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Abstract

Genetic modification of the rooting system may lead to more drought tolerant upland

cotton. A number of different root and physiological traits have been suggested as

important mechanism of drought tolerance of cotton. This study was conducted to

identify and map quantitative trait loci (QTLs) conferring root architecture in an

interspecific cross Gossypium hirsutum x Gossypium barbadense population. An F2

population was developed which differed greatly in root characteristics. A genetic map

covering 3190.50 cM, with 219 marker loci and 26 linkage groups, was constructed by

using this F2 population. The Two F2 populations were grown in tube and pots

experiments. Tap root traits (length, weight, and lateral root numbers) were evaluated.

QTL analysis via composite interval mapping detected 17 QTLs, for three root traits

including 3 QTLs for fresh root weight, 6 QTLs for lateral root numbers, and 2 QTLs for

tap root length in tube experiment, while in pot experiment, 3 QTLs for fresh root weight

and 3 QTLs for lateral root numbers were identified. Individually the QTLs accounted for

11-28% of phenotypic variation. Common QTLs were indentified for fresh root weight

and lateral root numbers on chr. 18 & chr. 25 respectively, in both pot and tube

experiments. The QTLs for root traits, firstly detected in Gossypium, may provide a basis

for marker-assisted selection to improve productivity in root-crop breeding.
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CHAPTER 1

INTRODUCTION

1.1 Cotton

The domesticated members of the Gossypium (cotton genus) are among one of the most

important field crops in the world primarily due to the intrinsic value of their lint (fiber).

The word “cotton” is derived from the Arabic word “al qatan” (Chaudhry and

Guitchounts, 2003) used to describe fine textile. Cotton (Gossypium spp.) is the leading

fiber crop worldwide with the production of 24.86 million metric tons in 2006

(Anonymous, 2006a) that makes possible world commerce of raw cotton of about $20

billion annually (Rong et al. 2005). Cotton lint as soft, breathable textile products has

added greatly to the comfort, style, and culture of human civilization. The cotton plant is

also an important source of vegetable oil used extensively in foodstuffs for baking and

frying and in spreads such as margarine and mayonnaise. The seed bagasse is used as raw

material in livestock feed, fertilizer, paper, and biofuel. Despite the importance of

cotton’s secondary products, 90% of cotton’s value resides in lint fiber. The production,

marketing, consumption, and trade of cotton-based products generate revenues in excess

of $100 billion annually in the US alone, making cotton the number one value-added crop

(Wilkins and Arpat, 2005). It is grown commercially in the temperate and tropical

regions of more than 80 countries, including the United States, China, Pakistan, India,

Central and South America, the Middle East, and Australia (Fryxell, 1979; Smith, 1999).
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1.2 Gossypium: Evolution, Polyploidization and Domestication

Gossypium species are endemic to the tropics and subtropics, about 33 million hectares of

cotton are planted annually in almost 70 countries (ICAC 2004) ranging from latitudes

470 N in Ukarine (UNCTAD 2006) to about 340 S in Australia (AOGTR 2002). The top

six cotton producing countries in the 2000 to 2005 seasons include, by the average order

of importance, China, the United States, India, Pakistan, Uzbekistan, and Brazil, and

collectively account for almost three quarters of the world’s cotton production (NCC

2006). Annual cotton fiber production has now reached about 25 million metric tons with

a farm-gate value of about US$20 billion, contributing about 40% to the world fiber

market (ICAC 2006) and making cotton the single most important natural fiber in the

global economy. The value of the processing of cotton adds US$ 30 billion. More than

350 million people are engaged in jobs related to the production and processing of cotton.

The cotton genus, Gossypium is an excellent system for examining many fundamental

questions relating to genome evolution, plant development, and crop productivity.

Gossypium is composed of ~45 diploid and 5 allopolyploid species that occur naturally

throughout the arid and semiarid regions of Africa, Australia, Central and South America,

the Indian subcontinent, Arabia, the Gala´pagos, and Hawaii (Fryxell 1979, 1992). The

diploid Gossypium species fall into eight cytological groups, or “genomes,” designated

A–G and K on the basis of chromosome pairing relationships (Beasley 1940; Phillips and

Strickland 1966; Edwards and Mirza 1979; Endrizzi et al. 1985; Stewart 1994). While the

diploid Gossypium all have the same chromosome number (n-13), their haploid genome

sizes vary from 1 to 3.5 Gb (Wendel et al. 2002), variation largely explicable in the best-
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studied cases (A vs. D) by different amounts of dispersed repetitive DNA (Zhao et al.

1998a).

Allotetraploid cottons are all indigenous to the New World and unite the Old World A

genome with the New World D genome in an A-genome cytoplasm (Galau and Wilkins

1989; Wendel 1989; Wendel and Albert 1992). The A- and D-genome progenitors are

thought to have diverged from a common ancestor ~6–11 million years ago (MYA) and

have been reunited in a common tetraploid nucleus ~1.1–1.9 MYA (Wendel 1989;

Wendel and Albert 1992; Senchina et al. 2003; Wendel and Cronn 2003). Polyploid

formation presumably involved migration of the Old World A-genome ancestor by

saltwater dispersal, a mechanism that may contribute to the natural distributions of

several members of the cotton tribe with comose seeds (Fryxell 1979). Polyploidization

was followed by radiation and divergence with distinct tetraploid species now indigenous

to Central America (Gossypium hirsutum L.), western South America (G. barbadense L.),

northeastern Brazil (G. mustelinum Miers ex Watt), the Hawaiian Islands (G. tomentosum

Nuttall ex Seemann), and the Galapagos Islands (G. darwinii Watt; Fryxell 1979). All

tetraploid species have 26 gametic chromosomes, exhibit disomic pairing (Kimber 1961),

and have similar genome sizes (Wendel et al. 2002) that have been variously estimated

2.2–2.9 Gb.

Particularly interesting questions concerning Gossypium are the genetics underlying

productivity and the quality of the world’s leading natural fiber. World cotton commerce

of ~$20 billion annually is made possible by an unusual feature of a few members of this

taxon. Kim and Triplett (2001) noted that, “There are only a few cells in the plant

kingdom that are as exaggerated in their size or composition as cotton fibers” and that
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some of these single-celled seed epidermal trichomes “may reach lengths of over 6 cm, or

one-third the height of an Arabidopsis plant.” (Although the quotation is correctly stated,

we have been able to corroborate only reports of fiber lengths up to 5 cm in length).

Commercial cotton production is dominated by improved forms of the tetraploids G.

hirsutum and G. barbadense. Wild A-genome diploids and AD-tetraploids each produce

spinnable fibers that were a likely impetus for domestication (Stephens 1967; Fryxell

1979). Domesticated tetraploid cottons existed in the New World by 3500–2300 B.C.

(Stephens and Moseley 1974) and have been widely distributed by humans throughout

the world’s warmer latitudes. Domesticated A-genome diploids may have existed in the

Old World as early as 6000 B.C. (Moulherat et al. 2002), and G. arboreum remains

intensively bred and cultivated in Asia.

