotic 42 FH-87 CRI, Faisalabad 

18 149F CRS, Multan 43 124F CRI, Faisalabad 

19 B557 CRI, Faisalabad 44 4F CRI, Faisalabad 

20 BOU-1724 Exotic 45 FH-1000 CRI, Faisalabad 

21 S-12 CRS, Multan 46 AcalaSJ.4 Exotic 

22 HR-1 Exotic 47 PB-899 PBG, UAF, Faisalabad 

23 H-499 Exotic 48 PB-900 PBG, UAF, Faisalabad 

24 Acala 1517C Exotic 49 PB-38 PBG, UAF, Faisalabad 

25 NIAB Karishma NIAB, Faisalabad 50 PB-39 PBG, UAF, Faisalabad 
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3.3 Screening of cotton germplasm under water stress 

During November 2010, response of 50 cotton cultivars to water stress was 

examined at seedling stage using polythene bags (25 × 15 cm) filled with 1.15 kg soil. The 

experiment was conducted in two different sets. Each accession had three plants in three 

bags which were arranged in three replications following completely randomized design. 

These 900 bags were placed in glasshouse, and watered to field capacity before planting 

seed. Seeds of each accession were soaked overnight, and the following morning holes in 

polythene bags were made at 2.5 cm depth. Two seeds in each hole were planted. During 

germination and growth, temperature and humidity in the glasshouse was maintained at 

35°C during the day and night using hot water circulating in pipes and electric heaters. The  

plants were exposed to natural sunlight and supplemented with artificial lighting to attain a 

photoperiod of 16 hours. Seedlings were thinned to one plant per bag after two weeks of 

planting, and after every 14 days 0.25 g Urea (46% Nitrogen) was added to  each bag 

(Murtaza, 2006). Plants were watered daily and sprayed (when required) to avoid the attack 

of sucking and chewing pests. At the appearance of first true leaf, two different water 

levels were used according to the calculated field capacity of soil in bags, first set was 

watered daily up to 100% field capacity (Tₒ); and in the second set stress was developed by 

maintaining moisture at 20% of field capacity (T1). Response of 50 genotypes to water 

stress conditions was observed, and stress treatment was continued for four weeks. 

Seedlings were measured for the following morphological and physiological traits: 

 

3.3.1 Root length (cm) 

3.3.2 Shoot length (cm) 

3.3.3 Relative leaf water content 

3.3.4 Excised leaf water content 

3.3.5 Relative cell injury percentage (%) 
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3.3.1. Root length 

Three plants of each variety grown under stressed and non-stressed conditions were 

uprooted gently, and roots were measured with a measuring tape. Mean root length of each 

variety in each water-treatment was worked out for comparison. 

 

3.3.2. Shoot length  

Similar to root length, shoot length of each plant under two water regimes was also 

measured. Means of shoot length were computed in normal and water stressed conditions.  

 

3.3.3 Relative water content (RWC) 

For the estimation of relative water content of 50 cultivars grown in two moisture 

stress levels, fully developed leaf on second node was taken in each replication. The leaf 

samples were covered with polythene bags immediately after excision, and fresh weight 

was recorded using an electronic balance. The samples were then dipped in distilled water 

overnight for recording turgid weight. Leaves were collected in kraft paper bag, and oven-

dried at 70°C for measuring dry weight. RWC of each variety was calculated using the 

following formula (Clarke and Townley-Smith, 1986). 

RWC = [(Fresh weight–dry weight) / (Turgid weight–dry weight)] x 100 

 

3.3.4. Excised leaf water loss (ELWL) 

In order to measure ELWL, fully expanded leaf present on third node of each 

variety grown under two different moisture levels was taken. The samples were wrapped 

with polythene bags soon after excision, and fresh weight was recorded with electronic 

balance. After six hours, weights of wilted leaf samples were taken. The samples were 

oven-dried at 70°C for recording dry weight. Excised leaf water loss was computed by the 

formula used by Matin et al. (1989). 

ELWL = (Fresh weight – wilted weight) / dry weight 

3.3.5. Relative cell injury percentage (RCI%) 
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Relative cell injury percentage was determined by adopting the protocol developed 

by (Sullivan, 1972). This character was measured on young expanded leaf. A steel punch 

(10 mm diameter) was used to punch leaf discs. Samples were collected in paired sets from 

both sides of the leaf midrib. One sample set was subjected to heat treatment and the 

second was treated as control. Leaf discs of each genotype were collected at noon, and 

were immersed in vials having 2 ml de-ionized water. Leaf discs were repeatedly washed 

with de-ionized water to remove any dust or pesticide residues adhered with leaf surface. 

After final washing, 2 ml de-ionized water was added to each vial and capped to avoid 

desiccation and evaporation during heat treatment. One set of vials was maintained in water 

bath at 50° C for one hour. The control set of vials was placed at 25°C for one hour. After 

heat treatment, 10 ml de-ionized water was added to each vial and maintained at 10°C for 

24 hours to allow diffusion of electrolytes. Vials were brought to 25°C and shaken to mix 

the contents. Initial electric conductivity (EC) readings were taken using an EC meter (CM -

14P: TOA Electronics Limited). Vials were autoclaved for 10 minutes at 0.10 MPa pressure 

to completely kill the tissue and release all the electrolytes. Vials were again brought to 

25°C and a final EC reading was taken. RCI% was calculated by formula devised by 

Sullivan (1972). 

RCI% = [1- [{1- (T1/T2)} / {1- (C1/C2)}] × 100 

Where, T and C are the respective EC values of heat treated and controlled vials 

respectively, and subscripts 1 and 2 denote initial and final EC readings.  

 

3.3.6. Drought susceptibility index (DSI) 

Drought susceptibility index (DSI) is a measure of stress resistance based on 

minimization of yield loss under stress as compared to optimum conditions. It was used to 

characterize relative stress tolerance of all the cultivars according to the following formula 

(Fischer and Maurer, 1978) 

DSI = [1-(Ys/Yp)]/S 
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Where, Ys = Seed cotton yield or any character in water stress, Yp = Seed cotton yield 

(potential yield) or any character in optimum irrigation, S = Stress intensity = 1 – (mean Ys 

of all genotypes/mean Yp of all genotypes) 

The DSI indicates the reduction in yield of a cultivar under water stress conditions 

with respect to mean reduction of all the cultivars under test. The larger values of DSI 

indicate greater drought susceptibility (Baloch et al., 2011; Bayoumi et al., 2008; Fisher 

and Maurer, 1978).   

 

3.3.7. Biplot analysis 

 Biplot analysis (Gabriel, 1971) is a graphical approach used to evaluate performance 

of different cultivars under target environments. It also assists in identifying the elite and 

poor cultivars with respect to certain traits under particular environments. These selected 

parents could be exploited in commercial breeding programmes (Malik et al., 2013; Yan 

and Rajcan, 2002). The innovations introduced in biplot graphical analysis of Yan (2001) 

have largely enhanced its utility in plant breeding trials. Keeping in view the efficacy of 

this graphical approach, it was found worthwhile to analyze the data under normal and 

water stressed conditions to identify tolerant and susceptible cultivars.  

 

3.4. Characterization of cotton germplasm using SSR markers 

Drought susceptibility index and biplot analysis helped select a sample of 22 

cultivars for molecular characterization. Pairs of 30 forward and reverse SSR primers of 

JESPR series were used to find polymorphism in selected germplasm.  

 

3.4.1 Genomic DNA isolation and quantification 

A few young leaves of each genotype were collected at seedling stage. Genomic 

DNA extraction was performed by CTAB method (Murray and Thompson, 1980). The 

concentration of extracted DNA was determined spectrophotometerically at 260 and 280 

nm using the Nano Drop (ND 1000 Spectrophotometer). Quality of DNA was checked by 

running 50 ng DNA on 0.8% agarose gel. The DNA samples giving smear in the gel were 

rejected. DNA dilutions were prepared from stock samples in a concentration of 30 ng/µl 

with ddH2O for SSR analysis. 
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3.4.2. Microsatellite/ Simple Sequence Repeat (SSR) analysis 

3.4.2.1 PCR amplification  

 For microsatellite analysis 30 SSR primers of JESPR series were used to select five 

tolerant and five susceptible cotton parents. Following concentrations of PCR reagents 

were used for 20 μl volume.  

Reagents   Concentrations  Volume (μl) 

Template DNA  30 ng    2.0  

dNTPs   2.5 mM   6.4  

Buffer    10 x    2.0  

MgCl
2    

25 mM  2.0  

SSR Primer (F+R) 30 ng/μl   2.0  

Taq DNA polymerase  5 U/μl    0.2  

Double distilled H
2
O     5.8 

SSR PCR amplification was performed in eppendorf mastercycler gradient using the 

following recation conditions:  

Initial DNA denaturation at 94
o

C for 5 minutes  (1 cycle)  

Denaturation at 94
o

C for 30 seconds      (35 cycles) 

Annealing at 55 for 30 seconds   (35 cycles)  

Extension at 72
o

C for 1 minute   (35 cycles) 

Final extension step at 72
o

C for 4 minutes   (1 cycle)  

Storage at 20
o

C 
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3.4.2.2  Polyacrylamide gel electrophoresis (PAGE) 

a)  Glass plates preparation:  

Long and short glass plates were carefully washed with detergent thoroughly, and 

then with tap water to remove detergent residues. Cleaned plates were treated with 95% 

ethanol and gently wiped out with a tissue paper. Short glass plate was treated with a fresh 

binding solution (3 μl of Bind Silane, 1 ml of 95% ethanol, 0.5% glacial acetic acid) to 

chemically crosslink gel to plate. It prevents gel tearing during staining. Plate  was 

completely covered with binding solution using a fine tissue paper. After 5 minutes, plate 

was gently wiped thrice using fine tissue paper saturated with 95% ethanol in one direction 

and then perpendicular to the first direction. It was done to remove excess of binding 

solution to avoid from contaminating long glass plate. Long glass plate was treated with 

SigmaCote® using a tissue saturated with it and after 10 minutes, excess SigmaCote® was 

removed by wiping plate with a fine tissue. Excess SigmaCote® may cause inhibition of 

staining. The treated surfaces were not allowed to come into contact with one another. Both 

the plates were clumped after placing spacers inside (0.4 mm thick spacer).  

 

b)  Polyacrylamide gel preparation 

Freshly prepared 6% polyacrylamide gel (20:1, acrylamide:bisacrylamide) was used 

to resolve amplicons of SSR primers. The gels were cast at least 90 minutes before use. 

Following ingredients were used to prepare 1 liter solution of gel:  

Reagents       Quantity  

Acrylamide:Bisacrylamide     4.5 ml 

Buffer (10x TBE)      3 ml  

Tetra Methylethylenediamine (TEMED) and Ammonium persulfate (APS) were 

added just before pouring the gel (30 ml).  

10% APS       353 μl  

TEMED       34 μl  

The gel was immediately poured after addition of APS and TEMED. It was poured 

from one side with a constant flow to avoid formation of bubbles. Squaretooth comb was 

inserted into the gel to polymerize between the plates. Leftover gel solution in a beaker was 

used as a polymerization control. 
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c) Vertical gel electrophoresis 

 After polymerization, plates along with gel were placed in a vertical 

electrophoreses apparatus. The wells of gel were thoroughly flushed with a syringe filled 

with 1x TBE buffer. Electrophoresis was performed with the vertical gel electrophoresi s 

system (Protean II Xi Cell, BIO-RAD), using TBE as running buffer at 200 V. Loading dye 

(1 μl) was loaded into the wells and gel was pre-run for 30 minutes or until 50°C 

temperature achieved before loading the SSR products. Loading dye (2 μl) was added to 3 

μl of each PCR product and was loaded along with DNA size standards (50 bp) in 

designated lanes. The gel was run at 200 V until bromophenol blue was two-thirds down 

the length of gel. In a 6% PAGE, bromophenol blue migrates at about 25 bp. Then the 

apparatus was disassembled, by unclamping glass plates and removing the spacers gently 

with the help of a plastic wedge and proceeded for ethidium bromide staining.  

 

d) Ethidium bromide staining 

Gel was placed in a shallow plastic tray and was immersed in staining solution (8 µl 

ethidium bromide (5 µg/ml) dissolved in 100 ml of deionized water) for 20 minutes. The 

gel was washed with deionized water for 5-10 seconds (longer rinses result in weak or no 

signal).  

 

3.4.3 SSR data analysis 

After gel electrophoresis good quality gel photographs were used to score all visible 

and unambiguously scorable fragments amplified by SSR primers. The primers that 

produced polymorphic fragments were used to survey the polymorphic fragments/band. 

Polymorphic Information Content (PIC) value of each SSR locus was also calculated using 

the equation developed by Anderson et al. (1993). 

 

                            

                            n 
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PICi = 1 - ∑P
2
ij (pij is the frequency of the jth allele for locus i) 

     j=1 

 

Mean band frequency was computed by the following equation 

 MBF = n/N 

Where n = number of plants carrying particular band 

            N = total number of cultivars 

Proportion of polymorphic bands was calculated as below 

 PPB = Number of common bands/Total number of bands 

 

The genetic similarity between 20 genotypes of cotton was estimated according to the 

method developed by Nei (1972). Based on similarity data, an un-weighted pair group 

method of arithmetic averages (UPGMA) cluster analysis was used to assess genetic 

relationship among the cotton germplasm under observation.   

 

3.5 Development of plant material for genetic studies 

Based upon differences and similarities of shoot and root length, and three 

physiological parameters, five cultivars namely B-557, BOU-1724, DPL-26, CIM-496 and 

149F were found to be water stress tolerant, whilst FH-1000, NF-801-2-37, MNH-129 and 

H-499 turned out to be susceptible cultivars. 

For the development of genetic material for investigations, ten cultivars were field 

planted during May, 2011. Plants were spaced at a distance of 75 cm between the rows and 

30 cm within the plants. All the agronomic practices and plant protection measures were 

adopted from sowing to plant maturity. The plant material was developed following line × 

tester mating design (Kempthorne, 1957).  

When the parents started to flower, these were hybridized keeping tolerant cultivars as 

females (lines) and susceptible as males (testers). Suitable buds of the  lines were 

emasculated in the evening, and covered with glyssine bags to prevent foreign pollen 

contamination. In the following morning, pollens were collected from the testers in petri 

dish, and dusted on the stigma of emasculated buds. Numerous pollinat ions were attempted 

to obtain sufficient quantity of F1 seeds. Some of the buds of both male and female parents 

were also bagged to develop selfed seed. At maturity, seed cotton from crossed bolls were 
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handpicked, and ginned with single roller electric gin. The graph (Fig. 3.1) showed climatic 

conditions prevailing during present experimentation (May-November) in the year 2011 

(Source: Agromet Bulletin, Agriculture Meteorology Cell, Department of Crop Physiology, 

UAF, Pakistan). 

 

3.5.1 Assessment of genetic material for water stress tolerance at maturity 

Whole-plant-response of the genetic material to water stress was studied in field. 

Seeds of 20 F1 hybrids and their nine parents (five lines and four testers) were field-planted 

during May 2012 in three replications following randomized complete block design. Seeds 

of each of the 29 entries in each replication were planted in single row plot having four 

plants, spaced at the distance of 75 cm between the rows and 30 cm within the plants. All 

agronomic practices i.e. hoeing, irrigation and fertilization from sowing to maturity were 

followed. 

The seeds of 29 entries were soaked in tap water for 8 hours before sowing, and four 

seeds of each entry were sown at 2cm depth. This experiment was conducted using normal 

water supply, 100% field capacity (Tₒ), and giving stress, 50% field capacity (T 1). On the 

emergence of first square, water stress was imposed. Climatic conditions prevailing during 

present experimentation (May-November) in the year 2012 were shown in graph (Fig. 3.2) 

(Source: Agromet Bulletin, Agriculture Meteorology Cell, Department of Crop Physiology, 

UAF, Pakistan). At maturity, data on six guarded plants per entry, in each replicate were 

recorded for the following plant traits to evaluate the genotypic responses to water stress. 

Methodology of recording the data is given below: 

 

3.5.1.1 Plant height 

 When apical growth of the main stem had ceased, final height of the plants were 

measured from first cotyledonary node to the apical bud in cm using measuring rod. 

Average plant height of each family in both the treatments was computed for statistical 

analysis. 
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Fig. 3.1. Climatic conditions from May to November 2011 

 

Fig. 3.2. Climatic conditions from May to November 2012 
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3.5.1.2. Seed cotton yield 

Seed cotton in bolls showing maximum opening was handpicked and collected in 

kraft paper bags. Two pickings of the genetic material were done. The harvest of a plant 

was weighed (g) on electronic balance, and average yield of seed cotton of each family in 

each replication was computed for statistical analysis. 