The joining in a common nucleus of A and D genomes with very different evolutionary

histories appears to have created unique avenues for response to selection. Directional

selection by humans has consistently produced AD-tetraploid cottons that have yielded

and/or quality characteristics superior to those of A-genome diploids. Breeding of G.

hirsutum (AD1) has emphasized maximum yield, while G. barbadense (AD2) is prized

for superior fiber quality. Curiously, the D genome, from an ancestor that does not

produce spinnable fibers (Lee 1984), contributes substantially to the fiber quality of

tetraploid cottons (Jiang et al. 1998; Saranga et al. 2001; Paterson et al. 2002). Polyploid

formation in cotton appears to have created unique avenues for response to selection not

only for fiber quality but also for disease resistance (Wright et al. 1998), drought

tolerance (Saranga et al. 2001), and perhaps other traits.
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G. hirsutum ‘Upland cotton’ is the primary source of cotton fiber, accounting for about

97% of the world production (NCC 2006). G. hirsutum race ‘yucatanense’ appears to be

the wild progenitor of Upland cotton (Brubaker and Wendel 1994) and is native to the

Yucatan  peninsula  in  Mexico,  with  race  ‘punctatum’  considered  the  first  version  of

domesticated form that is found in ring surrounding the habitat of race ‘yucatanense’.

Additional forms that appear to be version of further domesticated cotton (Brubaker et al.

1999) are found on the Mexican highlands and in southern Mexico and Guatemala (races

‘latifolium’, ‘palmeri’, ‘richmondi’, and ‘morilli’). The earliest cotton cultivars in the US

cottonbelt were a collection of a diverse cultivars that were native to the islands of the

Caribbean Sea and Mesoamerica (Ware 1951), but these were essentially replaced

by’latifolium’ cultivars from  southern Mexico/Guatemala via the Mexican highlands

(Ware 1951; Wendal et  al. 1992;  Brubaker  and Wendel  1994).  Additional  cultivars

directly from southern Mexico/Guatemala were introduced as a response to the

devastation caused by the boll weevil (Ware 1951). This ‘melting point’, which has

included some introgression from G. barbadense, has been the basis of the main grouping

of US Upland cultivars, Acala, Delta, Plains, and the Eastern, and can be considered the

genetic foundation of most of the G. hirsutum cotton cultivars throughout the world

(Niles and Feaster 1984).

G. barbadense, the other domesticated allotetraploid, yield an extra-long staple or extra-

fine quality fine fiber that make about 3% the total world cotton market (ICAC, 2006).

Even though the fiber quality is better than Upland cotton, neither is the yield as high nor

the normal production environment as widespread, thus, breeding efforts in this species

have not been as extensive as in Upland cotton. Using molecular markers, Percy and
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Wendel (1990) and Westengen et al. (2005) report northwest South America as the center

for diversity for G. barbadense as well as the subsequent dispersal across the Andes to

northeast South America and then following the islands up the Caribbean into Central

America. The material in the Caribbean developed into Sea Island cotton that was

subsequently combined in Egypt with another G. barbadense, reportedly Jumel’s tree

cotton (Balls 1912), that was the basis of Egyptian cotton which was then brought back to

the new world as Pima cotton. Since it appears that there was one original interspecies

cross (Wendel 1989), there has to be some movement of these protoallotetraploids since

the centers of diversity for G. hirsutum and G. barbadense don’t overlap.

1.3 Drought

Approximately one third of the world’s arable land suffers from chronically inadequate

supply of water for agriculture, and in virtually all agricultural regions, yield of rain-fed

crops are periodically reduced by drought (Kramer 1980; Boyer 1982). Drought is a

major limitation to crop productivity worldwide (Boyer, 1982). For most major food

crops, improvement in drought tolerance is an important breeding objective, and

significant advances have been made over the past 10–20 years (Boyer, 1996).The

development of drought-tolerant crops has been hindered by lack of knowledge of precise

physiological parameters that are diagnostic of genetic potential for improved

productivity under water deficit. Many workers in this field were developed over the past

couple of decades, covering subjects from plant strategies to control water status under

drought (Schulze 1986a) to the physiological and biochemical processes underlying plant

response to water deficits (Chaves 1991; Cornic and Massacci 1996). Identifying traits of

importance in drought resistance is made difficult by the complexity of climatic variation
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in precipitation and evapo-transpiration, by the relationship between soil moisture status

and nutrient availability and by differential plant interactions with this environment.

Drought is actually a meteorological event which implies the absence of rain fall for a

period of time, long enough to cause moisture deficiency in soil and water deficit with a

decrease in water potential in plant tissues (Kramer 1980). Drought resistance is a

complex trait, expression of which depends on action and interaction of different

morphological (earliness, reduce leaf area, leaf rolling, wax content, efficient rooting

system, awn, stability in yield and reduced tillering ).

1.4 Genetics of drought

In genetic sense, the mechanisms of drought resistance can be grouped into three

categories, viz. drought escape, drought avoidance and drought tolerance. However, crop

plants use more than one mechanism at a time to resist drought. Drought escape is

defined as the ability of a plant to complete its life cycle before serious soil and plant

water deficits develop. This mechanism involves rapid phenological development (early

flowering and early maturity), developmental plasticity (variation in duration of growth

period depending on the extent of water-deficit) and remobilization of preanthesis

assimilates to grain. Drought avoidance is the ability of plants to maintain relatively high

tissue water potential despite a shortage of soil-moisture, whereas drought tolerance is the

ability to withstand water-deficit with low tissue water potential. Mechanisms for

improving water uptake, storing in plant cell and reducing water loss confer drought

avoidance. The responses of plants to tissue water-deficit determine their level of drought

tolerance. Drought avoidance is performed by maintenance of turgor through increased

rooting depth, efficient root system and increased hydraulic conductance and by
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reduction of water loss through reduced epidermal (stomatal and lenticular) conductance,

reduced absorption of radiation by leaf rolling or folding, and reduced evaporation

surface (leaf area). Plants under drought condition survive by doing a balancing act

between maintenance of turgor and reduction of water loss. The mechanisms of drought

tolerance are maintenance of turgor through osmotic adjustment (a process which induces

solute accumulation in cell), increase in elasticity in cell and decrease in cell size and

desiccation tolerance by protoplasmic resistance.

In agriculture, drought resistance refers to the ability of a crop plant to produce its

economic product with minimum loss in a water-deficit environment relative to the

water-constraint-free management. An understanding of genetic basis of drought

resistance in crop plants is a pre-requisite for a geneticist to evolve superior genotype

through either conventional breeding methodology or biotechnological approach.

1.5 Breeding approaches for drought tolerance

Three breeding approaches for drought resistance have been evolved. The first is to breed

for high yield under optimum (water-stress-free) condition. As the maximum genetic

potential of yield is expected to be realized under optimum condition and a high positive

correlation exists between performance in optimum and stress conditions, a genotype

superior under optimum level will also yield relatively well under drought condition. This

is the basic philosophy of this approach. However, the concept of expression of

maximum genetic potential in optimum condition is debated as genotype environment

interaction may restrict the high yielding genotype to perform well under drought. Thus,

the second approach, i.e. to breed under actual drought condition has been suggested. The

second approach suffers from the problem that the intensity of drought is highly variable
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from year to year and as a consequence environmental selection pressure on breeding

materials changes drastically from generation to generation. This problem compounded

with low heritability of yield makes for the complicated and slow breeding program.

Improving the yield potential of an already resistant material may be a more promising

approach, provided there is genetic variation within such a material. Simultaneous

selection in non-stress environment for yield and in drought condition for stability may

be done to achieve the desired goal of evolving drought-resistant genotype with high

yield. On the other hand, biparental mating (half sib and full sib) maintains the broad

genetic base and provide the scope to evolve the desirable genotype of drought resistance.

As loss of yield is the main concern for the crop plant from agricultural point of view,

plant breeders emphasize on yield performance under moisture stress condition. A

drought index which provides a measure of drought based on loss of yield under drought-

condition in comparison to moist condition has been used for screening drought-resistant

genotype.

The development of drought-tolerant crops has been hindered by lack of knowledge of

precise physiological parameters that are diagnostic of genetic potential for improved

productivity under water deficit. Using genetic mapping to dissect the inheritance of

different complex traits in the same population is a powerful means to distinguish

common heredity from casual associations between such traits (cf. Paterson et al. 1988).

Although genetic mapping technologies have been available for a decade or more for

many major crops, in few cases has it been possible to collect comprehensive phenotypic

data both on measures of agricultural productivity, and also on differential response

among large numbers of genotypes to water deficit. Several investigators have identified



Chapter 1 Introduction

10

quantitative trait loci (QTLs) responsible for improved productivity under arid conditions

(Agrama & Moussa 1996; Tuinstra et al. 1998; Ribaut et al. 1997). Separately, QTLs

have also been reported that confer physiological variations that are thought to be

associated with stress tolerance.

1.6 New genomic tools for cotton improvement

For the improvement of agronomically and economically important traits, plant breeding

generally recombines traits present in different parental lines of cultivated/ wild species.

Conventional breeding programmes reach this goal by generating an F2 segregating

population and then screening the phenotypes of pooled or individual plants for presence

of desirable trait. This is followed by a time consuming and costly process of repeated

backcrossing, selfing and testing. During this breeder depends on accurate screening

methods and availability of lines with clear-cut phenotypic characters. Therefore,

combination of  complex characters  encoded by multiple genes with additive effects

(quantitative trait loci - QTL), recessive genes or accumulation (pyramiding) of genes

encoding the same trait as different resistances against the same pathogen, is difficult to

achieve with classical methods (Beckmann and Soller, 1986). QTL is a single locus from

a series of polygenes, which are involved, in a quantitative trait of complex nature

(Paterson et al. 1988; Kearsey et al. 1998).

Use of molecular markers facilitates all these breeding processes, since it can accelerate

the generation of new varieties and allow association of phenotypic traits with genomic

loci. These properties make molecular markers indispensible for crop improvement

(Winter and Kahl, 1995). DNA markers also provide means of detecting and resolving

complications such as linkage drag (Young and Tanksley, 1989), suppression of

recombination and segregation distortion (Jiang et al. 2000), encountered during

interspecific gene introgression.
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The first chromosome map was produced by Sturtevant with segregation data derived

from studies on Drosophila (Crow and Dove, 1988). Markers on this map were

phenotypic traits scored by visual observation of morphological characteristics of flies.

By the early 1980s, biochemical markers had been employed as a general tool for QTL

mapping (Weller et al. 1988). Isozyme genomic maps have been established for several

plant species, including cotton (Saha and Stelly, 1994). DNA fingerprinting involves the

display of a set of DNA fragments from a specific DNA sample (Vos et al. 1995), to

study polymorphism at DNA level that can be an indicative of genetic diversity. Plant

DNA fingerprinting is also defined as the application of molecular marker techniques to

identify cultivars (Archak, 2000), measure genetic diversity, select parents and warrant

marker assisted selection.

The term “molecular markers” is applied to a variety of DNA fingerprinting techniques

that assay variations at the DNA level. Ideal markers are stable, abundant and detectable

in plant tissues regard less of growth, differentiation and defence status. A number of

DNA fingerprinting techniques are available (Karp and Edwards 1997; Weising et al.

1998), most of which use polymerase chain reaction (PCR) (Mullis and Faloona, 1987;

Erlich et al. 1991; Vos et al. 1995) for detection of polymorphism, mapping and QTL

analysis (Young, 1999). Development of the  first map of human genome based on

molecular markers (Botstein et al. 1980) fueled the development of maps in other

genomes.

1.6.1 Amplified Fragment Length Polymorphism (AFLP)

AFLP is robust and reliable (Vos et al. 1995) for DNA fingerprinting of different

genomes, previously known as selective restriction fragment amplification (SRFA)

(Zabeau and Vos, 1993). AFLPs are reproducible as RFLPs, so highly suited to network

experiments. The AFLP system is technically difficult and expensive to set up, but it

detects a large number of loci (up to 100), reveals a great deal of polymorphism and



Chapter 1 Introduction

12

produces high complexity DNA fingerprints which can be used for genetic diversity

(Zhong et al., 2002; Murtaza, 2006) and for high resolution mapping and marker assisted

cloning (Jones et al. 1997a; Berloo et al. 2001).

AFLP combines the use of restriction enzymes with PCR amplification of fragments and

detects fragment length polymorphisms. Total Genomic DNA is double digested with

two restriction enzymes (a rare and a frequent cutter). Three kinds of fragments result:

Type 1 are fragments with rare cutter ends only, and these are rare and negligible; Type 2

have one rare cutter end and one frequent cutter end, while Type 3 have two frequent

cutter ends. Only the type 2 fragments are used in the PCR amplification. Then cut ends

are ligated with double stranded (ds) adapters. The sequence of the adapters and the

adjacent restriction site serve as primer biding sites for subsequent amplification of the

restriction fragments. Following ligation, the DNA is preamplified using primer sets (16-

17 bases) homologous to adapters but carrying at the 3’end of each primer one additional

arbitrary base, because of these bases not all restriction fragments can be amplified in a

PCR reaction. It reduces the later background and increases amount of DNA available for

succeeding steps. Amplification using two primers, each carrying two or three additional

selective bases at the 3’end is then performed (selective amplification), only restriction

fragments (subsets) in which the nucleotides flanking the restriction site match the

selective nucleotides will be amplified (Vos et al., 1995). Amplification products are

evaluated on a DNA sequencing gel (denaturing PAGE). Silver staining or fluorescent

labelling can be used as an alternative to radiolabelling. Moreover, its fluorescent version

(fAFLP) can be used for more automation (Reddy et al., 1997).
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1.6.2 Microsatellites or Simple Sequence Repeats (SSR)

“Satellite DNA or repetitive elements/sequences” were first observed in the form of

dinucleotide repeats of poly CA and poly GT (Hamada et al., 1982, 1984) when

eukaryotic genomic DNA was subjected to isopycnic cesium chloride density gradient

centrifugation. Distinctive bands of DNA of lesser or greater density than the bulk of the

genomic DNA were frequently observed (Beridze, 1986). These repetitive sequences

were named as Simple Sequence Repeats (SSRs) (Tautz and Renz, 1984), later on named

as Microsatellites (Litt and Luty, 1989) or Simple/ Short Tandem Repeats (STRs)

(Edwards et al., 1991). Plant genomes contain large number of microsatellites of 1-6 or

<6 bp. Typically they may be dinucleotides (AC)n, (AG)n and (AT)n; trinucleotides

(TCT)n and (TTG)n; tetranucleotides (TATG)n and so on, where n is the number of

repeating units within the microsatellite locus (Jones et al., 1997a). The most abundant

types of microsatellites in plants is (AT)n dinucleotides (Akkaya et al., 1992; Morgante

and Olivieri, 1993). High throughput genotyping of STRs is helpful in detecting

polyporphisms among individuals (Krebs et al., 2001). SSRs are present in both non-

coding and coding regions. Expressed sequence tags (EST)-derived-SSRs (EST-SSRs)

from transcribed regions of the DNA (Chee et al., 2004; Qureshi et al., 2004; Taliercio et

al., 2006) are generally more conserved across species than those from the untranscribed

regions. Gene can be identified specifically to clone and characterise expressed DNA

(Wilkins and Arpat, 2005).