 

3.5.1.3. Number of bolls per plant 

Actual count of number of bolls developed on each plant in each family in both the 

water treatments was made during the two pickings of seed cotton, and summed up to have 

data on total number of bolls. Mean number of bolls of a family was calculated for 

statistical analysis. 

 

3.5.1.4. Average boll weight  

Data regarding weight per boll were obtained by dividing total seed cotton yield of a 

plant by the respective number of bolls counted on that plant. The average boll weight for 

each variety was estimated for statistical analysis. 

 

3.5.1.5. Lint percentage  

Clean and dry samples of seed cotton of each family were weighed, and ginned 

separately on a single roller electric gin in the laboratory. The lint obtained from each 

sample was weighed, and lint percentage was calculated by the following formula 

Lint% = [Weight of lint in a sample / weight of seed cotton in a sample] × 100 

3.5.1.6. Fibre characteristics 

Fibre length and fineness of each plant were measured on Spin Lab HVI-900, a 

computerized high volume instrument. This instrument provides a comprehensive profile of 

raw fibre. It measures the most important fibre characteristics within a quick period of time 

according to the international trading standards. Means of each character in a family were 

worked out. 
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3.6. Statistical analysis 

Mean data collected on all the characters in each replication under two water 

regimes were subjected to analysis of variance technique (Steel et al., 1996) in order to see 

whether the genotypic differences and two treatments differ significantly. Genetic analysis 

of data was done according to Line × Tester technique (Kempthorne, 1957). General 

combining ability (gca) and specific combining ability (sca) effects were calculated by the 

formulae given below:  

3.6.1. Estimation of gca effects 

Lines:  gi  = {(xi../tr) – (x.../ltr)} 

Tetsers:  gt  = {(x.j./lr) – (x../ltr)} 

where, 

l = number of lines 

t = number of testers 

r = number of replications 

xi.. = Total of F1 resulting from crossing ith lines with all the testers 

x.j. = Total of testers  

x.. = Total of all the crosses 

3.6.2. Estimation of sca effects 

sij = {(xij.)/r) – (xi../tr) – (x.j./lr) + x../ltr 

where, 

xij.= Total of F1 resulting from crossing ith lines with jth tester 

xi   = Total of all the crosses of ith line with all the testers 
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x.j.  = Total of all the crosses of jth tester with all the lines 

3.6.3. Standard error for combining ability effects 

S.E. (gca for lines) = (Me/r×t)
 0.5

 

S.E. (gca for testers) = (Me/r×l)
 0.5

  

S.E. (sca for effects) = (Me/r)
 0.5

 

3.6.4. Genetic components of variation 

Cov H.S. (line) = Ml – M l×t /rt 

Cov H.S. (tester) = Mt – M l×t /rl 

Cov H.S. (average) = [1/r (2lt-l-t)] [({(l-1)(Ml) + (t-1)(Mt)}/(l+t-2)) - M l×t 

Additive and dominance genetic variances ( 2  and  2  respectively) were 

calculated by taking inbreeding coefficient ( ) equal to one; i.e.    = 1 because both lines 

and testers were inbred. 

3.6.5. Proportional contribution of lines, testers and their interaction to total 

variance 

Contribution of Lines = {SS (l)/SS (crosses)} × 100 

Contribution of Testers = {SS (t)/SS (crosses)} × 100 

Contribution of l×t = SS (l×t)/SS (crosses)} × 100 
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CHAPTER 4 

RESULTS 

4.1 Screening of germplasm at seedling stage 

Mean values for shoot length (cm), root length (cm), relative water content (%), 

excised leaf water loss (%) and relative cell injury (%) of 50 cotton cultivars grown under 

100% field capacity (Tₒ) and 20% field capacity (T1) are presented in appendices ІI and IІІ. 

Results of analysis of variance of these five seedling traits are given in Table 4.1, and the 

mean squares revealed significant differences (P ≤ 0.01)  among cultivars for all the traits 

measured in normal and water stressed conditions. Difference between the two water levels 

(S) was also revealed to be significant (P ≤ 0.01), and the significant interaction (P ≤ 0.01) 

between lines (L) × water stress levels (S) showed that all the lines responded differently to 

two water regimes.  

On the basis of differences and similarities for the five traits, a sample of 20 

cultivars (Table 4.2a, b) has been derived for detailed description, from the 50 lines listed 

in table 3.1. Based upon absolute performance and drought susceptibility indices, 20 

cultivars have been compared in sections 4.1.1 and 4.1.2 respectively.  

 

4.1.1. Assessment on the basis of absolute performance 

 Although shoot lengths (Table 4.2a) of 20 cultivars are almost similar in normal 

water supply, some of the lines appeared to differ, for example, BH-36 (No. 11) and DPL-

26 (No. 17) measured the longest shoot lengths (24.01 cm and 23.62 cm respectively), and 

in contrast, 4F (No. 44) and S-12 (No. 21) had the shortest shoot lengths i.e. 14.6 cm and 

16.4 cm respectively. The differences in other cultivars were also measureable. At 20% 

field capacity growth of 20 cultivars was markedly reduced, and shoot length of BH-36 

(No. 11), DPL-26 (No. 17) were 19.32 and 19.41 cm respectively, and S-12 (No. 21) and 

4F (No. 44) measured 10.0 and 9.0 cm respectively. In CIM-109 (No. 4), CIM-240 (No. 5), 

H-499 (No. 23), MNH-129 (No. 35), FH-87 (No.  
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Table 4.1. Mean squares of five seedling traits of 50 Gossypium hirsutum L. cultivars 

under normal and water stress conditions 
 

Source of 

variation 
df 

Shoot 

length 

(cm) 

Root 

length 

(cm) 

RWC  ELWL  RCI  

Lines (L) 49 25.74** 22.67** 992.08** 220.41** 200.43** 

Stress 

levels (S) 
1 2903.91** 2016.33** 

70785.13*

* 

50310.75*

* 

99335.60*

* 

L vs S 49 2.99** 1.48* 46.67** 67.51** 120.93** 

Error 200 5.07 5.40 60.88 91.57 13.05 

 

**, denotes differences significant at 1% probability level 
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Table 4.2a Absolute performance of 20 Gossypium hirsutum L. cultivars under 

normal and water stress conditions 

 

ID 

No 
Cultivars 

Shoot Length (cm) Root length (cm) 

Normal Stress Normal Stress 

2 NIAB-111 20.35 16.49 14.70 12.22 

4 CIM-109 19.12 11.57 17.66 11.72 

5 CIM-240 20.62 12.63 20.53 13.53 

6 CIM-448  20.12 16.14 19.37 16.21 

8 CIM-496 21.07 16.92 20.26 17.01 

11 BH-36 24.01 19.32 18.31 15.24 

12 BH-118 22.51 17.96 21.29 17.82 

17 DPL-26 23.62 19.41 23.22 19.66 

18 149F 22.81 19.78 22.17 18.94 

19 B-557 21.62 18.17 23.05 19.54 

20 BOU-1724 22.48 18.79 21.82 18.87 

21 S-12 16.40 10.17 19.60 12.74 

23 H-499 20.44 11.33 22.63 13.74 

27 NF-801-2-37 19.41 11.44 19.83 12.14 

34 MNH-552 20.03 15.92 21.44 17.84 

35 MNH-129 20.40 10.89 20.60 12.06 

42 FH-87 20.77 12.40 17.82 11.46 

44 4F 14.62 9.04 18.55 12.49 

45 FH-1000 20.40 11.70 17.82 11.21 

49 PB-38 20.36 16.33 19.720 16.38 

 

 



 
 

43 
 

42), FH-1000 (No. 45) reduction in shoot length was greater as compared with NIAB-111 

(No. 2), CIM-448 (No. 6), CIM-496 (No. 8), MNH-552 (No. 34) and PB-38 (No. 49) which 

responded almost similarly to water stress. The responses in other cultivars based upon 

shoot length are also discernible. All these data are shown in Fig. 4.1.  

Data on root length (Table 4.2a) clearly indicate that 20 cultivars performed 

differently under two water regimes.  The root lengths under normal condition showed 

smaller variation. Maximum root lengths were measured in CRIS-209 (No. 37) and CIM-

443 (No. 31) i.e. 24.7 cm and 24.2 cm, as compared with NIAB-111 (No. 2) and CIM-109 

(No. 4) which measured 14.70 cm and 17.66 cm respectively. Root length in other cultivars 

ranged from 22.17 cm in 149F (No. 18) to 17.82 cm in both FH-87 (No. 42) and FH-1000 

(No. 45). Under water stress, root growth of 20 lines/cultivars was drastically reduced, and 

variety FH-1000 (No. 45) and FH-87 (No. 42) was 11.21 cm and 11.46 cm respectively. 

However, DPL-26 (No. 17), 149F (No. 18), B-557 (No. 19) and BOU-1724 (No. 20) which 

were affected less under s of field capacity stress, appeared to be superior than cultivars S -

12 (No. 21), CIM-109 (No. 4), MNH-129 (No. 35), FH-87 (No. 42) and FH-1000 (No. 45) 

which showed greater reductions and were measured as 12.74  cm, 11.72  cm, 11.46  cm 

and 11.21 cm respectively. These differences in root length of 20 cultivars have been 

shown in Fig. 4.2.  

Data of 20 lines/cultivars regarding relative water content (RWC) in leaves showed 

variable responses to normal and water stressed conditions (Table 4.2b). Under normal 

water supply, the highest estimates of RWC (70% and above) were found in NIAB-111 

(No. 2), CIM-240 (No. 5), CIM-496 (No. 8), BH-36 (No. 11), BH-118 (No. 12), DPL-26 

(No. 17), 149F (No. 18), B-557 (No. 19), BOU-1724 (No. 20), S-12 (No. 21), H-499 (No. 

23), NF-801-2-37 (No. 27), MNH-129 (No. 35) and PB-38 (No. 49). In contrast, CIM-109 

(No. 4) and 4F (No. 44) showed low estimates i.e. 55% and 53% respectively for leaf water 

content, indicating high water loss from leaves. The remaining cultivars displayed 

moderate values for relative water content. Although stress conditions had markedly 

reduced water retention capacity of 20 genotypes, yet some cultivars effectively counter the 

effect of reduced water supply, for example, BOU-1724 (No. 20) and 149F (No. 18) 

maintained leaf water content up to 55% and 54%.  In contrast, minimum estimate of RWC 

was found in MNH-129 (No. 35) and CIM-109 (No. 4) exhibiting low measurement of 



 
 

44 
 

relative water content i.e. 24% and 25% respectively, had revealed susceptibility to water 

stress. The RWC of 20 cultivars is given in Fig. 4.3.  

Losses of water in excised leaves of 20 cultivars grown in normal water conditions 

were lesser than cultivars under water stress (Table 4.2b). In 100% field capacity, cultivars, 

NIAB-111 (No. 2), CIM-448 (No. 6), CIM-496 (No. 8), BH-36 (No. 11), BH-118 (No. 12), 

DPL-26 (No. 17), 149F (No. 18), B-557 (No. 19), BOU-1724 (No. 20), MNH-552 (No. 34), 

and PB-38 (No. 49) revealed 27-29% loss were better than CIM-109 (No. 4), CIM-240 (No. 

5), S-12 (No. 21), H-499 (No. 23), NF-801-2-37 (No. 27), MNH-129 (No. 35), FH-87 (No. 

42), 4F (No. 44) and FH-1000 (No. 45) which showed 34-38% estimates of ELWL. When 

80% of field capacity stress was applied, the same responses in these cultivars were noted 

and differences can clearly be made. The responses of 20 cultivars in ELWL may clearly be 

examined from Fig. 4.4.  

Although RCI% in normal water supply did not vary in 20 cultivars (Table 4.2b), 

values of some cultivars were considerably lower than in others e.g. CIM-496 (No. 8), 

DPL-26 (No. 17), 149F (No. 18), B-557 (No. 19), BOU-1724 (No. 20), H-499 (No. 23) and 

MNH-129 (No. 35), means ranged between 18-20%. In 20% field capacity, some of these 

cultivars appeared to be little affected e.g. 43% in CIM-496 (No.8) and DPL-26 (No. 17), 

42% in 149F (No. 18), 40% in B-557 (No. 19) and 39% in BOU-1724 (No. 20) seemed to 

be comparatively tolerant than other cultivars. Cultivars S-12 (No. 21), H-499 (No. 23), 

NF-801-2-37 (No. 27), MNH-129 (No. 35) and FH-1000 (No. 45) exhibited severe 

membrane damage due to water stress. The performance of 20 cultivars pertaining to RCI 

was depicted in Fig. 4.5.  
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Table 4.2b Absolute performance of 20 Gossypium hirsutum L. cultivars under 

normal and water stress conditions 

 

ID 

No 
Cultivars 

RWC% ELWL% RCI% 

Normal Stress Normal Stress Normal Stress 

2 NIAB-111 90 63 28 45 24 53 

4 CIM-109 73 39 34 65 26 79 

5 CIM-240 88 48 35 68 23 69 

6 CIM-448 86 54 28 44 22 52 

8 CIM-496 92 66 27 41 20 43 

11 BH-36 89 62 28 44 23 53 

12 BH-118 94 67 29 47 21 50 

17 DPL-26 92 70 26 38 19 43 

18 149F 93 68 29 41 19 42 

19 B-557 91 67 27 40 20 40 

20 BOU-1724 95 69 28 42 18 39 

21 S-12 92 56 34 66 23 70 

23 H-499 94 46 35 71 20 78 

27 NF-801-2-37 91 48 36 71 22 76 

34 MNH-552 87 60 28 45 22 49 

35 MNH-129 89 38 38 76 20 77 

42 FH-87 84 45 37 74 22 73 

44 4F 71 40 36 68 22 67 

45 FH-1000 81 43 38 77 23 77 

49 PB-38 93 64 29 45 24 53 

RWC = Relative water content, ELWL = Excised leaf water loss, RCI% =Relative injury level percentage  
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 Fig. 4.1. Absolute shoot lengths and LSD value of 20 Gossypium hirsutum L. 

cultivars under normal and water stress conditions 

 

 

 

        

 Fig. 4.2. Absolute root lengths and LSD value of 20 Gossypium hirsutum L. 

cultivars under normal and water stress conditions 
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Fig. 4.3. Absolute relative water content and LSD value of 20 Gossypium hirsutum L. 

cultivars under normal and water stress conditions 

 

 

 

 

         

Fig. 4.4. Absolute excised leaf water loss and LSD value of 20 Gossypium hirsutum L. 

cultivars under normal and water stress conditions 
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Fig. 4.5. Absolute relative cell injury and LSD value of 20 Gossypium hirsutum L. 

cultivars under control and water stress conditions 

 

 

4.1.2. Assessment of germplasm on basis of drought susceptibility index  (DSI) 

Water stress tolerance of 50 cultivars was assessed comparing DSI for the five 

parameters measured (appendix IV). For ease of interpretation of results, a sample of 20 

cultivars has been taken from the 50 cultivars assessed. It has been suggested that cultivars 

with smaller values have better tolerance to water stress than those having larger values 

(Fisher and Maurer, 1978). The DSI of 20 cultivars based upon five parameters is given in 

table 4.3. 