Microsatellite analysis is performed by amplification of genomic DNA using pairs of

specific primers flanking tandem arrays of microsatellite repeats. Amplified products are

typically separated on polyacrylamide gels to obtain the resolution needed to separate

DNA bands differing by a few nucleotides, although specialized agarose like Metaphor

agarose may suffice. SSR markers are codominant, extremely polymorphic (Liu et al.,

2002) and polymorphism is based on differences in number of repeats in amplified
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regions. They find application as markers for mapping, cultivar identification, estimation

of genetic diversity and relatedness (Lubberstedt et al., 2000; Yamamoto et al., 2001).

DNA markers also reveal neutral sites of variation at the DNA sequence level. Unlike

morphological markers, neutral variations do not show themselves in the phenotype and

each might be nothing more than a single nucleotide difference in a gene or a region of

repetitive DNA. They have the great advantage that they are much more numerous than

morphological markers (Jones et al., 1997a). Similarly, unlike isozyme, the number of

DNA markers is nearly unlimited; their expression not necessary for their detection and

all markers can be detected with DNA fingerprinting techniques (Beckmann and Soller,

1986). Today, various new marker techniques and breeding strategies, tailored for the

inclusion of DNA markers, have been designed. The result of these efforts is an ever-

increasing number of molecular markers for agronomically important traits, which are

available for nearly all crops (Winter and Kahl, 1995; Jauhar et al., 2006).

1.7 Roots for water supply and drought tolerance

Under conditions of drought, it has long been considered (Miller, 1916, cited by

Kashiwagi et al., 2006, O’Toole and Bland 1987) that an increased root depth would

contribute to better drought tolerance. Under such conditions, Jordan and colleagues

(1983) have shown that deeper rooting would increase crop yield under drought stress. It

has been reported that an increased soil volume explored would increase crop yield under

water-limited environments (Jones and Zur, 1984). Since sorghum is deeper rooted than

maize, a theoretical analysis has shown that increasing the root depth of maize to that of

sorghum would contribute to a yield increase in most dry years (Sinclair and Muchow,
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2001). Ludlow and Muchow (1990) have reviewed 16 traits that potentially contribute to

drought tolerance. The three most important traits included plant phenology, osmotic

adjustment, and rooting depth. Although in these studies, the type of drought imposed

was not fully described, it is understood that roots would have an essential role under

terminal drought conditions, i.e., for those crops grown on residual soil moisture after the

end of the rains, and where drought stress usually occurs after flowering. Whether roots

contribute during intermittent drought still needs investigation, as there is virtually no

published data on the topic. In any case, there is a consensus that root should contribute

to a better adaptation to dry conditions.

1.7.1 Importance of roots in drought tolerance

Drought tolerance is complex agronomic trait with multigenic components, which

interact in a holistic manner in plant systems (Ingram and Bartels, 1996; Cushman and

Bohnert, 2000). Production in many regions of the U.S. Cotton Belt is limited by

inadequate amounts or inadequate distribution of rainfall. Decreasing ground water

supplies and high energy costs affect production of irrigated cotton in other regions.

Therefore, selection for drought tolerance is a major interest of plant breeders in cotton,

as well as other agricultural commodities. Previous drought tolerant studies have on

either root morphology or plant physiological characters (Quisenberry et al., 1982;

Chaves and Rodrigues, 1987; Winter et al., 1988; Bland and Dugas, 1989; Ball et al.,

1994; Xu and et al., 1995; Kumar and Singh, 1998; Kasperbauer, 1999; Pace et al.,

1999). Zobel 1986 proposed that there were 5 distinct types of angiosperm roots.

Different classes of roots may have distinct architectures, genetic control and responses

to environmental variables (Lynch and van Beem 1993; Malamy 2005). Root growth and
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thickening plays a key role in determining the response of plants to drought, the final

weight, shape and even quality of the storage root (Iwata et al., 2004).

Water deficit not only decreases shoot growth rate, plant height, and yield; it also affects

root growth. However, root growth is less sensitive to drought than shoot growth

according to Malik et al., (1979), Saab and Sharp  (1989),  Creelman et al., (1990),

McMichael and Quisenberry (1991), and Ball et al., (1994). Pace et al., (1999) reported

that stressed cotton seedlings showed some increase in root length but reduced root

diameter. Ball et al. (1994) and Prior et al. (1995) showed that inadequate soil moisture

reduced cotton root elongation while Plaut et al., (1996) found reduced root length

density at 42 and 70 d after emergence. Malik et al., (1979) reported an effect of drought

stress on root distribution. Development of adaptive root system is an adaptive strategy of

plant for drought avoidance (Lincoln et al., 1992). Root characteristics such as thickness,

depth of rooting, and root length density have been associated with drought avoidance in

rice Ekanayake et al., 1985; O’Toole and Chang 1979; Yoshida and Hasegawa 1982).

1.7.2 Genetics of root systems

To promote the use of root traits in breeding programs, a better understanding of the

genetics of root development is needed. In this respect, although the QTLs for root traits

above may not relate well to better performance in field conditions, the work from

Tuberosa and colleagues has the merit of shedding light on the genomic portions

involved in early root development, an aspect that several authors indicate as important to

cope with water deficit. This is a first step to understand the genetics of root

development. In that respect, recent studies are now trying to tackle in a more systematic

way how root growth is genetically controlled, which was not possible before
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(Hochholdinger et al., 2004; Malamy, 2005; Kashiwagi et al., 2007). Root traits have

also been targeted by genetic transformation in tomato, where an Arabidopsis gene

related to the vacuolar H+ pyrophosphatase (AVP1), led to an increased root growth

under water deficit (Park et al., 2005), which was hypothesized to be related to a

modification in the auxin fluxes. A recent study carried out at ICRISAT also shows the

involvement of DREB1A transcription factor driven by a stress responsive promoter from

the rd29 gene of Arabisopsis thaliana, on the development of groundnut roots under

drought stress conditions (Vadez et al., 2007). These transgenic plants of groundnut

variety JL 24 were grown in 1.2 m long and 16 cm diameter cylinders under well-watered

conditions for 30 days before withdrawing irrigation in half of the plants. Forty days

later, upon drought treatment the root growth was dramatically found to increase in the

transgenics, whereas roots remained unchanged in the non-transgenic plants. This

resulted in a higher water uptake from the soil. This work suggests that DREB1A triggers

native genes of groundnut that might be involved in root development, and needs further

investigations.

1.7.3 Current status of breeding for roots

Very limited efforts to breed for root traits have been undertaken, mostly because of the

difficulties involved, the incomplete knowledge of the key parameters in the rooting

characteristics that contribute to drought tolerance, and a lack of the knowledge of the

range of variations available for root traits that can be used for breeding. Despite the

importance given to roots in the drought scenario, few teams have undertaken breeding

for root traits. Even if root QTL have been identified in certain crops such as rice

(Champoux et al., 1995; Yadav et al., 1997; Price et al., 1997, 1999), no products have
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appeared. There is also some doubt on the contribution of root QTL to drought tolerance

in rice (Price et al., 2002). In maize, where the root pulling force is well related to root

length density (Merill and Rawlins, 1979; Sanguinetti et al., 1998), Bolanos and

colleagues (1993) have found a negative correlation between root pulling force and grain

yield under drought conditions. In fact, no relation was found between the Root-ABA1

QTL on maize bin 2.04, and grain yield (Giuliani et al., 2005). Hence, to breed for roots,

not only is a lot of work needed to explore the diversity for root traits: (i) methods still

need to be designed to have sufficient throughput to deal with large number of accessions

and with sufficient heritability to permit breeding, (ii) there is also an important need to

establish a sufficient relationship between the measurement of root traits and their impact

on yield under water limited conditions.