The estimates based upon shoot length ranged from 0.48 to 1.4. The lowest DSI 

(0.48) was measured in cultivar B-557 (No. 19), thus indicating greater tolerance against 

water stress, whilst BOU-1724 (No. 20), 149F (No. 18) and DPL-26 (No. 17) with values 

0.50, 0.51 and 0.54 respectively appeared to be moderately tolerant to drought stress. In 

contrast, the remaining cultivars MNH-129 (No. 35) and H-499 (No. 23) with highest 

values i.e. 1.41 and 1.35 respectively were found susceptible to drought stress.  
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Table 4.3 Drought Susceptibility indices of 20 Gossypium hirsutum L. cultivars for 

five seedling traits measured in water stress 

 

ID No Cultivars 
SL 

 (cm) 

RL 

(cm) 

RWC 

(%) 

ELWL 

(%) 

RCI 

(%) 

2 NIAB-111 0.58 0.65 0.72 0.71 0.73 

4 CIM-109 1.20 1.29 1.26 1.15 1.25 

5 CIM-240 1.17 1.31 1.16 1.15 1.21 

6 CIM-448 0.60 0.63 0.94 0.73 0.82 

8 CIM-496 0.60 0.62 0.74 0.65 0.73 

11 BH-36 0.59 0.64 0.73 0.67 0.79 

12 BH-118 0.61 0.63 0.69 0.76 0.83 

17 DPL-26 0.54 0.59 0.61 0.55 0.75 

18 149F 0.51 0.56 0.64 0.54 0.72 

19 B-557 0.48 0.58 0.71 0.58 0.60 

20 BOU-1724 0.50 0.52 0.67 0.60 0.69 

21 S-12 1.15 1.35 1.00 1.15 1.25 

23 H-499 1.35 1.51 1.33 1.24 1.76 

27 NF-801-2-37 1.24 1.49 1.23 1.21 1.49 

34 MNH-552 0.62 0.65 0.75 0.74 0.75 

35 MNH-129 1.41 1.60 1.53 1.26 1.73 

42 FH-87 1.22 1.37 1.20 1.22 1.41 

44 4F 1.16 1.26 1.15 1.09 1.24 

45 FH-1000 1.29 1.43 1.23 1.24 1.43 

49 PB-38 0.60 0.65 0.73 0.72 0.74 

SL = Shoot length, RL = Root length, RWC = Relative water content, ELWL = Excised leaf water loss, RCI % =Relative injury level 

percentage 
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Based upon root lengths of 20 cultivars, BOU-1724 (No. 20) with DSI of 0.52 

turned out to be the drought tolerant. DSI for 149F (No. 18), B-557 (No. 19) and DPL-26 

(No. 17) were lower (0.56, 0.58 and 0.59 respectively and therefore showed better 

tolerance, whilst MNH-129 (No. 35) with higher estimate of 1.60 expressed  its sensitivity 

to water stress followed by H-499 (No. 23) with DSI 1.51 and NF-801-2-37 (No. 27) with 

DSI 1.49. Variety MNH-129 (No. 35) showed poor response to 80% water stress level.  

For relative water content, the lowest DSI were 0.61 for DPL-26 (No. 17), 0.64 for 

149F (No. 18), 0.67 for BOU-1724 (No. 20) and 0.69 for BH-118 (No. 12), thus showed 

their good response to water stress. In other cultivars DSI ranged between 0.71 and 0.75 in 

B-557 (No. 19), NIAB-111 (No. 2), BH-36 (No. 11), PB-38 (No. 49), CIM-448 (No. 8) and 

MNH-552 (No. 34) and displayed moderate water stress tolerance. The highest indices for 

drought susceptibility recorded in MNH-129 (No. 35), H-499 (No. 23), NF-801-2-37 (No. 

27) and FH-1000 (No. 45) were 1.53, 1.33, 1.23 and 1.23 respectively indicating poor 

retention capacities and therefore, may be regarded as sensitive to water stress.  

When excised leaf water content data were compared for assessing stress tolerance 

of 20 cultivars, it was revealed that 149F (No. 18) with 0.54 and DPL-26 (No. 17) with 

0.55 were better tolerant and closely followed by B-557 (No. 19) and BOU-1724 (No. 20) 

measuring DSI 0.58 and 0.60 respectively. In contrast, greater sensitivity to water stress 

was exhibited by MNH-129 (No. 35), H-499 (No. 23) and FH-1000 (No. 45) with 1.26, 

1.24 and 1.24 DSI respectively. 

When DSI based upon relative cell injury was compared, B-557 (No. 19) with 

smallest estimate of DSI (0.60), BOU-1724 (No. 20) with 0.69 and 149F (No. 19) with 0.72 

exhibited better tolerance to water stress. Better tolerance to water stress was also 

identified in NIAB-111 (No. 2), CIM-448 (No. 8), PB-38 (No. 49), MNH-552 (No. 34) and 

DPL-26 (No. 17). However, water stress susceptibility was greater in cultivars H-499 (No. 

23) and MNH-129 (No. 35) with higher DSI values being 1.76 and 1.73 respectively, and 

these measures were indicative of poor membrane integrity in these cultivars during water 

stress.  
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4.1.3. Assessment of germplasm on the basis of biplot analysis 

The interpretation of biplot graph requires an understanding of vectors. The length 

and orientation of vectors determine the sort of relationship among target treatments, 

cultivars or environments. In biplot graph, the point at which all population means become 

zero is termed as biplot origin. The line joining the biplot origin with that of marked point 

of a treatment is called treatment vector. Lines connecting the biplot origin with marks of 

cultivars represent cultivar vectors. The angle between vectors of two treatments or 

cultivars indicates correlation coefficient between them. An acute angle signifies a positive 

association between vectors, whilst an obtuse angle is indicative of negative correlation 

between them. A right angle between two vectors suggests that the two vectors are 

operating independently (Yan, 2002; Ding et al., 2007), and these characteristics of vectors 

help discriminate superior and inferior genotypes depending on their response to specific 

treatment or target environment. Genotypes having higher means appear on the right side 

of treatment vectors, and those having lower means are placed on left side. The scattering 

of genotypes around the biplot origin represents the genetic diversity existing in the 

germplasm. 

In the present research work, 50 cotton genotypes had revealed substantial variation 

in five seedling traits (P ≤ 0.01) under two moisture regimes. In the following pages, 

results of biplot graphs have been explained for the five traits. These graphs have been 

generated using GenStat software, 10
th

 edition (Payne et al., 2007).  

Biplot analysis for shoot length indicated significant variation in 50 cotton cultivars 

(Fig. 4.6). Tolerant cultivars produced taller shoots as compared to susceptible ones. 

Maximum shoot elongation across both water regimes was recorded in cultivar BH-36 (No. 

11), as it had longest vector with treatment vectors. Other lines/cultivars which showed 

genetic potential for improving drought tolerance across different treatments included BH-

118 (No. 12), DPL-26 (No. 17), 149F (No. 18), B-557 (No. 19) and BOU-1724 (No. 20). 

The remaining cultivars revealed treatment specific response as these formed positive but 

shorter vectors with treatment vectors. For example, HR-1 (No. 22), Acala-15-17-C (No. 

24), NIAB-313/86 (No. 28) and CRIS-209 (No.37) were good under control treatment 

whereas Paymaster-54 (No. 26), MNH-552 (No. 34) and PB-38 (No. 49) did better. From 

biplot graph, H-499 (No. 23), NF-801-2-37 (No. 27), MNH-129 (No. 35), FH-1000 (No. 
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45), 4F (No.44), S-12 (No.21), NF-801-2-37 (No.25) and CIM-446 (No.7) were identified 

as water stress susceptible cultivars because of being located on negative side of treatment 

vectors. 

The biplot generated for root length showed that cultivars CIM-443 (No. 31), CRIS-

209 (No. 37), DPL-26 (No. 17) and B-557 (No. 19) had produced longer roots and were 

located on extreme right of treatment vectors (Fig. 4.7). Other cult ivars demonstrating high 

performance under normal and water stressed conditions were identified as 149F (No. 18), 

BOU-1724 (No. 20), FH-925 (No. 41) and FH-900 (No. 13) as these formed longer vectors 

indicating tolerant response against both the water regimes. Shorter but positive vectors 

were present in cultivars FH-901 (No.14), CIM-473 (No. 9), HR-1 (No. 22) and PB-38 

(No. 50) which revealed their specific response to treatment. The genotypes NIAB-111 

(No. 2), CIM-707 (No. 10) and Babdale (No. 40) were most susceptible to water stress. In 

addition, FH-1000 (No. 45), FH-87 (No. 42), MNH-129 (No. 35), NF-801-2-37 (No. 27) 

and H-499(No. 23) had vectors on negative side of treatment vectors, and therefore they 

may be ranked as sensitive to water stress.  

Significant variation was found in 50 cultivars for relative water content percentage 

(Fig. 4.8). The longest stretches with treatment vectors were formed by BOU-1724 (No. 

20), 149F (No. 18) and BH-118 (No. 12) which signified high water retention capacity 

under normal and water stressed conditions. The genotypes DPL-26 (No. 17), B-557 (No. 

19), PB-899 (No. 47) and PB-38 (No.49) also revealed high genetic potential for water 

stress tolerance by retaining greater levels of leaf water content and in contrast, genotypes 

FH-901 (No. 14), 4F (No. 44), NIAB-313/36 (29) and CIM-109 (No. 4) appearing on the 

opposite side of the treatment vectors were marked as water stress susceptible. The 

remaining cultivars on negative side of treatment vectors included FH-1000 (No. 45), FH-

87 (No. 42), CRIS-90 (No. 39) MNH-129 (No. 35), CIM-240 (No. 5), NF-801-2-37 (No. 

27) and H-499(No. 23), and these may be called susceptible cultivars to water stress.  
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        Fig 4.6.  Biplot graph for shoot lengths of 50 cultivars under two water regimes 
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     Fig 4.7.  Biplot graph for root lengths of 50 cultivars under two water regimes 
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In biplot graph for excised leaf water loss percentage, cultivars with minimum water 

loss appeared on left side of treatment vectors, suggesting that these cultivars had potential 

to maintain greater leaf water content under different water treatments (Fig. 4). This 

category included highly tolerant cultivars such as DPL-26 (No. 17), B-557 (No. 19) and 

CIM-448 (No. 8). Other cultivars expressing substantial degree of water stress tolerance 

were identified as BOU-1724 (No. 20), 149F (No. 18) and CIM- 496 (No. 6).  In contrast, 

cultivars positioned on right side of treatment vectors showed severe reduction in excised 

leaf water content, and thus FH-1000 (No. 45), MNH-129 (No. 35) and FH-87 (No. 42) 

were recorded to be vulnerable to normal and water stressed conditions. Cultivars, NF-801-

2-37 (No. 27), 4F (No. 44), H-499 (No. 23), CIM-240 (No. 5), S-12 (No. 21) and CIM-109 

(No. 4) could be clearly categorized as susceptible. 

  The 

dispersion of 50 cultivars around biplot origin indicated substantial genetic variation for 

relative cell injury percentage (Fig. 5). Highest cell injury was recorded in genotypes 

MNH-129 (No. 35) and H-499 (No. 23) indicating extreme sensitivity to water stress in 

these cultivars. The intensity of membrane leakage was also high in NF-801-2-37 (No. 27), 

FH-87 (No. 42), FH-1000 (No. 45) and CIM-109 (No. 4) which are located on positive 

section of biplot. Minimum levels of injury were noted in genotypes placed on left side of 

treatment vectors such as BOU-1724 (No. 20), PB-900 (No. 48), DPL-26 (No. 17), 149F 

(No. 18), CIM-448 (No. 8) and B-557 (No. 19). Though these genotypes appeared on the 

opposite side of the treatment vectors, but for this trait smaller values suggesting low 

injury and consequently high tolerance. In addition, BH-118 (No. 12), FH-900 (No. 13) and 

MNH-552 (No. 34) revealed potential for improving drought tolerance in cotton 

germplasm. 
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         Fig 4.8.  Biplot graph for relative water content of 50 cultivars under two water 

regimes 
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         Fig. 4.9. Biplot graph for excised leaf water content of 50 cultivars under two 

water regimes 
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          Fig. 4.10. Biplot graph for relative cell injury percentage of 50 cultivars      

          under two water regimes 
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4.1.4. Estimates of heritability of water stress tolerance 

Mean squares of five seedling parameters (Table 4.1) indicated significant variation 

among the 50 cultivars under normal and stressed moisture conditions. Root growth had 

primary role in plant water relations, and effect of water stress on root growth had been 

studied by several researchers (Basal and Unay, 2006; Fita et al., 2006; Haque et al., 1989; Kell, 

2011; Quisenberry and McMichael, 1996). Estimates of absolute root length and calculated 

DSI (Fischer and Maurer, 1978) were used to compute broad sense heritability (h
2

bs) based 

upon between and within-cultivars variances in root length. The root length data of 27 

seedlings, (nine for each of three replicates) of the 50 cultivars measured under normal 

and 80% of field capacity stress were analyzed using an analysis of variance which 

partitioned total cultivars into between-cultivars variances, which comprised of genetic and 

environmental components, and within-cultivars variances which comprised of 

environmental component only because Gossypium hirsutum L. is predominantly a self-

pollinated crop. Broad sense heritability was calculated using following formula devised by 

Falconer and Mackay (1996) 

 

h
2

bs = Vg/Vp 

where, 

 

Vg  =  genetic variance = [(Between-cultivars variance – Within-cultivars variance) / n]  

 

Vp = phenotypic variance = [(Between-cultivars variance – Within-cultivars variance) / n] 

+ variance within-cultivars   

 

n = number of replicates per treatment (27)  

 

It was assumed that extent of the environmental component of intra-varietal 

variation would be the same as that component for inter-varietal variation. Failure to meet 

this assumption may inflate the h
2

bs estimates.    
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Table 4.4a. Components of variance of root length and estimates of h
2

bs of water stress 

tolerance of 50 accessions of Gossypium hirsutum L.  

 

 Genetic components Heritability 

Character Vg =  
2

b Vp =  2
b +  

2
b h

2
bs = Vg/Vp 

Root length 

Normal Stress Normal Stress Normal Stress 

4.49 4.88 9.27 12.08 0.48 0.40 

 

 

Table 4.4b. Components of variance of root length using DSI and estimates of h
2

bs of water 

stress tolerance of 50 accessions of Gossypium hirsutum L.  

 

 Genetic components Heritability 

Character Vg =  
2

b Vp =  2
b +  

2
b h

2
bs = Vg/Vp 

Root length 0.07 0.13 0.57 
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4.2 Molecular characterization of cotton germplasm 

Molecular Characterization of 22 cotton cultivars previously selected on morpho-

physiological basis was conducted. The major objective of this study is to explore genetic 

divergence through SSR markers. Out of 30 SSR primers of JESPR series used in this 

study, 11 SSR primer pairs (listed in appendix I) were found to be polymorphic as they 

produced optimum band amplification when resolved on polyacrylamide gel 

electrophoresis (PAGE). Total number of amplified loci was 33 and the size of amplified 

loci ranged from 46 bp to 400 bp. The number of amplified fragments detected at each 

locus ranged from one (JESPR-284) to six (JESSPR-302) with an average of three 

amplifications per primer. Manual scoring was performed on basis of presence or absence 

of fragments for estimating genetic divergence of 22 cotton germplasm at molecular level. 

The amplification profiles of 22 cultivars were different depending on the extent of 

polymorphism exhibited by them. Protocols used for molecular investigations are listed in 

appendices V-IX. 

Four primer pairs i.e. JESPR-284, JESPR-292, JESPR-301 and JESPR-305 

generated single locus. The size of fragment produced by JESPR-284 and JESPR-301 was 

50 bp, whereas JESPR-292 and JESPR-305 produced amplicons of 250 and 120 bp 

respectively. The amplification profile of JESPR-295 revealed detection of two loci 

approximately 70bp, whilst JESPR-304 amplified two bands of approximately around 150 

bp resolved in PAGE along with 100 bp DNA ladder.  

Primer JESPR-247 amplified three loci i.e. one at 48 bp and two around 150 bp 

approximately in 20 cotton germplasm whereas the primer JESPR-247 exhibited the 

polymorphic loci of approximately 46 bp in MNH-552, while 149F and CIM-109 did not 

show amplification at any loci with JESPR-247 (Fig. 4.11a). Another SSR primer, JESPR- 

300 (Fig. 4.12a) produced four loci in all 22 genotypes between 200 and 250 bp 

approximately. Total of Five loci were detected between 48 to 150 bp by JESPR-293 as 

shown in Fig. 4.11b. Six amplicons were generated by JESPR-302 (Fig. 4.12b) between 

200 and 250 bp. 
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Fig. 4.11.  SSR PCR of 22 cotton cultivars with primer pairs 

(a) JESPR 247 and (b) JESPR 293 

 

In first lane, M denotes DNA marker (50 bp), Lane 1 to 22 represents 22 

cotton genotypes, where, 1 = CIM-496, 2 =149F, 3 = DPL-26, 4 = BOU-

1724, 5 = B-557, 6 = FH-87, 7 = FH-1000, 8 = NF-801-2-37, 9 = MNH-

129, 10 = H-499, 11 = CIM-446, 12 = FH-900, 13 = CIM-240, 14 = CIM-

707, 15 = CIM-109, 16 = BH-36 , 17 = NIAB-111, 18 = MNH-552, 19 = 

124F, 20 = 4F, 21 = CIM-70, 22 = BH-118. 
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Fig. 4.12.  SSR PCR of 22 cotton cultivars with primer pairs 

(a) JESPR 300 and (b) JESPR 302 

 

In first lane, M denotes DNA marker (50 bp), Lane 1 to 22 represents 22 

cotton genotypes, where, 1 = CIM-496, 2 =149F, 3 = DPL-26, 4 = BOU-

1724, 5 = B-557, 6 = FH-87, 7 = FH-1000, 8 = NF-801-2-37, 9 = MNH-

129, 10 = H-499, 11 = CIM-446, 12 = FH-900, 13 = CIM-240, 14 = CIM-

707, 15 = CIM-109, 16 = BH-36 , 17 = NIAB-111, 18 = MNH-552, 19 = 

124F, 20 = 4F, 21 = CIM-70, 22 = BH-118. 
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The amplification profile of JESPR-291 showed 153 bp loci in all 22 cotton 

genotypes. In addition, this SSR primer pair revealed two loci of 225 and 250 bp in 

genotypes CIM-496, 149F and DPL-26, whilst this primer did not amplify any locus in 

genotype H-499. NIAB-111, MNH-552, 124F and BH-118, two bands were generated by 

JESPR- 291. In genotype 4F, fragment of approximately 156 bp was amplified by JESPR 

291 which seemed to be absent in the rest of the genotypes with this primer.  