1.8 Mapping QTLs for root characteristics

Breeding new varieties with improved root traits has been limited because evaluation of

root traits is laborious and time consuming and no efficient techniques have yet been

developed (Robertson et al., 1985). DNA based molecular markers represent a non-

destructive method for gathering information regarding root traits. Some QTLs

controlling root characteristics have been identified in rice (Price et al., 2000), bean

(Beebe et al., 2006), and lettuce (Johnson et al., 2000). The integration of Quantitative

trait locus (QTL) analysis with marker-assisted selection (MAS) has provided the

potential for increasing breeding efficiency (Steele et al., 2006). MAS based on accurate

mapping of root traits may make it possible to improve selection efficiency and develop

novel varieties with high yields.
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Drought resistance in cotton can be improved through an improved root system.

Developing cultivars with long tap root system and high root weight with more lateral

root numbers can be recognized as an important breeding objective for drought resistance

improvement in cotton, and will have great impact to boost cotton production and sustain

yield stability in dry areas. Increasing and stabilizing cotton production in arid

environment with desirable root morphological traits is main goal of our study. Majority

of these root traits as in other plant species, are inherited quantitatively (Beebe et al.,

2006). Molecular genetic approaches may be one solution to improve drought tolerance

in cotton. Mapping genes controlling root-characteristics could facilitate the development

of cotton cultivars better adapted to water deficit environments. MAS based on accurate

mapping of root traits can make it possible to improve selection efficiency and develop

novel varieties with high yield.

Cotton (Gossypium spp.) is an important taxon to study genetic potential for adaptation to

drought. Cotton originates from wild perennial plants adapted to semi-arid, subtropical

environments which experience periodic drought and temperature extremes (Kohel

1974). Modern cultivars have been evolved through intensive selection for fiber

characteristics. This leads to narrow genetic base for drought tolerance. However,

considerable variations persist with in between the cultivated triploid cotton species, G.

hirsutum and G. barbadense, in physiological traits such as WUE (Saranga et. al., 1998)

and photosynthetic rate (Pettigrew & Meredith 1994). This study was conducted to find

the differences in root characteristics between two species and to indentify and map the

QTLs conferring root architecture. This work would give an insight to the genetic basis
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of drought resistance and accelerate marker-assisted selection (MAS) for this trait in

cotton-breeding programs.

1.9 Application of molecular markers

In the past decade, the development of molecular techniques and application of molecular

markers have brought a new dimension into the traditional area of plant breeding.

Molecular markers not only allow the easy and reliable identification of clones

(Devarumath et al., 2002), somaclonal variations (Rahman and Rajora 2001), breeding

lines, hybrids (Bastia et al., 2001) and cultivars (Mohanty et al., 2001) but also facilitate

the monitoring of introgression (Ahoton et al., 2003; Paterson et al., 2003), marker

assisted selection (Francia et al., 2005) and the assessment of genetic diversity (Iqbal et

al., 1997, 2001; Mukhtar et al., 2002; Rahman et al., 2002a) and relatedness among

germplasm (Khan et al., 2000; Milligan, 2003).

Molecular markers have been extensively used to estimate the genetic diversity and to

establish linkage maps for several plant species (Weising, et al., 1991; Wang et al., 1994)

such as Arabidopsis thaliana (Alonso-Blanco and Koornneef, 2000), soybean (Zhu et al.,

2003), maize (Lubberstedt et al., 2000), wheat (Mukhtar et al., 2002; Asif et al., 2005),

cotton (Iqbal et al., 1997; Jiang et al., 2000; Khan et al., 2000; Rahman et al., 2002a;

Zhang et al., 2002; Paterson et al., 2003; Han et al., 2006; Lacape et al., 2007), rice (Zhu

et al., 2000; Cordeiro et al., 2002), sugarcane (Al-Janabi et al., 1993), sorghum (Whitkus

et al., 1992), Solanum and Brassica (Bastia et al., 2001), barley (Berloo et al., 2001), oat

(Li et al., 2000), triticale (Terzi, 1997), rye (Iqbal and Rayburn, 1994), chickpea (Sharma

et al., 1995), common bean (Vandermark and Miklas, 2002), lentil (Rahman and Zafar,

2001), peanut (Halward et al., 1992), tomato (Robert et al., 2001), potato (Tanksley et

al., 1992; Boluarte-Medina et al., 2003), cauliflower (Hu and Quirose, 1991), pepper

(Rao et al., 2003), lettuce (Paran and Michelmore, 1993), alfalfa (Diwan et al., 2000),
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Citrus (Cheng et al., 2003), apple and pear (Yamamoto et al., 2001), bananas (Faure et

al., 1993), blackberries and raspberries (Nybom and Schaal, 1990), peach (Aranzana et

al., 2003), papaya (Parasnis et al., 2000), tea (Devarumath et al., 2002), Coffea arabica

(Rani et al., 2000), rose (Walker and Werner, 1997), ornamental plants like Alstroemeria

(Benedetti et al., 2000) and New Guinea impatiens (Carr et al., 2003), Creeping

Bentgrass (Casler et al., 2003), forest trees (Rani et al., 2000) like aspen (Rahman and

Rajora, 2001), pine (Nelson et al., 1993) and conifers (Carlson et al., 1991).

Advanced high-density genetic linkage maps (Diwan et al., 2000; Zhang et al., 2002;

Han et al., 2006; Hua et al., 2007) established using molecular markers, for a series of

economically important crops provide a basis for MAS of agronomically useful traits, for

pyramiding of resistance genes, and the isolation of important genes by map-based

cloning strategies (Tanksley et al., 1995; Ribaut and Hoisington, 1998). Once the

molecular markers closely linked to desirable traits are identified, MAS can be performed

in early segregating populations and at early stages of plant development (Rahman et al.,

2002b; Guo et al., 2003; Zhang et al., 2003; Francia et al., 2005).

Rapidly developing genomic tools would be useful in discovering and transferring new

genes buried in otherwise inferior germplasm (Tanksley and McCouch, 1997; Yu and

Kohel, 2001; Lacape et al., 2005; Ulloa et al., 2006). Classification of Gossypium

collection with DNA markers generally agrees with that of morphological and geological

observations. However, molecular analysis may provide greater resolution of and new

insights into the evolutionary relationships (Brubaker and Wendel, 1994; Nekrutenko and

Baker, 2003). DNA markers have been successfully used for the estimation of genetic

diversity and similarities among wild cotton species (Khan et al., 2000) and cotton

cultivars (Iqbal et al., 1997; Rahman et al., 2002a). Most cotton breeding programs that

employ MAS involve the DNA marker for major genes, as monogenic traits are easier to

follow than complex traits. QTLs identified for fiber quality genes are being used in
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MAS (Guo et al., 2003; Zhang et al., 2003) and to monitor G. barbadense introgressions

in segregating progeny (Jiang et al., 2000).

Gene tagging is to locate the genes of interest with the help of linked molecular markers.