The polymorphism information content (PIC) indicates the allelic diversity at a 

given locus. The PIC values calculated for all 11 JESPR primers varied from 0 to 0.70. The 

highest PIC value was estimated in SSR primer JESPR 291 (0.70) followed by JESPR 

primer 247 (0.32). The remaining nine SSR primers revealed least PIC value.  

  Genetic similarity matrix of the 22 cotton line/cultivars is depicted in table 4 .5. The 

average genetic similarity was 80.03%. Maximum genetic relatedness was observed 

between genotypes NF-801-2-37 and MNH-129 which showed highest similarity 

coefficient i.e. 1.0. Another cultivar BOU-1724 also exhibited extensive similarity (0.98) 

with NF-801-2-37. The cultivars FH-1000 and 124F were found to be least similar due to 

smaller similarity coefficient (0.63). The cultivars NF-801-2-37 and MNH-129 also 

revealed dissimilarity with 124F. 

A dendrogram produced by UPGMA, grouped 22 cultivars in two main clusters 

which further branched into subclusters. Cluster I contains eight cultivars as compared to 

cluster II containing 13 cultivars. In cluster I, NIAB-111 and BH-118 formed the most 

divergent pair. CIM-109 exhibited maximum divergence followed by MNH-552 and BH-

36. Five groups displayed high genetic relatedness among 17 genotypes as all of them 

appeared on same level i.e. 1. In cluster II, NIAB-111 and MNH-552 constituted the most 

distant pair followed by 124F and CIM-70. Maximum genetic relatedness was found in FH-

900, CIM-240 and CIM-109 due to their presence in same subcluster of cluster II. These 

findings were supported by principal component analysis (PCA).  
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Table 4.5  Nei's Similarity matrix of 22 cotton cultivars generated through SSR Markers  

 

 

 
   

Pop ID      1           2              3            4             5             6            7             8               9          10            11           12          13            14           15           16          17           18          19            20            21          22  

1           ****    0.9837    1.0000    0.9493    0.9661    0.9493    0.9487    0.9493    0.9493    0.9487    0.9487    0.9487    0.9487    0.9493    0.8944    0.9316    0.9667    0.9837    1.0000    0.9837    0.9661    0.9837     

2                          ****    0.9837    0.9672    0.9504    0.9672    0.9333    0.9672    0.9672    0.9333    0.9333    0.9333    0.9333    0.9672    0.8799    0.9504    0.9509    0.9677    0.9837    1.0000    0.9504    0.9677     

3                                         ****    0.9493    0.9661    0.9493    0.9487    0.9493    0.9493    0.9487    0.9487    0.9487    0.9487    0.9493    0.8944    0.9316    0.9667    0.9837    1.0000    0.9837    0.9661    0.9837     

4                                                        ****    0.9826    1.0000    0.9649    1.0000    1.0000    0.9649    0.9649    0.9649    0.9649    1.0000    0.9097    0.9826    0.9154    0.9339    0.9493    0.9672    0.9826    0.9339     

5                                                                       ****    0.9826    0.9820    0.9826    0.9826    0.9820    0.9820    0.9820    0.9820    0.9826    0.9258    0.9643    0.9316    0.9504    0.9661    0.9504    1.0000    0.9504     

6                                                                                      ****    0.9649    1.0000    1.0000    0.9649    0.9649    0.9649    0.9649    1.0000    0.9097    0.9826    0.9154    0.9339    0.9493    0.9672    0.9826    0.9339     

7                                                                                                     ****    0.9649    0.9649    1.0000    1.0000    1.0000    1.0000    0.9649    0.9428    0.9820    0.9487    0.9333    0.9487    0.9333    0.9820    0.9333     

8                                                                                                                    ****    1.0000    0.9649    0.9649    0.9649    0.9649    1.0000    0.9097    0.9826    0.9154    0.9339    0.9493    0.9672    0.9826    0.9339     

9                                                                                                                                   ****    0.9649    0.9649    0.9649    0.9649    1.0000    0.9097    0.9826    0.9154    0.9339    0.9493    0.9672    0.9826    0.9339     

10                                                                                                                                                 ****    1.0000    1.0000    1.0000    0.9649    0.9428    0.9820    0.9487    0.9333    0.9487    0.9333    0.9820    0.9333     

11                                ****    1.0000    1.0000    0.9649    0.9428    0.9820    0.9487    0.9333    0.9487    0.9333    0.9820    0.9333     

12                                                                                                                                                                               ****    1.0000    0.9649    0.9428    0.9820    0.9487    0.9333    0.9487    0.9333    0.9820    0.9333     

13                                                                                                                                                                                              ****    0.9649    0.9428    0.9820    0.9487    0.9333    0.9487    0.9333    0.9820    0.9333     

14                                                                                                                                                                                                             ****    0.9097    0.9826    0.9154    0.9339    0.9493    0.9672    0.9826    0.9339     

15                                                                                                                                                                                                                            ****    0.9258    0.8944    0.8799    0.8944    0.8799    0.9258    0.8799     

16                                                                                                                                                                                                                                            ****    0.9316    0.9164    0.9316    0.9504    0.9643    0.9164     

17                                                                                                                                                                                                                                                           ****    0.9509    0.9667    0.9509    0.9316    0.9837     

18                                                                                                                                                                                                                                                                          ****    0.9837    0.9677    0.9504    0.9677     

19                                                                                                                                                                                                                                                                                         ****    0.9837    0.9661    0.9837     

20                                                                                                                                                                                                                                                                                                        ****    0.9504    0.9677     

21                                                                                                                                                                                                                                                                                                                       ****    0.9504     

22                                                                                                                                                                                                                                                                                                                                     ****     

              

Index for Population Identification (ID): 1 = CIM-496, 2 =149F, 3 = DPL-26, 4 = BOU-1724, 5 = B-557, 6 = FH-87, 7 = FH-1000, 8 = NF-801-2-37, 9 = MNH-129, 10 = H-4993, 11 = CIM-446, 12 = FH-900, 13 = CIM-240, 14 = 

CIM-707, 15 = CIM-109, 16 = BH-36 , 17 = NIAB-111, 18 = MNH-552, 19 = 124F, 20 = 4F, 21 = CIM-70, 22 = BH-118. 
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The PCA plot (Fig. 4.14) based on the 1
st
 and 2

nd
 component factors of the 

microsatellite data analysis showed grouping of 22 cotton cultivars. Only few cultivars 

grouped in the centre while the others are closely grouped with one other.  The cultivars 

which are located closed to the centre showed less genetic diversity for example, B-557, 

CIM-70 and MNH-552. In contrast, CIM-109, NIAB-111 and 4F were found away from the 

origin showing their broad genetic base as compared to those present near centre of PCA 

plot. Genotypes BOU-1724, FH-87, NF-801-2-37, MNH-129, and CIM-707 formed group 

I, while FH-1000, H-499, CIM-446, FH-900, CIM-240 assembled in group II. DPL-26, 

CIM-496, 124F were closely related as shown in group III. Thus PCA plot confirmed 

information generated by similarity matrix. 

 

 

 

 

 
Fig. 4.14  Principal component analysis of cotton cultivars 
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7.3. Genetic analysis of plant material under normal and water stress conditions 

Detailed analyses of variance following line × tester technique, of each trait 

assessed under normal and water stress conditions are given in appendices X to XVI, and 

the mean squares in table 4.6a and 4.6b respectively. Under normal water conditions, 29 

cultivars differed highly significantly (P ≤ 0.01) for plant height, seed cotton yield, number 

of bolls, lint percentage and fibre fineness. Mean squares due to gca effects (parents) on 

plant height, seed cotton yield, number of bolls, lint percentage, fibre length and fibre 

fineness were highly significant (P ≤ 0.01), however for boll weight mean square due to 

parents was reduced to non significant (P ≥ 0.05). The results revealed that effects of 

specific combining ability (crosses) on seed cotton yield, number of bolls and fibre 

fineness were highly significant (P ≤ 0.01), whilst mean squares due to plant height, boll 

weight, lint percentage and fibre length were non significant (P ≥ 0.05). Interaction due to 

parents vs crosses revealed significant differences (P ≤ 0.05) for number of bolls, lint 

percentage and fibre traits (length and fineness). Five lines differed significantly for seed 

cotton yield and number of bolls and similarly four testers differed for lint percentage and 

fibre fineness. Interaction of lines and testers was revealed to be non significant (P ≥ 0.05) 

for all the traits measured under normal water supply.  

Under water stress conditions, 29 cultivars differed highly significantly (P ≤ 0.01) 

for plant height, seed cotton yield, number of bolls and lint percentage, whilst for fibre 

length and fibre fineness differences were significant (P ≤ 0.05), however for boll weight 

these were non significant (P ≥ 0.05) (Table 4.6b).  Effects of general combining ability 

(due to parents) on plant height, seed cotton yield, number of bolls, lint percentage and 

fibre fineness were highly significant (P ≤ 0.01), whilst boll weight and fibre length 

showed significant differences (P ≤ 0.05). The effect of specific combining abil ity (due to 

crosses) on number of bolls and lint percentage were highly significant (P ≤ 0.01) and 

significant (P ≤ 0.05) respectively. Interaction term, in water stress conditions, resulting 

from gca × sca appeared to be highly significant (P ≤ 0.01) for  
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Table 4.6a. Mean squares obtained from Lines × Testers analysis of various traits of cotton 

under normal water conditions 

 

Source of 

variation 
df PH SCY NB BW LP FL FF 

Replication

s 
2 69.23

ns
 

382.81
n

s
 

16.99
ns

 2.18
*
 20.52

ns
 0.34

ns
 0.14

 ns
 

Cultivars 28 137.53
*

*
 

46.91
**

 32.28
**

 0.45
ns

  18.51
**

 4.01
**

 0.21
**

 

Parentsgca 8 352.89
*

*
 

75.71
**

 50.28
**

 0.47
ns

 33.08
**

 7.23
**

 0.33
**

 

Crossessca 19 53.66
ns

 36.08
**

 24.07
**

 0.46
ns

 11.04
ns

 2.21
ns

 0.15
**

 

Parents vs 

crosses 
1 8.18

ns
  22.09

ns
 44.23

*
 0.14

ns
 43.75

*
 12.36

*
 0.39

*
 

Lines (L) 4 59.64
ns

 96.77
**

 48.29
*
 0.60

ns
 12.47

ns
 1.40

 ns
 0.07

ns
 

Testers (T) 3 72.47
ns

 15.33
ns

 42.65
**

 0.69
ns

 25.43
*
 2.11

ns
 0.65

**
 

L vs T  12 46.96
ns

 21.05
ns

 11.36
ns

 0.35
ns

 6.97
ns

 2.51
ns

 0.05
ns

 

Error 56 63.58 15.78 10.75 0.46 8.72 2.22 0.08 

 

df stands for degree of freedom, * and **, denote differences significant at 5% and at 1% probability level respectively; whilst ns 

shows non significant differences, PH stands for plant height, SCY for seed cotton yield, NB for Number of bolls, BW for Boll 

weight, LP lint percentage, FL for fibre length and FF for fibre fineness. 
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Table 4.6b. Mean squares obtained from Lines × Testers analysis of various traits of cotton 

under water stress conditions 

 

Source of 

variation 
df PH SCY NB BW LP FL FF 

Replication

s 
2 16.31

ns
 43.34

ns
 5.14

ns
 009

ns
 52.34

**
 2.71

ns
 0.03

ns
 

Cultivars 29 136.25
*

*
 

35.13
**

 11.84
**

 0.29
ns

 19.53
**

 3.15
*
 0.08

*
 

Parentsgca 8 149.62
*

*
 

40.58
**

 14.02
**

 0.46
*
 29.69

**
 3.84

*
 0.15

**
 

Crossessca 19 39.42
ns 

 22.95
ns

 11.51
**

 0.22
ns

 15.62
*
 2.21

ns
 0.05

ns
 

Parents vs 

crosses 
1 1869.05

**
 

222.95
*

*
 

0.56
ns 

 0.15
ns

 12.52
ns

 15.37
**

 0.14
ns

 

Lines (L) 4 56.12
ns

 39.75
*
 26.46

**
 0.50

*
 49.81

**
 5.00

*
 0.05

ns
 

Testers (T) 3 76.66
*
 34.48

ns
 5.84

ns
 0.08

ns
 20.36

ns
 3.65

ns
 0.20

**
 

L vs T  12 24.54
ns

 17.65
ns

 7.96
**

 0.16
ns

 3.04
ns

 0.92
ns

 0.02
ns

 

Error 56 29.45 27.65 3.21 0.22 9.98 1.95 0.05
 
 

 
df stands for degree of freedom, * and **, denote differences significant at 5% and at 1% probability level respectively; whilst ns 

shows non significant differences, PH stands for plant height, SCY for seed cotton yield, NB for Number of bolls, BW for Boll 

weight, LP lint percentage, FL for fibre length and FF for fibre fineness. 
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seed cotton yield and fibre length only. Mean squares due to five lines were highly 

significant (P ≤ 0.01) for number of bolls and lint percentage, whilst for remaining traits 

these were significant (P ≤ 0.05).  Mean squares due to testers differed highly significantly 

for plant height and fibre fineness. Interaction between lines and testers appeared to be 

highly significant (P ≤ 0.01) only for number of bolls.  

 

7.3.1. Estimation of genetic components of variation in plant material  

Genetic components computed for various characters measured under normal and 

water stress conditions are given in Table 4.7. The variance due to specific combining 

ability ( 2
sca) is greater than variance due to general combining ability ( 2

gca) for plant 

height, seed cotton yield, boll weight, lint percentage and fibre characters indicating the 

dominant role of non additive genes under normal water supply. The negative sign 

suggested the direction of dominance towards lower parent, whilst for fibre length (0.10) 

dominance operated towards dominant parents. Greater magnitude of gca variance for 

number of bolls (0.20) showed that genes acted additively. The ratio of variance due to 

general to specific combining ability ( 2
gca/ 

2
sca) was greater than unity for number of bolls 

signifying the importance of additive genes, whilst for all the remaining traits genes acted 

non-additively.  

 Under water stress, the higher estimate of variance due to specific combining ability 

( 2
sca) for number of bolls (1.58) revealed the importance of non additive genes, and 

dominance was directed towards superior parents for this trait (Table 4.7). Plant height, 

seed cotton yield, boll weight, lint percentage and fibre traits were under the control of non 

additive genes due to greater sca variances and dominance operated towards lower parent. 

The ratio of ( 2
gca/ 

2
sca) was found to be below one, suggesting non additive gene action.  

 

 

 

 

 

 



 
 

72 
 

 

Table 4.7. Genetic components of variation for different traits under normal and 

water stress conditions  

 
Plant 

Characters 
Normal water conditions Water stress conditions 

 σ
2
gca σ

2
sca σ

2
A σ

2
D 

σ
2
gca/σ
2

sca 
σ

2
gca σ

2
sca σ

2
A σ

2
D 

σ
2
gca/σ
2

sca 

Plant height 0.20 -5.54 0.39 -5.54 -0.04 0.43 -1.64 0.87 -1.64 -0.27 

Seed cotton 

yield 
0.44 1.76 0.88 1.76 0.25 0.25 -0.40 0.50 -0.40 -0.62 

Number of 

bolls 
0.37 0.20 0.74 0.20 1.84 0.10 1.58 0.21 1.58 0.07 

Boll weight 0.003 -0.04 0.01 -0.04 -0.08 0.002 -0.02 0.004 -0.02 -0.08 

Lint 

percentage 
0.12 -0.58 0.24 -0.58 -0.20 0.37 -2.31 0.73 -2.31 -0.16 

Fibre length -0.01 0.10 -0.02 0.10 -0.09 0.04 -0.34 0.08 -0.34 -0.11 

Fibre 

fineness 
0.003 -0.01 0.01 -0.01 -0.29 0.001 -0.01 0.002 -0.01 -0.10 

σ2
gca = Estimate of GCA variance, σ2

sca = Estimate of SCA variance, σ2A = Additive variance, σ2D = Dominance variance, 

σ2
gca/σ

2
sca = Variance ratio 
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7.3.2. General combining abilities of the cultivars under normal water conditions  

The numerical values assigned to five lines, four testers indicated their general 

combining abilities (gca) for plant height, seed cotton yield, number of bolls, boll weight, 

lint percentage, and fibre characters measured under normal water conditions (4.8a).  