DNA markers linked to a gene of interest are the milestones. These tags are useful

starters for identifying the gene. Chromosome walking to or landing on the site where the

gene can be physically found requires information on genome composition and marker

orientations. Although cotton has a large and complex genome, however, the physical

size in centiMorgan (cM) of cotton does not prohibit map-based cloning. It is estimated

that the tetraploid cotton has a genetic size of at least 5000 cM, and a physical size of

2246 Mb to 2702 Mb and hence 450 Kb/cM (Arumuganthan and Earle, 1991; Michaelson

et al., 1991; Paterson et al., 1996).

It is safe to say that molecular marker techniques will gain more and more influence on

plant breeding in the future and will speed up breeding processes considerably. In view of

potential development of new strategies, the future for improvement of polygenic traits

through DNA markers appears bright. Moreover, by adopting new and novel marker

systems like EST-SSRs, SNPs, DNA chips and microarrays, indeed, some day it may be

possible to select best lines for breeding based on RNA expression profiles as much as

marker genotypes. Integrating genomics and bioinformatics into the field of molecular

breeding may prove to be even more significant than DNA markers and eventually lead

to even more profound revolution in crop breeding.
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1.10 Prospects for better exploiting the potential of root

systems for drought

Overall, there have been a number of scattered studies on roots in different crops,

documenting root systems and their putative contribution to drought tolerance. A

common feature in most of these studies is the very “static” manner in which the roots

were assessed, i.e., destructive samplings at one or several points in time, giving virtually

no information on the “dynamics” of root characteristics. From these studies, what

particular root trait, or what particular aspect of root growth would contribute to a better

adaptation to water deficit remain unclear. Second, the limited number of genotypes

tested in each crop does not permit an exhaustive assessment of the range of variations

available and the potential for breeding these traits. This drawback is mostly explained by

the difficulty in studying roots, thus requiring a simplification of the methods used to

evaluate a larger number of lines. Third, when testing the putative relation between

differences in rooting traits and drought tolerance, genotype phenology (drought escape)

was often the overriding factor explaining plant tolerance (Blum et al., 1977, Kashiwagi

et al., 2006). Therefore, the exact contribution of roots to drought tolerance can only be

tested once sufficient genetic variations in root traits are found within groups of

genotypes sharing a similar phenology. This should carefully consider the phenology of

genotypes, and determine the relation between a given pattern of kinetics/volume of

water uptake and drought tolerance. Once contrasting genotypes are identified, root

developmental and morphological patterns can be investigated thoroughly.
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1.11 Objectives

The objectives of the present study were: 1) Screening of cotton genotypes/ varieties for

root traits (root length, root weight and lateral root numbers); 2) Development of

segregating population of selected cotton parents for genetic mapping; 3) Screening of

selected cotton parents and their segregating population using microsatellite markers; 4)

Construction of cotton genetic linkage map; 5) Identification and mapping of QTLs

controlling root traits through their association with SSRs that would provide a basis for

marker assisted selection and cloning of root related genes. 6) Mapping QTLs for drought

under selected environment i.e. well watered and dryland condition.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Cotton drought

Cotton is grown dryland and irrigated. Cultivars are needed that can endure and recover

from drought so as to minimize yield loss in dryland areas and to reduce the water needed

in irrigated production. An understanding of the response of cultivars to water deficits is

also important in modeling cotton growth and estimating irrigation needs. Several studies

have shown that drought inhibits cotton canopy development. Krieg and Sung (1986)

determined that drought decreases the number of leaves on sympodial branches of cotton.

Leaf area of glasshouse-grown cotton also was inhibited when the percentage of soil-

available water was less than 51 ± 15% (Rosenthal et al., 1987). Cutler and Rains (1977)

concluded that predawn leaf water potentials below $0.5 MPa were accompanied by

decreased leaf elongation rate. Leaf expansion of 55-d-old cotton plants slowed after 2 d

of withholding water, which meant that leaf growth was more sensitive than root

elongation to drought (Ball et al., 1994). Similarly, McMichael and Quisenberry (1991)

found that terminal drought decreased the shoot-root ratio. Drought also reduced the

growth, development, and distribution of cotton roots (Malik et al., 1979; Taylor, 1983).

Root growth of 55-d-old cotton was reduced after 6 d of withholding water (Ball et al.,

1994). The number of roots elongating decreased by 35% during the drought.
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Cotton cultivars that can endure and recover from drought are needed to minimize yield

loss in dryland areas and to reduce the water needs of irrigated production. An

understanding of the response of cultivars to water deficits is also important in attempts

to model cotton growth and estimate irrigation needs. Planting early-maturing cultivars

can decrease the amount of water used by cotton, but other traits may further decrease the

amount of water used. Studies have shown that both canopy and root developments are

inhibited by drought.

Until recent advances in molecular genetics, breeders have been improving both

qualitative and quantitative inherited traits by conventional breeding methods based on

phenotypic evaluation and selection, which are time and resource consuming. Molecular

markers offer efficient tools for dissecting QTLs affecting traits with complex genetic

inheritance, and facilitate marker-assisted selection (MAS) and map based cloning (Park

et al., 2005). With advancement in molecular marker technology, MAS combined with

conventional breeding has bee an excellent way of improving cotton. To increase the

reliability and usability of MAS breeding, there is a need to identify DNA markers. Many

types of DNA markers, including RFLP, RAPD, AFLP, SSR and sequences-tagged sites

(STS) has been developed for cotton genome research (Reinisch et al., 1994; Jiang et al.,

1998, 2000; Shappley et al., 1998a, b; Ulloa and Meredith 2000; Reddy et al., 2001;

Ulloa et al., 2002; Zhang et al., 2002; Lacape et al., 2003; Mei et al., 2004; Nguyen et

al., 2004; Rong et al., 2004; Guo et al., 2007).

Advances in molecular marker technology have led to the development of detailed

genetic maps of many plant species including rice (Causse et al. 1995; Kurata et al.

1994). These markers, usually RFLPs (restriction fragment length polymorphisms), have
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made it possible to locate and tag genes of major economic importance. For example,

genes for aroma (Ahn et al. 1992), photoperiod sensitivity (Mackill et al. 1993), salt

tolerance (Zhang et al. 1995), semidwarÞsm [sd-1 (Cho et al. 1994) and sdg (Liang et al.

1994)] and many agronomically important morphological markers (Yu et al. 1995) have

been mapped to tightly linked RFLP markers. McCouch and Doerge (1995) have

reviewed progress in the mapping of quantitative trait loci (QTLs) in rice using similar

approaches. Marker-assisted selection (using a marker associated with a trait as a

selection criteria rather  than the trait itself) has considerable potential for the rapid

breeding of improved varieties (Stuber 1994), and a successful demonstration of its

application to rice plant height has been reported by Cho et al. (1994). QTL mapping of

traits theoretically involved in drought resistance has recently been conducted. For

example, QTLs controlling the concentration of leaf or xylem absisic acid (ABA) have

been mapped in wheat (Quarrie et al. 1994), barley (Sanguineti 1994) and maize

(Lebreton et al. 1995). Lebreton et al. (1995) also reported the chromosomal locations of

QTLs for many drought resistance-related traits, including stomatal conductance, turgor

pressure and water potential under mild drought stress together with root number and root

pulling force. In tomato, Martin et al. (1989) used RFLPs and carbon isotope

discrimination to map water-use efficiency.