 Comparison of the estimates revealed that CIM-496 with positive coefficient for 

plant height (1.18) and fibre fineness (0.11) reflected good general combining abilities for 

these two characters, whilst for remaining characters it showed poor gca. Due to great er 

magnitude of numerical values for number of bolls (0.52) and lint percentage (0.76), 

cultivar 149F exhibited its superiority for general combining ability. The exotic line DPL-

26 showed good gca for plant height, seed cotton yield, boll weight and fibre  length with 

estimates of 0.88, 0.59, 0.30 and 0.46 respectively, whilst for number of bolls the 

coefficient being low (-0.46), reflected poor gca. For lint percentage (-1.55) and fibre 

fineness (-0.10) it showed negative gca for these characters. Another exotic line, BOU-

1724 with highest estimate for plant height (1.6), number of bolls (0.76), lint percentage 

(0.93) possessed better general combining abilities for these characters, than for seed 

cotton yield (-0.73) and fibre length (0.17). B-557 with highest gca coefficients i.e. 0.14. 

4.54, 2.29, 0.17 and 0.31 exhibited best general combining ability for plant height, seed 

cotton yield, number of bolls, boll weight and lint percentage respectively, however, for 

fibre length due to low coefficient (-0.16), displayed poor general combining ability.  

 Among the testers, FH-1000 having numerical values i.e. 2.18, 0.79, 1.78, 1.10 and 

0.51 showed best gca for plant height, seed cotton yield, number of bolls, lint percentage 

and fibre length, whilst for the remaining characters it revealed poor general combining 

abilities. The tester NF-801-2-37 displayed best gca for boll weight and fibre fineness with 

coefficients 0.26 and 0.22 respectively, whilst for the other characters with negative 

coefficients it showed poor gca. MNH-129 exhibited poor general combining abilities for 

all characters except for plant height (1.29) and seed cotton yield (0.95). H-499, an exotic 

tester with positive and high coefficients, i.e. 0.98, 1.00  
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Table 4.8a.  General combining abilities of lines and testers of various traits of cotton under 

normal water conditions 

 

Parents PH SCY NB BW LP FL FF 

Lines 

CIM-496 1.18 -2.94 -3.12 -0.20 -0.46 -0.45 0.11 

149F -3.86 -1.46 0.52 -0.17 0.76 -0.03 0.02 

DPL-26 0.88 0.59 -0.46 0.30 -1.55 0.46 -0.10 

BOU-1724 1.65 -0.73 0.76 -0.11 0.93 0.17 -0.04 

B-557 0.14 4.54 2.29 0.17 0.31 -0.16 0.02 

Standard 

Error 
2.30 1.13 0.95 0.19 0.85 0.43 0.08 

Testers 

FH-1000  2.18 0.79 1.78 -0.04 1.01 0.51 -0.28 

NF-801-2-37 -0.74 -0.96 -1.94 0.26 -1.73 -0.29 0.22 

MNH-129 1.29 0.95 -0.82 0.03 -0.28 -0.28 0.07 

H-4993 -2.74 -0.78 0.98 -0.26 1.00 0.07 -0.01 

Standard 

Error  
2.06 1.03 0.85 0.17 0.76 0.38 0.07 
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and 0.55 was revealed to be best general combiner for number of bolls and lint percentage.  

 

7.3.3. General combining abilities of the cultivars under water stress conditions  

The numerical values given in Table 4.8b show general combining abilities (gca)  of 

five lines and four testers for different characters measured under water stress treatment.  

 Comparison of cultivars show that cultivar CIM-496 with positive scores displayed 

better gca for lint percentage (0.21), fibre length (0.36) and fibre fineness (0.07) than for 

other characters due to negative or low coefficients. An obsolete cultivar, 149F attained  

highest positive coefficient for number of bolls (0.77) and boll weight (0.14), and thus 

revealed to be good general combiner for these characters, whilst for remaining plant 

characters, it expressed poor gca. Similar behavior was noted in case of DPL-26 having 

scores of 0.79 and 0.03 for fibre length and fibre fineness respectively. BOU-1724 showed 

its best general combining ability for plant height, seed cotton yield, number of bolls and 

lint percentage, with numerical values of 1.5, 0.25, 0.55 and 1.81 respectively. B-557, an 

indigenous cultivar exhibited positive and significant gca coefficients for plant height 

(0.82) seed cotton yield (2.44), number of bolls (1.13) and boll weight (0.16) and thus had 

better combining abilities for these characters, whilst for other characters, it showed poor 

gca.  

 Among the testers, FH-1000 with positive coefficient (1.56, 2.20 and 1.63) 

displayed better general combining abilities for plant height, seed cotton yield and lint 

percentage than for number of bolls, boll weight and fibre length which had -0.50, 0.08 and 

0.05 coefficients respectively. NF-801-2-37 attained highest and significant value for fibre 

length (0.63) and thus was revealed to possess good general combining ability for this trait. 

MNH-129 showed poor general combining abilities for all traits. Similarly, H-499 

expressed its better general combining ability for plant height, boll weight and lint 

percentage than for seed cotton yield and number of bolls per plant which showed negative 

values. 
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Table 4.8b.  General combining abilities of lines and testers of various traits of cotton 

under water stress conditions 

 

Parents PH SCY NB BW LP FL FF 

Lines 

CIM-496 2.12 0.27 -2.57 -0.33 -2.57 0.36 0.07 

149F -3.02 -2.07 0.77 0.14 -0.22 0.08 -0.10 

DPL-26 -1.50 -1.15 0.13 -0.05 -1.00 0.79 0.03 

BOU-1724 1.52 0.21 0.55 0.09 2.83 -0.87 -0.02 

B-557 0.82 2.74 1.13 0.16 0.97 -0.37 0.02 

Standard 

Error 
1.57 1.14 0.51 0.13 0.91 0.40 0.06 

Testers 

FH-1000  1.56 2.20 -0.50 0.08 1.63 0.05 -0.16 

NF-801-2-37 -1.14 -0.76 -0.35 -0.04 -0.91 0.63 -0.01 

MNH-129 -2.61 -0.25 -0.05 -0.08 -0.76 -0.57 0.05 

H-4993 2.19 -1.19 -0.89 0.04 0.04 -0.11 0.12 

Standard 

Error  
1.40 1.02 0.46 0.12 0.82 0.36 0.05 
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7.3.4. Specific combining abilities of the cultivars under normal water conditions  

 Specific combining abilities (sca) of different crosses for plant height, seed cotton 

yield, number of bolls, boll weight and fibre characters under normal water conditions are 

given in table 4.9. Comparison of magnitude of sca coefficients attained by different 

combinations revealed their specific combining ability for different plant characters.  

It is seen from the values given in Table 4.9 that BOU-1724 × H-499, CIM-496 × 

NF-801-2-37, followed by crosses of 149F × NF-801-2-37 and DPL-26 × MNH-129 were 

the best combinations for plant height, showing numerical values of 7.33, 4.74, 4.01 and 

3.00 respectively, whilst in other crosses the estimates were either very low or negative, 

and thus showed poor combinations. For seed cotton yield, the cross CIM-496 × FH-1000, 

CIM-496 × H-499, 149F × MNH-129, DPL-26 × FH-1000, DPL-26 × NF-801-2-37, BOU-

1724 × MNH-129, B-557 × NF-801-2-37 and B-557 × H-499 having estimates of 1.87, 

1.45, 4.29, 1.15, 1.16, 2.36, 4.08 and 0.28 respectively reflected their best specific 

combining abilities, whilst for other combinations revealed poor sca. For number of bolls 

per plant, superior combinations were CIM496 × H-499 (1.41), 149F × MNH-129 (0.52), 

149F × H-499 (1.57), DPL-26 × FH-1000 (3.46), DPL-26 × NF-801-2-37 (0.24), BOU-

1724 × NF-801-2-37 (0.33), BOU-1724 × MNH-129 (1.08), BOU-1724 × H-499 (0.23), B-

557 × NF-801-2-37 (1.19) and B-557 × MNH-129 (1.74), whilst remaining crosses 

depicted their poor specific combining abilities. For boll weight, four crosses, CIM496 × 

H-499 (0.28), 149F × H-499 (0.21), DPL-26 × NF-801-2-37 (0.60) and B-557 × FH-1000 

(0.34) exhibited best specific combining abilities closely followed by DPL-26 × MNH-129 

(0.19), BOU-1724 × FH-1000 (0.17), BOU-1724 × MNH-129 (0.10) and BOU-1724 × H-

499 (0.13).  

For lint percentage the variety combinations CIM-496 × NF-801-2-37 (0.48), CIM-

496 × MNH-129 (1.08), 149F × MNH-129 (0.63), 149F × H-499 (0.23), DPL-26 × FH-

1000 (2.43), DPL-26 × H-499 (0.66), BOU-1724 × MNH-129 (1.93), BOU-1724 × H-499 

(0.19) and B-557 × NF-801-2-37 (1.91) proved to be best crosses, whilst the remaining 

crosses displayed negative sca for lint percentage.  
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Table 4.9. Specific combining abilities of cultivars under normal water conditions.  

 

Crosses PH SCY NB BW 

CIM-496 × FH-1000 -0.26 1.87 -0.89 -0.09 

CIM-496 × NF-801-2-37 4.74
*
 -2.30 -0.25 -0.13 

CIM-496 × MNH-129 -2.81 -1.02 -0.27 -0.06 

CIM496 × H-499 -1.66 1.45 1.41 0.28 

149F × FH-1000 -2.80 -1.96 -0.59 0.03 

149F × NF-801-2-37 4.01 -2.07 -1.51 0.07 

149F × MNH-129 0.88 4.29
*
 0.52 -0.32 

149F × H-499 -2.09 -0.26 1.57 0.21 

DPL-26 × FH-1000 1.85 1.15 3.46
*
 -0.45 

DPL-26 × NF-801-2-37 -3.71 1.16 0.24 0.60
*
 

DPL-26 × MNH-129 3.00 -2.40 -3.07 0.19 

DPL-26 × H-499 -1.14 0.09 -0.63 -0.34 

BOU-1724 × FH-1000 0.61 0.08 -1.64 0.17 

BOU-1724 × NF-801-2-37 -5.40 -0.88 0.33 -0.40 

BOU-1724 × MNH-129 -2.54 2.36
*
 1.08 0.10 

BOU-1724 × H-499 7.33
*
 -1.57 0.23 0.13 

B-557 × FH-1000 0.60 -1.15 -0.34 0.34 

B-557 × NF-801-2-37 0.37 4.08
*
 1.19 -0.15 

B-557 × MNH-129 1.47 -3.22 1.74 0.09 

B-557 × H-499 -2.43 0.28 -2.59 -0.28 

Standard Error 4.60 2.29 1.89 0.39 

PH= Plant height, SCY = Seed cotton yield, NB = Number of bolls, BW = Boll weight  

Continued 
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Table 4.9. Specific combining abilities of cultivars under normal water conditions.  

 

Crosses LP FL FF 

CIM-496 × FH-1000 -0.47 0.30 0.09 

CIM-496 × NF-801-2-37 0.48 0.90
*
 -0.02 

CIM-496 × MNH-129 1.08 -0.49 -0.05 

CIM496 × H-499 -1.08 -0.71 -0.02 

149F × FH-1000 -0.78 0.87
*
 -0.07 

149F × NF-801-2-37 -0.08 0.35 0.11 

149F × MNH-129 0.63 -0.39 0.00 

149F × H-499 0.23 -0.82 -0.04 

DPL-26 × FH-1000 2.43
*
 -0.38 0.08 

DPL-26 × NF-801-2-37 -1.07 -0.79 -0.21 

DPL-26 × MNH-129 -2.03 -0.21 0.002 

DPL-26 × H-499 0.66 1.38
*
 0.12 

BOU-1724 × FH-1000 -0.88 -1.00 -0.03 

BOU-1724 × NF-801-2-37 -1.24 0.71 0.17
*
 

BOU-1724 × MNH-129 1.93
*
 1.46

*
 0.06 

BOU-1724 × H-499 0.19 0.26 -0.20 

B-557 × FH-1000 -0.30 0.22 -0.07 

B-557 × NF-801-2-37 1.91
*
 0.25 -0.06 

B-557 × MNH-129 -1.61 -0.36 -0.01 

B-557 × H-499 -0.01 -0.11 0.14 

Standard Error 1.70 0.84 0.16 

LP = Lint percentage, FL = Fibre length, FF = Fibre fineness. 
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Greater specific combining ability for fibre length was shown by the highest score of 

crosses CIM-496 × FH-1000 (0.30), CIM-496 × NF-801-2-37 (0.90), 149F × FH-1000 

(0.87), 149F × NF-801-2-37 (0.35), DPL-26 × H-499 (1.38), BOU-1724 × NF-801-2-37 

(0.71), BOU-1724 × MNH-129 (1.46), BOU-1724 × H-499 (0.26), B-557 × FH-1000 (0.22) 

and B-557 × NF-801-2-37 (0.25), and these crosses expelled the other crosses. For fibre 

fineness only one cross BOU-1724 × NF-801-2-37 obtained highest score (0.17) followed 

by B-557 × H-499 (0.14), DPL-26 × H-499 (0.12) and 149F × NF-801-2-37 (0.11) and 

displayed better specific combining abilities than other crosses.  

 

7.3.5. Specific combining abilities of the cultivars under water stress conditions  

Under water stress, 20 crosses were evaluated for their sca for plant height, seed 

cotton yield, number of bolls, boll weight, lint percentage and fibre characteristics and the 

values are given in table 4.9. 

For plant height, one cross with best sca coefficient i.e. 4.48 was BOU-1724 × FH-

1000 followed by CIM-496 × NF-801-2-37, DPL-26 × FH-1000 and 149F × NF-801-2-37 

expressed good sca as compared with DPL-26 × H-499 (0.66) and B-557 × MNH-129 

(0.37). For seed cotton yield it was revealed that cross B-557 × H-499 with highest and 

significant value (4.22) surpassed the other crosses e.g. DPL-26 × FH-1000 (0.09), BOU-

1724 × FH-1000 (0.36) and BOU-1724 × H-499 (0.18) which attained low sca coefficients.  

Comparison of the crosses for number of bolls showed that CIM-496 × NF-801-2-

37, 149F × H-499, DPL-26 × NF-801-2-37, BOU-1724 × FH-1000 and B-557 × MNH-129, 

B-557 × NF-801-2-37 and B-557 × MNH-129 with significant and positive values 1.17, 

1.86, 1.52, 1.57, 1.67 and 1.28 respectively displayed best sca as compared with CIM496 × 

FH-1000 (0.05), DPL-26 × FH-1000 (0.12) and BOU-1724 × H-499 (0.60). For boll 

weight, only two crosses CIM-496 × FH-1000 and BOU-1724 × MNH-129 scored highest 

and positive significant coefficients, 0.35 and 0.29 respectively and expressed their best sca 

for the characters as compared with CIM496 × H-499 and DPL-26 × NF-801-2-37 which 

attained low sca coefficients, 0.27 and 0.19 respectively.  

 

 

 



 
 

81 
 

 

Table 4.10. Specific combining abilities of cultivars under water stress conditions.  

 

Crosses PH SCY NB BW 

CIM-496 × FH-1000 0.10 1.73 0.05 0.35
*
 

CIM-496 × NF-801-2-37 3.09 -0.39 1.17
*
 -0.29 

CIM-496 × MNH-129 -0.31 1.92 -1.02 -0.33 

CIM496 × H-499 -2.87 -3.26 -0.20 0.27 

149F × FH-1000 -4.09 -1.28 -0.25 0.09 

149F × NF-801-2-37 1.80 -0.28 -2.51 0.05 

149F × MNH-129 1.19 1.66 0.89 -0.09 

149F × H-499 1.11 -0.10 1.86
*
 -0.05 

DPL-26 × FH-1000 1.83 0.09 0.12 -0.15 

DPL-26 × NF-801-2-37 -0.63 -0.27 1.52
*
 0.19 

DPL-26 × MNH-129 -1.86 1.22 -0.83 0.03 

DPL-26 × H-499 0.66 -1.04 -0.80 -0.08 

BOU-1724 × FH-1000 4.48
*
 0.36 1.57

*
 -0.17 

BOU-1724 × NF-801-2-37 -4.59 1.53 -1.85 -0.01 

BOU-1724 × MNH-129 0.62 -2.07 -0.32 0.29
*
 

BOU-1724 × H-499 -0.51 0.18 0.60 -0.10 

B-557 × FH-1000 -2.32 -0.90 -1.50 -0.11 

B-557 × NF-801-2-37 0.34 -0.59 1.67
*
 0.06 

B-557 × MNH-129 0.37 -2.74 1.28
*
 0.10 

B-557 × H-499 1.61 4.22
*
 -1.46 -0.05 

Standard Error 3.13 2.29 1.03 0.27 

PH = Plant height, SCY = Seed cotton yield, NB = Number of bolls, BW = Boll weight  

Continued 
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Table 4.10. Specific combining abilities of cultivars under water stress conditions. 

 

Crosses LP FL FF 

CIM-496 × FH-1000 0.16 0.05 0.003 

CIM-496 × NF-801-2-37 -1.48 0.12 0.02 

CIM-496 × MNH-129 1.18 -0.32 0.01 

CIM496 × H-499 0.14 0.15 -0.04 

149F × FH-1000 1.05 0.26 -0.05 

149F × NF-801-2-37 -0.29 -0.44 0.11 

149F × MNH-129 -0.66 -0.14 -0.04 

149F × H-499 -0.10 0.32 -0.03 

DPL-26 × FH-1000 -0.70 0.43 0.05 

DPL-26 × NF-801-2-37 1.08 0.74 -0.03 

DPL-26 × MNH-129 0.01 -0.73 0.01 

DPL-26 × H-499 -0.39 -0.44 -0.04 

BOU-1724 × FH-1000 -0.22 -0.07 -0.09 

BOU-1724 × NF-801-2-37 -0.87 -0.66 -0.10 

BOU-1724 × MNH-129 0.55 0.69 0.06 

BOU-1724 × H-499 0.54 0.04 0.13 

B-557 × FH-1000 -0.29 -0.68 0.08 

B-557 × NF-801-2-37 1.55 0.24 -0.01 

B-557 × MNH-129 -1.08 0.50 -0.04 

B-557 × H-499 -1.09 -0.07 -0.02 

Standard Error 1.82 0.79 0.13 

LP = Lint percentage, FL = Fibre length, FF = Fibre fineness.  
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For lint percentage, best sca was exhibited by crosses CIM-496 × MNH-129 (1.18), 

149F × FH-1000 (1.05), DPL-26 × NF-801-2-37 (1.08) and B-557 × NF-801-2-37 (1.55) 

which scored highest values followed by BOU-1724 × MNH-129 (0.55) and BOU-1724 × 

H-499 (0.54). For fibre length, four crosses, DPL-26 × FH-1000, DPL-26 × NF-801-2-37, 

BOU-1724 × MNH-129 and B-557 × MNH-129 with scores of 0.43, 0.74, 0.69 and 0.50 

expressed their best sca as compared with 149F × FH-1000 (0.26), 149F × H-499 (0.32) 

and B-557 × MNH-129 (0.50). The crosses 149F × NF-801-2-37 and BOU-1724 × H-499 

scored highest values (0.11 and 0.13 respectively) and displayed best sca for fibre fineness.  

 

 

7.3.6. Contribution of lines, testers and their interaction towards character 

expression under normal and water stress conditions 

The proportional contribution of lines, testers and their interaction in the phenotypic 

expression of different characters is given in table 4.11. It was revealed that seed cotton 

yield (56%) and number of bolls (42%) were largely determined by the lines under normal 

water conditions. For plant height, boll weight, lint percentage and fibre length, the 

proportion of interaction term, lines × testers with 46%, 48%, 40% and 72% contributed 

substantially to manifestation of characters, however, testers and lines contributed 

mutually. Similarly, phenotypic expression of fibre fineness was largely contributed by 

testers under regular water supply.  

 The proportional share of lines, testers and their interaction in determining the final 

outcome of different traits under water stress conditions are given in table 4.11. Under 

water stress the phenotypic expression of plant height and lint percentage was largely 

determined by the lines (90% and 67% respectively). The role of lines (44%) and 

interaction between lines and testers (48%) appeared to be significant in expression of 

number of bolls. Similarly, boll weight was expressed mutually by lines (48%) and 

interaction (46%). In the development of seed cotton yield lines (36%) and testers (24%) 

contributed almost equally. The relative contribution to total variance for fibre length was 

made by lines (48%), however testers had significant contribution (58%) for expression of 

fibre fineness. 
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Table 4.11. Percent contribution of lines, testers and their interaction towards 

character expression under two water regimes 

 

 Normal water conditions Water stress conditions 

Characters Lines Testers Line × 

Tester 
Lines Testers Line × 

Tester 

Plant height 27 27 46 90 1 9 

Seed cotton yield 56 7 37 36 24 40 

Number of bolls 42 28 30 48 8 44 

Boll weight 28 24 48 48 6 46 

Lint percentage 24 36 40 67 21 12 

Fibre length 13 15 72 48 26 26 

Fibre fineness 11 68 21 21 58 21 
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CHAPTER 5 

DISCUSSION 

For the development of drought tolerance in Gossypium hirsutum L., either through 

natural or a deliberate selection, availability of two components is essential. Firstly, the 

variability in the plant character must be present, and secondly, this variability must be 

controlled by significant additive component. Previous workers for example, Kar et al. 

(2005), Shakoor et al. (2009) and Iqbal et al. (2011) had used morpho-physiological 

characters to screen out drought-tolerant and drought-susceptible cultivars. In the present 

research work, 50 cultivars of upland cotton were tested at seedling stage to study 

variability in two morphological i.e. shoot length and root length, and three physiological 

parameters i.e. relative water content, excised leaf water content and relative cell injury 

level under normal and water stress conditions. Data generated were compared using 

absolute values, drought susceptibility indices, and through biplot analysis. Molecular 

markers were also used to find out genetic variation for moisture stress. In the following 

paragraphs, implications of these methods had been discussed.  

On the basis of differences and similarities in shoot and root length under moisture 

stress conditions, significant reduction in these characters was found. Cultivars CIM-109, 

CIM-240, H-499, MNH-129, FH-1000 were found as non-tolerant, whilst BH-36, BH-118, 

MNH-552, DPL-26, 149F, B-557 and BOU-1724 were tolerant to moisture stress. It was 

further observed that effect of water stress on shoot growth was greater than that on root 

growth. Previously, similar responses in shoot lengths were studied in water stressed plants 

of Pennisetum glaucum and Gossypium hirsutum L. (Govindaraj et al., 2010; Iqbal et al., 

2011), whilst Huang and Gao (2000) reported extreme effect of water shortage on root 

growth in tall fescue. 

Like morphological parameters, relative water content, excised leaf water loss and 

relative cell injury, differentiated water stress tolerant and susceptible cultivars. Substantial 

tolerance to moisture stress was revealed by DPL-26, BOU-1724 and 149F which 

maintained high relative water content, whilst MNH-129 and CIM-109 appeared to be poor 

retainers of leaf water content. Similar decrease in relative water content in wheat plants 
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under water stress had been reported by Hasheminasab et al. (2009). Therefore, high leaf 

water content during dry conditions had been suggested as effective screening criteria for 

identifying drought tolerant cultivars in barley (Matin  et al., 1989), tall fescue (Huang and 

Fry, 1998) and Triticum aestivum (Geravandi et al., 2011; Tavakol and Pakniyat, 2007). 

For excised leaf water loss, cultivars showing lowest values were desirable due to 

minimum loss of leaf water content under water stress. Similar selection criterion was used 

while selecting water stress tolerant plants on basis of electrolyte leakage. High degree of 

electrolyte leakage in cultivars S-12, H-499, NF-801-2-37, MNH-129 and FH-1000, due to 

failure in maintaining water content in cell membrane, and in agreement to the previous 

work on Gossypium hirsutum L. (Rahman, 2006; Ullah and Zafar, 2006), Triticum aestivum 

L. (Taheri et al., 2011), Sesamum indicum (Molaei et al. 2011) and turfgrass (Zhao et al., 

1994) in which relative cell injury was used for evaluation of germplasm under stress 

conditions. 

 Drought susceptibility indices provide insight of whole plant response to drought 

stress, and therefore cultivars having good yield potential under contrasting environments 

had been emphasized in different crop species such as Triticum aestivum L. (Golabadi et 

al., 2006), common bean (Porch, 2006) and Abelmoschus esculentus (Naveed et al., 2010). 

Therefore, cultivars B-557, BOU-1724, 149F and DPL-26 revealed better tolerance to low 

moisture conditions, and in contrast, MNH-129, H-499 and NF-801-2-37 revealed poor 

responses to water stress. On the basis of drought susceptibility indices using data of 

physiological parameters, NIAB-111, BH-118, B-557, BOU-1724, 149F and DPL-26 were 

more tolerant than MNH-129, H-499 and NF-801-2-37 and FH-1000.  

Biplot analysis had been used effectively for screening stress tolerant and sensitive 

germplasm (Malik et al., 2013; Noorifarjam et al., 2013; Rahimi et al., 2013). In the 

present work, data on shoot and root elongation revealed significant divergence for drought 

tolerance. Cultivars BH-118, DPL-26, 149F, B-557, BOU-1724, CIM-443, and CRIS-209 

made long vectors with origin, these cultivars were located on right side of treatment 

vectors, and their position on biplot distinguished them as best performers under normal 

and water stress environments. Comparing three physiological parameters through biplot 

analysis, cultivars FH-901, HR-1, CRIS-164, CRIS-403, Paymaster-54 and PB-38 exhibited 
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treatment specific response by appearing closer to treatment vectors, and in contrast, MNH-

129, H-499, NF-801-2-37 and FH-1000 revealed sensitivity to water stress.    

Roots, being important organs in plant water relations, are specially focused for 

drought tolerance in different plant species. Development of roots in cotton was genetically 

controlled (Basal et al., 2003; Iqbal et al., 2010; Klueva et al., 2000; McMichael and 

Quisenberry, 1991; Pace et al., 1999; Riaz et al., 2013), but change in expression of root 

traits due to environmental influence has also been reported (Cooper et al., 2009; de 

Dorlodot et al., 2007). For genetic enrichment of any trait like root length, it is essential 

that the target trait must possess appreciable estimates of heritability. In the present studies, 

moderate estimate of broad sense heritability (40%) of root length at seedling stage was 

computed under water stress conditions. Falconer and Mackay (1996) had suggested that 

estimates of heritability must be carefully interpreted as they are subjected to 

environmental variation, and thus plant breeders must be cautious while selecting for 

desirable plants on basis of heritability in stress environments. Clarke and McCaig (1993) 

had suggested that seedling data must be substantiated with that of mature plants. In the 

present studies, it was not possible to measure root length at maturity due to the 

destructive, laborious and tedious methods used for root extraction from soil profile (Fita et 

al., 2006; Richards, 2008).    

Molecular marker technology holds great promise for crop improvement exercise 

particularly cotton where repeated cycles of directional selection for high yield and 

earliness might have caused loss of genetic diversity in cotton (Iqbal et al., 2001). In the 

present study, 11 SSR primers were used to estimate genetic divergence among the cotton 

cultivars. Two SSR primers (JESPR-247 and JESPR-291) out of 11 were able to 

discriminate cotton cultivars thus revealing informative primers to be 18%. Total detected 

alleles were 33 with an average of 3 loci per primer. Allelic diversity found in the 

experimental material was low i.e. 0.1. These results may be compared with the findings of 

Bertini et al. (2006), Gutierrez et al. (2002) and Rungis et al. (2005) who estimated genetic 

divergence among selected cotton cultivars using limited number of microsatellites, and 

reported similar low estimates for allelic diversity, whilst Liu et al. (2000) had reported 

relatively higher polymorphism (0.31) in cotton germplasm which might be attributed to 

large sample size and choice of cotton race stocks instead of modern cultivars which 
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possess narrow genetic base due to domestication, as had been shown by Bertini et al. 

(2006)); Dahab et al. (2013) and  Zhang et al. (2011). In this study, genetic similarity 

coefficients ranged from 0.87 to 1.00 where 17 cultivars possessed similarity coefficient 

1.00, thus showing that major portion of the genome was similar due to related genetic 

background among cultivars. The cluster analysis arranged 21 cultivars in two main groups 

whilst CIM-109 remained ungrouped being divergent from remaining cultivars. 

Appearance of 17 cultivars at same level in the tree confirmed similarity coefficients to be 

1.00, and therefore observations of Kalivas et al. (2011) and Ehsan et al. (2013) validated 

the present findings.  

In the present study, a sub-sample of cotton germplasm was analyzed for genetic 

diversity on the basis of limited number of SSR primers. It had been suggested to use 

molecular markers in appreciable number on large populations to explore workable genetic 

variation because these two factors obstruct the potential of molecular marker technology 

(Lande and Thompson, 1990). The results of phenotypic screening did not validate SSR 

based selection because drought tolerance specific primers were not used in the present 

experimental material which might be a reason for indication of low diversity. The  crosses 

CIM-496 × NF-801-2-37 and DPL-26 × FH-1000 were identified as superior crosses for 

plant height, number of bolls and fibre length, whilst DPL-26 × NF-801-2-37 and B-557 × 

NF-801-2-37 revealed best combinations for boll weight under water stress conditions. 

These results suggested that lines CIM-496, DPL-26 and B-557 were genetically divergent 

from FH-1000 and NF-801-2-37, therefore these cultivars combined well to produce 

potential crosses. Genetic assessment of these hybrids using molecular markers may be 

possible for better exploitation of identified specific crosses (Asif et al., 2009). 

Examination of the data for 50 cultivars revealed general pattern of responses to 

water stress, and these responses are almost very similar to those noted for 20 cultivars 

studied in the sub-sample, showing a diverse range in responses to moisture stress. It is 

clear from these data that workable variability is available in the plant material examined 

here, and it is possible to exploit it through hybridization.  When such a potential 

variability in the germplasm is available to research workers, the use of a biometric method 

becomes important to examine the components of variation i.e. additive, non additive and 

epistasis. In the previous work, data on whole plant responses to stress is not available in 
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Gossypium hirsutum L. (Ahmad et al., 2009; Iqbal et al., 2010), and therefore the present 

study envisages the analysis of different parameters at plant maturity. Genetic analysis 

partitioned different genetic components of variation in moisture stress at maturity. The 

variance due to general combining ability (σ
2

gca) was lower than that due to specific 

combining ability (σ
2

sca) for plant height, seed cotton yield, number of bolls, boll weight, 

lint percentage and fibre characters, indicating the predominant role of non-additive genes 

under water stress conditions. The studies of Javaid et al. (2014), Neelima et al. (2004) and 

Shakeel et al. (2001) appeared to agree with the present investigation, whilst Karademir et 

al. (2009) and Lukonge et al. (2008) reported additive variation for fibre length and fibre 

fineness. For crop improvement exercise, plant breeders must have a working knowledge 

about action of genes and combining abilities of parents for different plant characters. This 

information is useful for identifying the potential parents to be used in hybridization 

programmes, as had been emphasized by Singh and Narayanam (2011). In the present 

studies, dissection of total variation into its components revealed the presence of greater 

magnitude of sca variance for plant height, seed cotton yield, number of bolls, boll weight, 

lint percentage and fibre traits under water stress. Sprague and Tatum (1942) and Griffing 

(1956) proposed that higher magnitude of sca signifies the importance of non additive 

genes in controlling expression of plant characters, and consequently may exhibit low 

heritability (Falconer and Mackay, 1996). Based on this information, direct selection of 

desirable plants is not recommended in segregating generations. Previous studies for 

drought tolerance on cotton had indicated the pronounced non additive genetic effects for 

plant height, seed cotton yield, number of bolls, boll weight and lint percentage, and thus 

are consistent with the present findings (Ahmad et al., 2009; Sarwar et al., 2012; Shakoor 

et al., 2009).  

Comparison of general combining abilities of nine parents (five lines and four 

testers) revealed that B-557 was a good general combiner followed by BOU-1724 for plant 

height, seed cotton yield, number of bolls, boll weight and lint percentage under water 

stress treatment. Variety CIM-496 displayed good general combining ability for fibre traits. 