2.2 Genetic dissection of crops under arid conditions

Saranga et al., (2004) tested two generations of progeny from a cross between

Gossypium hirsutum and Gossypium barbadense , quantitative trait loci (QTL) mapping

was used to evaluate correspondence in genetic control of selected physiological

measures and productivity under water limited and well-watered environments,
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respectively. A total of 33 QTLs were detected for five physiological variables [osmotic

potential (OP), carbon isotope ratio (d 13 C; indicator of water use efficiency), canopy

temperature, Chlorophyll a and b], and 46 QTLs for five measures of crop productivity

[dry matter, seed cotton yield (SC), harvest index, boll weight, and boll number]. QTL

likelihood intervals for high SC and low OP corresponded in three genomic regions, two

of which mapped to homoeologous locations on the two subgenomes of tetraploid cotton.

QTLs for d 13 C showed only incidental association with productivity, indicating that

high water use efficiency can be associated with either high or low productivity. Different

cotton species have evolved different alleles related to physiological responses and

productivity under water deficit, which may permit the development of genotypes that are

better adapted to arid conditions.

Saranga et al., (2001) studied genetically equivalent cotton populations grown under

well-watered and water-limited conditions (the latter is responsible for yield reduction of

50% relative to well-watered conditions), productivity and quality were shown to be

partly accounted for by different quantitative trait loci (QTLs), indicating that adaptation

to both arid and favorable conditions can be combined in the same genotype. QTL

mapping was also used to test the association between productivity and quality under

water deficit with a suite of traits often found to differ between genotypes adapted to arid

versus well-watered conditions. In this study, only reduced plant osmotic potential was

clearly implicated in improved cotton productivity under arid conditions. Genomic tools

and approaches may expedite breeding of genotypes that respond favorably to specific

environments, help test roles of additional physiological factors, and guide the isolation
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of genes that protect crop performance under arid conditions toward improved adaptation

of crops to arid cultivation.

2.3 Mapping quantitative trait loci associated with drought
tolerance

Numerous QTL mapping studies examining drought tolerance and related traits in maize,

rice, barley and wheat have demonstrated that this trait is affected by several loci, each of

which have relatively small effects (e.g. reviews by McCouch and Doerge, 1995; Quarrie,

1996; CIMMYT conference). Several studies have mapped loci associated with

morphological traits under drought conditions. In maize a reduced anthesis-silking

interval (ASI) is one of the traits most commonly associated with drought tolerance

(Agrama and Moussa, 1996; Ribaut et al., 1996; Ribaut et al., 1997). Four of the 5 QTL

for ASI from Agrama and Moussa (1996) appear to map in the same chromosomal

regions (chromosomes 1, 5, 6, 8) as those in Ribaut et al. (1996) who identified 6 QTL

for this trait. In addition, Ribaut et al. (1997) identified two “stable” QTL for grain yield

that coincided with QTL for kernel number per plot. Lebreton et al. (1995) mapped QTL

for physiological traits associated with drought tolerance in maize. They measured

stomatal conductance, ABA of different tissues, leaf water relations parameters,

fluorescence, root pulling force, and nodal root number. Xylem ABA content and

stomatal conductance were associated with root characteristics. They found that xylem

and leaf ABA content were positively correlated with nodal root number and root pulling

force and negatively correlated with stomatal conductance. This was supported by

coincident QTL on chromosome 3 for xylem ABA content and nodal root number;

whereas, QTL for stomatal conductance and root pulling force were linked but not
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overlapping on the same chromosome. Later, Lilley et al. (1996) extended the results of

those two studies by evaluating osmotic adjustment and relative leaf water content. A

single locus on chromosome 8 near RG1 and RZ66 was found to be associated with

osmotic adjustment at 70% water potential. Teulat et al. (1998) also mapped genes for

osmo-regulation in barley and one of the QTL on barley chromosome 7H matched the

homoelogous chromosome location reported for rice by Lilley et al. (1996). For this same

chromosome region, Teulat et al. (1997) mapped QTL controlling relative water content

and number of leaves under water stress. Champoux et al. (1995) mapped QTL for root

morphology and leaf rolling in the homoeologous rice chromosome region. However a

major gene mapped in wheat for osmoregulation (Morgan and Tan, 1996) appears to be

distal to this region based on rice/wheat comparative maps (Van Deynze et al., 1995c).

Teulat et al. (1998) mapped other osmoregulation genes in barley on 6H near WG286

and on 2H near E9_4 and mwg720. The E9_4 locus also corresponded to a

homoeologous rice chromosome segment reported to be associated with lethal osmotic

potential in rice (Lilley et al., 1996). Price et al. (1997) evaluated several root growth

characteristics in rice and in a companion paper (Price and Tomos, 1997) identified

several QTL for maximum root length, volume, and thickness. In a comparison with

Champoux et al. (1995) using a different mapping population, there were 3 QTL in

common for maximum root length (chromosomes 2, 11, 9 or 5), 2 for root thickness

(chromosomes 2, 3), and 1 for root volume (chromosome 12). The root penetration study

by Ray et al. (1996) found that the QTL for root penetration on the long arm of

chromosome 6 corresponded to root length and the one in the central region of

chromosome 11 corresponded to root growth. In a third rice mapping population Redona
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and Mackill (1996), identified a root length QTL that corresponded to a QTL in the Ray

et al. (1996) study for root length at 14 days. Li et al. (1999) developed NILs for 4

different rice chromosome regions associated with total root weight, deep root weight,

and shallow root weight. Most of the NILs for the target regions did not exhibit the

change in the root trait predicted and several of the NILs for the selected allele had

increased height and reduced tiller number suggesting linkage drag was a problem. The

stay-green trait has been associated with drought tolerance in sorghum (Borrell et al.,

1999). It was found that 3 loci (linkage groups B, G, and I) accounted for 34% of the total

variance of stay green under drought stress. These chromosome regions correspond to

parts of maize chromosomes 10, 8, and 3, respectively. Yadav et al. (1999) reported QTL

for drought tolerance and yield components in two mapping populations of pearl millet

(Pennisetumm glaucum (L.) R. Br.). Grain yield QTL on linkage groups 2, 5, and 6 were

identified and QTL for components of yield corresponded to each of them. Homoeology

to maize chromosomal regions has not been published. A more comprehensive approach

to studying drought tolerance has been advanced by INRA researchers using proteomics

(de Vienne et al., 1999; Prioul et al., 1999). Using large-scale 2-D gel electrophoresis,

they quantify protein spot intensities and these are mapped as protein quantity loci (PQL).

This approach can aid in the detection of regulatory genes and in identifying candidate

genes. This approach was used to evaluate a maize RIL population under mild drought

stress. Differentially expressed proteins from leaf tissue were sequenced for

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

located on chromosome 10 that had previously been found to be induced by water stress

in other species (de Vienne et al., 1999). The location of this candidate gene
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corresponded with a QTL for xylem sap ABA content, leaf senescence, and

anthesis/silking interval. Other PQL reported by Prioul et al. (1999) to correspond to

QTL for drought responsive traits included those on chromosomes 1 (Sh2 – ADPgulcose

pyrophosphorylase), 2 (invertase), 5 (invertase), 6, 8 (sucrosephospahte synthase), 9 and

10 (Prioul et al., 1999). Abscisic acid has been demonstrated to play an important role in

plant response to water stress. Recent studies have mapped QTL for maize-leaf ABA

content under drought stress (Tubersoa et al., 1998; Sanguineti et al., 1999). Sixteen QTL

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

conductance, drought sensitivity index, leaf temperature, leaf relative water content,

anthesis-silking interval, and grain yield. An increase in ABA content was generally

associated with decreased stomatal conductance and grain yield but increased leaf

temperature. However, the opposite effect was observed for a QTL on chromosome 7 that

aligned with a QTL from a previous study for root pulling resistance suggesting that

elevated ABA stimulated the development of a more extensive root system (Lebreton et

al., 1995). In a study of 140 wheat genotypes, associations of yield components, carbon

isotope discrimination (CID), ash content in flag leaf and kernels, and canopy

temperature, revealed that CID explained approximately 30% of the total variability of

dryland grain yield (Nachit, 1998).