Among testers, FH-1000 appeared to be good general combiner for all characters except 

number of bolls and fibre fineness. It is imperative to mention here that these inferences 

are confined to the present investigations. Comparison of varietal combination showed that 
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DPL-26 × FH-1000 was best for plant height, and this involved DPL-26 with poor gca and 

FH-1000 with good gca. The contribution of taller plants to increased seed cotton yield has 

been reported due to more fruiting branches and ultimately more fruiting points, 

nonetheless due to delayed maturity and high water requirement, tallness has become an 

undesirable feature for incorporating drought tolerance in upland cotton (Baloch et al., 

2011). Therefore, parents having negative gca for plant height may be considered better as 

had been suggested by Rauf et al. (2006). For seed cotton yield, B-557 nicked well with H-

499, and both the parents had high and low gca respectively for seed cotton yield, but has 

produced high yielding F1 hybrids. Six crosses revealed good manifestation for number of 

bolls, for instance, CIM-496 × NF-801-2-37, DPL-26 × NF-801-2-37, B-557 × NF-801-2-

37, B-557 × MNH-129, BOU-1724 × FH-1000 and 149F × H-499, and parental cultivars 

involved in these six crosses had complementary gca, excepting for CIM-496 × NF-801-2-

37 which used both the parents with poor gca. Cultivar MNH-129 was identified as poor 

general combiner for all the traits, but it combined well with B-557 and BOU-1724 (good 

general combiners) to exploit its potential for number of bolls and boll weight. Variation in 

performance of parents and hybrids could be justified on the basis of differences in genetic 

makeup and environmental conditions prevailing during trials (Bernier et al., 1993; 

Pettersen et al., 2006). Similar findings regarding best crosses resulting from parents 

possessing contrasting gca had been reported in upland cotton (Haq and Azhar, 2004; 

Naeem and Azhar, 2008; Soomro et al., 2010). Significance of non-additive gene action for 

all the traits revealed the possibility of using such plant material for the development of 

hybrids (Singh and Singh, 1999), for which parents with high gca is not always obligatory, 

nonetheless, parents having different gca may also produce superior combinations as 

suggested by Patel et al. (1997). previous researchers like Baloch and Chang (1970) and 

Azhar and Rana (1993) had further suggested that selection of parents on basis of high gca 

might be misleading. 

On the basis of information generated from the present investigations it is concluded 

that selection of desirable plants must not be executed till later generations (Fellahi et al., 

2013). These results are limited to the plant material studied here and therefore, may not be 

generalized for whole of the areas facing shortage of irrigation water in the cotton belt of 

Pakistan. Therefore, it is suggested that this information must be substantiated by another 
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genetic experiment which may involve a reasonable sample of cotton cultivars, evaluated 

under diverse environments in order to enhance stress adaptation of our existing 

commercial cultivars of cotton and to develop plant material with improved drought 

tolerance. 
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CHAPTER 6 

SUMMARY 

As a preliminary step, water stress was induced in cotton seedlings on appearance at 

the appearance of first true leaf. After one month, data were recorded on shoot length, root 

length, relative water content, excised leaf water content and relative cell injury. Statistical 

analyses of the data were performed by three different methods which revealed marked 

differences in 50 cultivars. The cultivars performing consistently under normal and water 

stress levels were shortlisted for detailed investigations. Absolute mean values for shoot 

and root length revealed considerable differences in water stress tolerance of CIM-496, 

149F, DPL-26, BOU-1724 and B-557, and in contrast, FH-1000, NF-801-2-37, MNH-129, 

S-12 and H-499 displayed susceptibility to water stress. Level of relative cell injury was 

found to be greater in S-12, H-499, NF-801-2-37, MNH-129 and FH-1000, and thus 

indicated their sensitivity to low moisture conditions, whilst CIM-448, DPL-26, 149F, B-

557 and BOU-1724 seemed to be less affected due to water stress. Cultivars MNH-129 and 

CIM-109 expressed poor leaf water retention. 

DSI has been useful to distinguish between water stress-tolerant and non-tolerant 

cultivars. Based on DSI calculated using morphological data, B-557 and BOU-1724 

exhibited best tolerance, whilst on physiological basis, DPL-26 and 149F revealed better 

stress tolerance due to lower DSI. Biplot analysis provided information on genetic 

divergence in graphical manner, and it was indicated that the experimental material 

examined was genetically diverged. Based upon the results of these three methods, five 

tolerant (CIM-496, 149F, DPL-26, BOU-1724 and B-557) and four susceptible cultivars 

(H-499, NF-801-2-37, MNH-129 and FH-1000) were identified for development of genetic 

material to investigate genetic basis of water stress tolerance. Root morphology is often 

focused in drought screening experiments with special emphasis on root length. In the 

present study, root length was identified as dependable selection criteria due to moderate 

estimate of heritability i.e. 40%. However, due to destructive and arduous sampling 

procedures, (for example, vertical pulling of whole plant from soil), root length was not 

measured at maturity.  
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 Molecular marker studies were conducted on a small sample of cotton germplasm. 

Analysis of data of gel profiles generated by 11 primers, and using ‘popgen32 software’ 

revealed that the plant material used for molecular studies possessed low polymorphism, 

indicating genetic relatedness. High similarity indices between cultivars and appearance of 

various cultivars at same level in cluster diagram suggested that most of the cotton 

cultivars used in this study have similar genome which might be justified on basis of their 

common origin. 

On the basis of morpho-physiological performance, five drought tolerant (lines) and 

four drought susceptible (testers) cultivars were hybridized in the field to develop F 1 

generation.  For assessment of water stress tolerance at maturity, seeds of 20 F1 hybrids 

along with their nine parents were field-planted under water stress conditions. Data were 

recorded on plant height, seed cotton yield, number of bolls, boll weight, lint percentage, 

fibre length and fibre fineness. Combining ability analysis of mature plants revealed that 

under water stress, non additive component contributed significantly to total variation as 

compared to additive component, suggesting the presence of low heritability for all the 

traits. This indicated that present plant material was not amenable to straightforward 

selection. It may be proposed that decline in expression of plant characters was due to the 

suppression of variability under water stress conditions. In this study, varietal combinations 

identified as best for seed cotton yield, number of bolls and boll weight may be exploited 

for the development of hybrids. India and China has attained self sufficiency in cotton 

production through successful adoption of hybrid development techniques. In these 

countries, utilization of commercial hybrids has fulfilled the needs of farmers inhabiting in 

areas with unreliable rainfall or with limited supply of supplemental irrigation. In Pakistan, 

cotton is largely grown in irrigated areas, but considering the acute shortage of surface 

water at critical stages of plant development, it  is proposed to develop hybrid cultivars for 

these areas. 

 The information generated stands acceptable for the plant material analyzed in this 

study. In order to extend the utility at wider scale, these results must be substantiated by 

conducting another genetic study using large number of cultivars to make deliberate 

decisions regarding choice of desirable plants under different moisture regimes. Crosses 

identified as superior for seed cotton yield and its components may be utilized for 
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development of hybrids to boost cotton production in water deficit areas. For the 

development of breeding programmes, this information may be used advantageously to 

incorporate water stress tolerance in existing cotton cultivars grown in the cotton belt of 

Pakistan.   
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APPENDICES 

Appendix I: List of 11 Primers of JESPR Series 

Sr. 

No. 

Marker 

Name 

Repeat 

type 
Forward Primer Reverse Primer 

1 JESPR247 (CT)15 GCTTCTTCCATTTTATTCAAG CAGCGGCAACCAAAAAG 

2 JESPR284 (CA)25(TA)5 CAAGATCCATCTGCTGATTAG GTATATACAAGTATAAAGTATTGG 

3 JESPR291 (CTT)8 CATTCCCCACTTTGCTCTTAC CATGTTTCTTTGCCCATC 

4 JESPR292 (CTT)7 GCTTGCAATCTCCTACACC GAATATGTTTCATAGAATGGC 

5 JESPR293 (GAA)7 CGAGATTTTAAGATTGTGC TGATGGCAAAAGCACC 

6 JESPR295 (CTT)7 GCCTCGTTTAAGCCCATAAAC GAGGGCCATAGTCACCGG 

7 JESPR300 (CTT)5(CAT)6 CGCATCACAAACCAAACAC CGGAAAATGATGATGATGAAGAAG 

8 JESPR301 (CAT)8 TGAGTTCCGAATTCCTTGG CGGGCTAAGTGTTTTTCG 

9 JESPR302 (GAT)5 CACTCCTAGCTTCTTGGCATC CTGCGATCTTGGCACAG 

10 JESPR304 (GAT)8 GAAATGCATTCCCTCAAAAGC AGACTCTATCGAATGACCCTG 

11 JESPR305 (GAT)6 CGATCCATCAAAGGCGAC CCGCCTCAGCACCATTTAC 
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Appendices 

Appendix II: Absolute performance of 50 G. hirsutum L. cultivars under normal and water 

stress conditions 

Sr. 

No. 
Cultivars 

Shoot length (cm) Root length (cm) 

Normal Stress Normal Stress 

1 NIAB-78 19.12 13.05 17.60 13.72 

2 NIAB-111 20.35 16.49 14.70 12.22 

3 CIM-70 18.40 12.99 17.50 12.27 

4 CIM-109 19.12 11.57 17.66 11.72 

5 CIM-240 20.62 12.63 20.53 13.53 

6 CIM-448 20.12 16.14 19.37 16.21 

7 CIM-446 17.07 11.10 19.44 15.26 

8 CIM-496 21.07 16.92 20.26 17.01 

9 CIM-473 19.29 12.69 20.68 15.47 

10 CIM-707 20.35 13.44 15.66 12.17 

11 BH-36 24.01 19.32 18.31 15.24 

12 BH-118 22.51 17.96 21.29 17.82 

13 FH-900 18.29 11.69 22.75 16.98 

14 FH-901 19.23 12.84 20.22 15.06 

15 MNH-93 19.85 13.12 20.99 15.25 

16 MNH-554 20.53 14.18 17.27 13.69 

17 DPL-26 23.62 19.41 23.22 19.66 

18 F-149 22.81 18.98 22.17 18.94 

19 B-557 21.62 18.17 23.05 19.54 

20 BOU-1724-3 22.48 18.79 21.82 18.87 

21 S-12 16.40 10.17 19.60 12.74 

22 HR-1 21.52 14.63 21.05 15.30 

23 H-499 20.44 12.03 22.63 13.74 

24 Acala-15-17-C 20.76 14.22 18.82 13.81 

25 Karishma 16.65 11.50 18.61 13.09 

Continued… 
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Appendices 

Appendix II: Absolute performance of 50 G. hirsutum L. cultivars under normal and water 

stress conditions 

Sr. No. Cultivars 
Shoot length (cm) Root length (cm) 

Normal Stress Normal Stress 

26 Paymaster-54 18.68 12.28 17.98 12.91 

27 NF-801-2-37 19.41 12.14 19.83 12.14 

28 NIAB-313/86 21.46 14.57 22.55 16.99 

29 NIAB-313/36 18.87 12.08 19.71 15.06 

30 NIAB-766 22.73 15.67 22.32 17.09 

31 CIM-443 19.29 12.35 24.16 18.01 

32 CIM-435 20.74 13.83 16.66 12.28 

33 CIM-90 20.07 13.43 17.94 14.13 

34 MNH-552 20.03 15.78 21.44 17.84 

35 MNH-129 20.40 11.93 20.60 12.06 

36 CRIS-164 20.01 12.98 20.60 14.50 

37 CRIS-209 20.98 14.13 24.72 18.60 

38 CRIS-403 19.90 13.08 21.55 15.55 

39 CRIS-90 18.13 11.64 19.88 14.35 

40 Babdale 20.10 13.21 16.49 11.98 

41 FH-925 18.51 12.04 22.33 17.74 

42 FH-87 20.77 12.93 17.82 11.46 

43 124-F 18.76 12.37 18.64 14.37 

44 4F 14.62 8.91 18.55 12.49 

45 FH1000 20.40 12.56 17.82 11.21 

46 AcalaSJ.4 20.62 13.47 17.16 11.65 

47 PB-899 20.68 13.54 21.55 17.10 

48 PB-900 18.40 11.87 18.82 14.91 

49 PB-38 20.36 16.10 19.72 16.38 

50 PB-39 19.88 12.97 21.16 15.32 
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Appendices 

Appendix III: Absolute performance of 50 G. hirsutum L. cultivars under normal and water 

stress conditions 

Sr. 

No. 
Cultivars 

RWC% ELWL% RCI% 

Normal Stress Normal Stress Normal Stress 

1 NIAB-78 64 36 31 58 23 56 

2 NIAB-111 90 63 28 45 24 53 

3 CIM-70 68 39 31 58 25 61 

4 CIM-109 73 39 34 65 26 79 

5 CIM-240 88 48 35 68 23 69 

6 CIM-448 86 54 28 44 22 52 

7 CIM-446 69 40 31 58 23 57 

8 CIM-496 92 66 27 41 20 43 

9 CIM-473 58 30 32 59 25 61 

10 CIM-707 63 32 33 60 25 64 

11 BH-36 89 62 28 44 23 53 

12 BH-118 94 67 29 47 21 50 

13 FH-900 66 37 33 60 20 56 

14 FH-901 42 16 32 59 26 62 

15 MNH-93 60 30 33 60 22 59 

16 MNH-554 70 41 32 59 23 61 

17 DPL-26 92 70 26 38 19 43 

18 F-149 93 68 29 41 19 42 

19 B-557 91 67 27 40 20 40 

20 BOU-1724-3 95 69 28 42 18 39 

21 S-12 92 56 34 66 23 70 

22 HR-1 63 33 34 61 22 60 

23 H-499 94 46 35 71 20 78 

24 Acala-15-17-C 72 42 32 59 26 64 

25 Karishma 64 36 34 61 25 59 

Continued… 
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Appendices 

Appendix III: Absolute performance of 50 G. hirsutum L. cultivars under normal and water 

stress conditions 

Sr. 

No. 
Cultivars 

RWC% ELWL% RCI% 

Normal Stress Normal Stress Normal Stress 

26 Paymaster-54 62 31 32 59 24 62 

27 NF-801-2-37 91 48 36 71 22 76 

28 NIAB-313/86 57 29 32 60 24 62 

29 NIAB-313/36 53 28 30 57 23 62 

30 NIAB-766 68 38 32 60 22 64 

31 CIM-443 72 41 33 60 25 60 

32 CIM-435 73 44 33 61 23 61 

33 CIM-90 68 38 32 60 21 61 

34 MNH-552 87 60 28 45 22 49 

35 MNH-129 89 38 38 76 20 77 

36 CRIS-164 59 29 31 57 23 66 

37 CRIS-209 64 34 34 62 24 64 

38 CRIS-403 67 42 32 60 24 60 

39 CRIS-90 69 34 32 59 25 63 

40 Babdale 73 44 33 61 26 62 

41 FH-925 63 33 31 58 25 59 

42 FH-87 84 45 37 74 22 73 

43 124-F 70 41 32 59 21 60 

44 4F 71 40 36 68 22 67 

45 FH1000 81 43 38 77 23 77 

46 AcalaSJ.4 73 40 34 61 24 70 

47 PB-899 76 48 31 59 22 61 

48 PB-900 59 30 33 59 17 49 

49 PB-38 93 64 29 45 24 53 

50 PB-39 69 41 32 61 23 56 
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Appendices 

Appendix IV: DSI of 50 G. hirsutum L. cultivars for five seedling traits  

 

Sr. 

No. 
Cultivars 

Shoot 

length 

Root 

length 
RWC ELWL RCI 

1 NIAB-78 1.02 0.88 1.01 1.07 0.88 

2 NIAB-111 0.58 0.65 0.72 0.71 0.73 

3 CIM-70 0.89 1.15 0.97 1.06 0.87 

4 CIM-109 1.20 1.29 1.26 1.15 1.25 

5 CIM-240 1.17 1.31 1.16 1.15 1.21 

6 CIM-448 0.60 0.63 0.94 0.73 0.82 

7 CIM-446 1.06 0.83 0.96 1.09 0.89 

8 CIM-496 0.60 0.62 0.69 0.65 0.73 

9 CIM-473 1.04 0.97 1.12 1.04 0.87 

10 CIM-707 1.03 0.86 1.10 1.00 0.95 

11 BH-36 0.59 0.64 0.73 0.67 0.79 

12 BH-118 0.61 0.63 0.69 0.76 0.83 

13 FH-900 1.09 0.98 1.01 1.02 1.09 

14 FH-901 1.01 0.98 1.41 1.05 0.84 

15 MNH-93 1.03 1.05 1.16 1.02 1.02 

16 MNH-554 0.94 0.80 0.94 1.04 1.00 

17 DPL-26 0.54 0.59 0.56 0.55 0.75 

18 F-149 0.51 0.56 0.64 0.54 0.72 

19 B-557 0.48 0.58 0.63 0.58 0.60 

20 BOU-1724-3 0.50 0.52 0.67 0.60 0.69 

21 S-12 1.15 1.35 1.00 1.15 1.25 

22 HR-1 0.97 1.05 1.10 0.97 1.04 

23 H-499 1.25 1.51 1.33 1.24 1.76 

24 Acala-15-17-C 0.96 1.02 0.93 1.04 0.89 

25 Karishma 0.94 1.14 0.99 0.98 0.82 

Continued… 
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Appendices 

Appendix IV: DSI of 50 G. hirsutum L. cultivars for five seedling traits  
 

Sr. 

No. 
Cultivars 

Shoot 

length 

Root 

length 
RWC ELWL RCI 

26 Paymaster-54 1.04 1.08 1.14 1.05 0.96 

27 NF-801-2-37 1.14 1.49 1.23 1.21 1.49 

28 NIAB-313/86 0.97 0.95 1.14 1.08 0.96 

29 NIAB-313/36 1.09 0.91 1.09 1.08 1.03 

30 NIAB-766 0.94 0.90 0.99 1.09 1.18 

31 CIM-443 1.09 0.98 0.97 1.03 0.85 

32 CIM-435 1.01 1.01 0.92 1.02 1.00 

33 CIM-90 1.00 0.82 0.99 1.08 1.15 

34 MNH-552 0.64 0.65 0.75 0.74 0.75 

35 MNH-129 1.26 1.60 1.53 1.26 1.73 

36 CRIS-164 1.06 1.14 1.14 1.05 1.13 

37 CRIS-209 0.99 0.95 1.08 1.02 1.01 

38 CRIS-403 1.04 1.07 0.85 1.06 0.91 

39 CRIS-90 1.08 1.07 1.15 1.05 0.92 

40 Babdale 1.04 1.05 0.92 1.08 0.84 

41 FH-925 1.06 0.79 1.10 1.06 0.82 

42 FH-87 1.14 1.37 1.20 1.22 1.41 

43 124-F 1.03 0.88 0.93 1.02 1.12 

44 4F 1.18 1.26 1.15 1.09 1.24 

45 FH1000 1.16 1.43 1.23 1.24 1.43 

46 AcalaSJ.4 1.05 1.24 1.02 0.97 1.16 

47 PB-899 1.05 0.79 0.85 1.10 1.07 

48 PB-900 1.08 0.80 1.13 1.01 1.13 

49 PB-38 0.63 0.65 0.73 0.72 0.74 

50 PB-39 1.05 1.06 0.93 1.13 0.87 
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Appendices 

Appendix V: Protocol for genomic DNA extraction from cotton leaves 

  

1. Preheat 2 X CTAB at 65°C for one hour in water bath. 

2. Collect young and tender leaves with a sharp pincet and transfer to eppendorf tube and 

immediately freeze in liquid nitrogen. 

3. Grind the dry leaves to a fine powder in a 2-ml micro centrifuge tube with one 3-mm glass 

bead.  

4. Add 500 µl of hot (65°C) 2 X CTAB buffer, shake, and then incubate for half an hour. 

5. Add 500 µl of Chloroform/Isoamyl alcohol (24:1), and shake. 

6. Centrifuge the samples at 13000 rpm for 15 minutes at 20
o
C. 

7. Take the supernatant in another 1.5 ml eppendorf tube.  

8. Precipitate the DNA by adding equal volume of chilled isoproponol and centrifuge the 

samples at 13000 rpm
1
 for 15 minutes at 20

o
C. 

9. Decant the supernatant and wash the pellet with 70% ethanol. 

RNAse Treatment 

10. Preheat water bath at 37°C. 

11. Add 5 µl RNAse to samples, and incubate at 37°C for one hour. 

12. Add equal volume of Chloroform/Isoamyl alcohol (24:1), and shake. 

13. Centrifuge the samples at 13000 rpm for 10 minutes at 20
o
C. 

14. Take the supernatant in another 1.5 ml eppendorf tube. 

15. Add 3 M NaCl in volume 1/10
th

 of the supernatant, and shake. 

16. Centrifuge the samples at 13000 rpm for 5 minutes at 20
o
C. 

17. Decant the supernatant and wash the pellet with 70% ethanol. 

18. Dry the pellet at room temperature and dissolve it with double distilled autoclaved deionized 

water.  

19. Determine the quality of isolated DNA through agarose gel electrophoresis (0.8%). 

 

 

                                                           
1
 rpm stands for revolution per minute 
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Appendices 

Appendix VI: Protocol for preparation of buffers/reagents for DNA extraction 

 

DNA Extraction Buffer (1000 ml): 

CTAB   20 g 

PVP
2
   10 g 

NaCl   1.4 M 

100 mM Tris base 100 ml; pH 8.0  

20 mM EDTA  40 ml; pH 8.0 

Make up the final volume with distilled water to 1000 ml. 

 

Chloroform/Isoamyl alcohol (24:1): 

Chloroform  24 ml 

Isoamyl alcohol 1 ml 

 

70% Ethanol: 

Ethanol  70 ml 

Distilled water  30 ml 

 

3 M NaCl
3
 (1 Litre): 

NaCl   175.5 g 

Distilled water  1000 ml 

 

 

                                                           
2
 Polyvinylpyrrolidone 

3
 Sodium Chloride 
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Appendices 

Appendix VII: Protocol for Agarose Gel Electrophoresis 
 

DNA fragments were separated by electrophoresis on 0.8% (w/v) agarose gels in 0.5 X TBE 

buffer containing ethidium bromide (10 mg/ml). Fragment sizes were estimated by comparison 

with Fermentas 100 bp DNA ladder. Fermentas 6 X DNA loading dye was used. 

 

10 X Tris-Borate EDTA Buffer (TBE)  

Tris base   108 g 

Boric acid   55 g 

0.5 M EDTA (pH 8.0)  40 ml 

Make up the final volume with distilled water to 1000 ml.  

 

0.5 X Tris-Borate EDTA Buffer (TBE) 

10 X TBE buffer  50 ml 

Distilled water to  950 ml  
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Appendices 

Appendix VIII: Protocol for preparation of 6 X Gel loading dye 

 

Bromophenol blue  0.25% (w/v) 

Xylene cyanol FF  0.25% (w/v) 

Glycerol   30.0% (v/v) 

Dissolve in distilled water. 
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Appendices 

Appendix IX: Gene ruler 
 

 

 

 

 

                             50 bp DNA Ladder 
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Appendices 

Appendix X: Analysis of variance of plant height of cotton under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 138.45 69.23 1.09
ns

 3.09 4.82 

Cultivars 28 3850.93 137.53 2.16
**

 1.48 1.73 

Parents 8 2823.18 352.89 5.55
**

 1.85 2.36 

Crosses 19 1019.56 53.66 0.84
ns

 1.51 1.79 

Parents vs 

crosses 
1 8.18 8.18 0.13

ns
  3.94 6.90 

Lines  4 238.55 59.64 0.94
ns

 2.10 2.82 

Testers  3 217.42 72.47 1.14
ns 

 2.46 3.51 

Line x Tester  12 563.59 46.96 0.74
ns

 1.57 1.89 

Error 56 3560.80 63.58    

 

 

Analysis of variance of plant height of cotton under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 32.61 16.31 0.55
ns

 3.09 4.82 

Cultivars 28 3815.01 136.25 4.63
**

 1.48 1.73 

Parents 8 1196.97 149.62 5.08
**

 1.85 2.36 

Crosses 19 748.99 39.42 1.34
ns

 1.51 1.79 

Parents vs 

crosses 
1 1869.05 1869.05 63.46

**
 3.94 6.90 

Lines  4 224.47 56.12 1.91
ns

 2.10 2.82 

Testers  3 229.99 76.66 2.60
*
 2.46 3.51 

Line x Tester  12 294.54 24.54 0.83
ns

 1.57 1.89 

Error 56 1649.36 29.45    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 

 

 



 
 

127 
 

Appendices 

Appendix XI: Analysis of variance of seed cotton yield under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 657.61 328.81 20.83
**

 3.09 4.82 

Cultivars 28 1313.46 46.90 2.97
**

 1.48 1.73 

Parents 8 605.66 75.71 4.80
**

 1.85 2.36 

Crosses 19 685.70 36.08 2.29
**

 1.51 1.79 

Parents vs 

crosses 
1 22.09 22.09 1.40

ns
 3.94 6.90 

Lines  4 387.06 96.76 6.13
**

 2.10 2.82 

Testers  3 45.99 15.33 0.97
ns

 2.46 3.51 

Line x Tester  12 252.64 21.05 1.33
ns

 1.57 1.89 

Error 56 884.06     

 

 

Analysis of variance of seed cotton yield under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 86.68 43.34 2.77
ns

 3.09 4.82 

Cultivars 28 983.56 35.13 2.24
**

 1.48 1.73 

Parents 8 324.62 40.58 2.59
**

 1.85 2.36 

Crosses 19 435.99 22.95 1.46
ns

 1.51 1.79 

Parents vs 

crosses 
1 222.95 222.95 14.23

**
 3.94 6.90 

Lines  4 158.98 39.75 2.54
*
 2.10 2.82 

Testers  3 103.45 34.48 2.20
ns

 2.46 3.51 

Line x Tester  12 173.55 14.46 0.92
ns

 1.57 1.89 

Error 56 877.38 15.67    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 
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Appendices 

Appendix XII: Analysis of variance of number of bolls under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 33.99 16.99 1.58
ns

 3.09 4.82 

Cultivars 28 903.94 32.28 3.00
**

 1.48 1.73 

Parents 8 402.28 50.28 4.68
**

 1.85 2.36 

Crosses 19 457.43 24.07 2.24
**

 1.51 1.79 

Parents vs 

crosses 
1 44.23 44.23 4.11

*
 3.94 6.90 

Lines  4 193.19 48.29 4.49
**

 2.10 2.82 

Testers  3 127.94 42.65 3.97
**

 2.46 3.51 

Line x Tester  12 136.29 11.36 1.06
ns

 1.57 1.89 

Error 56 602.19 10.75    

 

Analysis of variance of number of bolls under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 10.28 5.14 1.60
ns

 3.09 4.82 

Cultivars 28 331.56 11.84 3.69
**

 1.48 1.73 

Parents 8 112.14 14.02 4.37
**

 1.85 2.36 

Crosses 19 218.85 11.52 3.59
**

 1.51 1.79 

Parents vs 

crosses 
1 0.57 0.57 0.18

ns
 3.94 6.90 

Lines  4 105.86 26.46 8.25
**

 2.10 2.82 

Testers  3 17.52 5.84 1.82
ns

 2.46 3.51 

Line x Tester  12 95.48 7.96 2.48
**

 1.57 1.89 

Error 56 179.59 3.21    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 
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Appendices 

Appendix XIII: Analysis of variance of average boll weight under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 4.36 2.18 4.66
*
 3.09 4.82 

Cultivars 28 12.62 0.45 0.96
ns

 1.48 1.73 

Parents 8 3.77 0.47 1.01
ns

  1.85 2.36 

Crosses 19 8.71 0.46 0.98
ns

 1.51 1.79 

Parents vs 

crosses 
1 0.14 0.14 0.30

ns
 3.94 6.90 

Lines  4 2.41 0.60 1.29
ns

 2.10 2.82 

Testers  3 2.07 0.69 1.48
ns

 2.46 3.51 

Line x Tester  12 4.23 0.35 0.75
ns

 1.57 1.89 

Error 56 26.16     

 

Analysis of variance of average boll weight under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 0.18 0.09 0.41
ns

 3.09 4.82 

Cultivars 28 8.01 0.28 1.28
ns

 1.48 1.73 

Parents 8 3.71 0.46 2.08
*
 1.85 2.36 

Crosses 19 4.15 0.22 0.98
ns

 1.51 1.79 

Parents vs 

crosses 
1 0.15 0.15 0.68

ns
 3.94 6.90 

Lines  4 2.01 0.50 2.26
*
 2.10 2.82 

Testers  3 0.25 0.08 0.37
ns

 2.46 3.51 

Line x Tester  12 1.89 0.16 0.71
ns

 1.57 1.89 

Error 56 12.47 0.22    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 
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Appendix XIV: Analysis of variance of lint percentage under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 41.04 20.52 2.35
 ns

 3.09 4.82 

Cultivars 28 518.19 18.51 2.12
**

 1.48 1.73 

Parents 8 264.67 33.08 3.79
**

 1.85 2.36 

Crosses 19 209.77 11.04 1.27
ns

 1.51 1.79 

Parents vs 

crosses 
1 43.75 43.75 5.02* 3.94 6.90 

Lines  4 49.87 12.47 1.43
ns

 2.10 2.82 

Testers  3 76.29 25.43 2.92
*
 2.46 3.51 

Line x Tester  12 83.61 6.97 0.80
ns

 1.57 1.89 

Error 56 488.28 8.72    

 

Analysis of variance of lint percentage under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 104.69 52.34 5.24
**

 3.09 4.82 

Cultivars 28 546.96 19.53 1.96
**

 1.48 1.73 

Parents 8 237.59 29.69 2.98
**

 1.85 2.36 

Crosses 19 296.85 15.62 1.57
*
 1.51 1.79 

Parents vs 

crosses 
1 12.52 12.52 1.25

ns
 3.94 6.90 

Lines  4 199.22 49.81 4.99
**

 2.10 2.82 

Testers  3 61.08 20.36 2.04
ns

 2.46 3.51 

Line x Tester  12 36.54 3.04 0.31
ns

 1.57 1.89 

Error 56 559.01 9.98    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 
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Appendix XV: Analysis of variance of fibre length under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 0.67 0.34 0.15
ns

 3.09 4.82 

Cultivars 28 112.29 4.01 1.81
**

 1.48 1.73 

Parents 8 57.87 7.23 3.26
**

 1.85 2.36 

Crosses 19 42.06 2.21 1.00
ns

 1.51 1.79 

Parents vs 

crosses 
1 12.36 12.36 5.57

**
 3.94 6.90 

Lines  4 5.61 1.40 0.63
ns

 2.10 2.82 

Testers  3 6.34 2.11 0.95
ns

 2.46 3.51 

Line x Tester  12 30.11 2.51 1.13
ns

 1.57 1.89 

Error 56 124.21 2.22    

 

Analysis of variance of fibre length under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 5.41 2.71 1.39
ns

 3.09 4.82 

Cultivars 28 88.12 3.14 1.61
**

 1.48 1.73 

Parents 8 30.71 3.84 1.97
*
 1.85 2.36 

Crosses 19 42.05 2.21 1.14
 ns

  1.51 1.79 

Parents vs 

crosses 
1 15.37 15.37 7.88

** 
 3.94 6.90 

Lines  4 20.02 5.00 2.57
*
 2.10 2.82 

Testers  3 10.94 3.65 1.87
ns

 2.46 3.51 

Line x Tester  12 11.09 0.92 0.47
ns

 1.57 1.89 

Error 56 109.15 1.94    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 
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Appendix XVI: Analysis of variance of fibre fineness under normal water conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 0.23 0.11 1.42
ns

 3.09 4.82 

Cultivars 28 5.85 0.21 2.61
**

 1.48 1.73 

Parents 8 2.60 0.33 4.06
**

 1.85 2.36 

Crosses 19 2.85 0.15 1.88
**

 1.51 1.79 

Parents vs 

crosses 
1 0.39 0.39 4.97

**
 3.94 6.90 

Lines  4 0.30 0.07 0.94
ns

 2.10 2.82 

Testers  3 1.96 0.65 8.17
**

 2.46 3.51 

Line x Tester  12 0.58 0.05 0.61
ns

 1.57 1.89 

Error 56 4.48 0.08    

 

Analysis of variance of fibre fineness under water stress conditions 

Source of 

variation 
df Sum of 

Squares 
Mean Squares F calculated 

 

F tabulated 

 

0.05 0.01 

Replications 2 0.05 0.03 0.50
ns

 3.09 4.82 

Cultivars 28 2.34 0.08 1.66
*
 1.48 1.73 

Parents 8 1.17 0.14 2.90
**

 1.85 2.36 

Crosses 19 1.03 0.05 1.07
ns

 1.51 1.79 

Parents vs 

crosses 
1 0.14 0.14 2.82

ns 
3.94 6.90 

Lines  4 0.22 0.05 1.08
ns

 2.10 2.82 

Testers  3 0.60 0.20 3.97
**

 2.46 3.51 

Line x Tester  12 0.21 0.02 0.35
ns

 1.57 1.89 

sError 56 2.83 0.05    

* denotes differences significant at 5% probability level, ** denotes differences significant at 1% probability level, ns denotes non significant 