Courtois et al., (2000) analyzed QTLs controlling drought avoidance mechanisms in a

doubled-haploid population of rice. Three trials with different drought stress intensities

were carried out in two sites. Leaf rolling, leaf drying, relative water content of leaves

and relative growth rate under water stress were measured on 105 doubled haploid lines

in two trials and on a sub-sample of 85 lines in the third one. Using composite interval
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mapping with a LOD threshold of 2.5, the total number of QTLs detected in all trials

combined was 11 for leaf rolling, 10 for leaf drying, 11 for relative water content and 10

for relative growth rate under stress. Some of these QTLs were common across traits.

Among the eleven possible QTLs for leaf rolling, three QTLs (on chromosomes 1, 5 and

9) were common across the three trials and four additional QTLs (on chromosomes 3, 4

and 9) were common across two trials. One QTL on chromosome 4 for leaf drying and

one QTL on chromosome 1 for relative water content were common across two trials

while no common QTL was identified for relative growth rate under stress. Some of the

QTLs detected for leaf rolling, leaf drying and relative water content mapped in the same

places as QTLs controlling root morphology, which were identified in a previous study

involving the same population. Some QTL identified here were also located similarly

with other QTLs for leaf rolling as reported from other populations. This study may help

to choose the best segments for introgression into rice varieties and improvement of their

drought resistance.

2.4 Root growth parameters and drought resistance

Basal et al., (2003) suggested that genetic modification of the rooting system may lead to

more drought tolerant upland cotton, Gossypium hirsutum L. A experiment was designed

to evaluate rooting traits at the seedling stage 68 Converted Race Stocks (CRS) compared

with TAM94L-25 ‘Lankart 142’, and to investigate the recoverability of robust rooting

traits in two BC2F2 populations derived by crossing a robust (M-90440031) and a

nonrobust (M-9044-0057) rooting CRS donor parent with TAM94L-25. Initial screen of

the CRS showed that genetic variation occurred among the 68 accessions for root length

(RL), lateral root num- ber (LRN), root fresh weight (RFW), lateral root dry weight
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(LRDW), and total root dry weight (TRDW). There was a 2.3-, 2.6-, 4.6-, 4.8-, and 4.4-

fold difference among the 11 most robust and 11 least robust rooting CRS accessions for

RL, LRN, RFW, LRDW, and TRDW, respectively. However, no CRS were identified

that were superior to the elite germplasm and BC2F2 recurrent parent, TAM94L-25. The

robust rooting population of M-9044-0031/3*TAM94L-25 produced longer RL and more

LRN per plant than the non-robust rooting population of M-9044-0057/3*TAM94L-25.

However, no differences were observed between the two BC2F2 populations for root

weight  parameters.  Results  suggest  that  the day-neutral  CRS  accessions  have useful

genetic variability for root growth parameters, that robustness of A seedling rooting

parameters can be recovered easily, and that seedling rooting robustness can be improved

by crossing robust rooting parents.

Basal et al., (2005) said that combining root morphological and plant physiological traits

associated with drought tolerance should result in improved drought resistance in cotton

(Gossypium hirsutum L.). His study was designed to evaluate the response of root growth

of selected Converted Race Stocks (CRS), TAM94L-25, and ‘Lankart 142’ (LK 142)

under water stress and nonstressed conditions, and to compare their excised waterloss

(ELWL). Two putative seedling drought tolerant and two putative nonseedling drought

tolerant CRS lines, plus TAM94L-25 after emergence.Anumber of different morpho-

physio- and LK 142, were grown with and without moisture stress in a green- house at

College Station, TX, in 2002 and 2003. The robust rooting CRS, M-9044-0031-R and M-

8744-0175-R, had longer tap root length (RL), higher lateral root number (LRN), greater

total root dry weight (TRDW), greater root weight per unit length of tap root (W/L), and

greater shoot dry weight (SDW) than the non-robust CRS M-90440045-NR and M-9044-
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0057-NR, and  LK  142  regardless  of  water  regime.  Two  cycles  of  seedling  drought

resulted in an increase in LRN in M-9044-0057-NR, TAM94L-25, and LK 142. SDW

and TRDW were highly correlated and SDW was associated with W/L. The excised leaf

water loss (ELWL) tended to be greater in the NR CRS lines when measured at 30-m

intervals for 8 h. Results suggested (i) that root parameters, initial water content (IWC),

and ELWL, could be used as a reliable selection criteria for drought tolerance and (ii) that

day-neutral CRS accessions could be used as a source of useful variability for a cotton

drought tolerance improvement program.

2.5 Mapping QTLs for root morphology

Kamoshita et al., (2002) investigated that in the rainfed lowlands; rice (Oryza sativa L.)

develops roots under anaerobic soil conditions with pounded water, prior to exposure to

aerobic soil conditions and water stress. Constitutive root system development in

anaerobic soil conditions has been reported to have a positive effect on subsequent

expression of adaptive root traits and water extraction during water stress. We examined

effects of phenotyping environment on identification of quantitative trait loci (QTLs) for

constitutive root morphology traits using 220 doubled- haploid lines (DHLs) from the

cross of ‘CT9993-5-10-1-M’ (CT9993; japonica, upland adapted) ‘IR62266-42-6-2’

(IR62266; indica, low- land adapted) in four greenhouse experiments. Broad sense

heritability (h2) was 75, 60, and 64% on average for shoot biomass, deep root

morphology, and root thickness traits, respectively. Quantitative trait loci analysis

identified 18 genomic regions associated with deep root morphology traits, but only three

were identified consistently across experiments. Three out of a total of eight QTLs for

root thickness traits were found in more than one experiment. The maximum genetic
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effects caused by a single QTL were increments of 0.05 g of deep root mass below a 30-

cm soil depth, 0.9% of deep root ratio, 1.6 cm of rooting depth, and 0.09 cm of root

thickness, with phenotypic variation explained by a single QTL ranging from 6.8 to

51.8%. The results demonstrate the importance of phenotyping environment and suggest

prospects for selection of QTLs for deep root morphology, root thickness, and vigorous

seedling growth under anaerobic conditions to improve the constitutive root system of

rainfed lowland rice. There was some consistency in QTL regions identified, despite

presence of QTL x environment interactions.

Kamoshita et al., (2002) examined quantitative trait loci (QTLs) for constitutive root

morphology traits using a mapping population derived from a cross between two rice

lines which were well-adapted to rainfed lowland conditions. The effects of phenotyping

environment and genetic background on QTLs identification were examined by

comparing the experimental data with published results from four other populations. One

hundred and eighty four recombinant inbred lines (RILs) from a lowland indica cross

(IR58821/IR52561) were grown under anaerobic conditions in two experiments. Seven

traits, categorized into three groups (shoot biomass, deep root morphology, and root

thickness) were measured during the tillering stage. Though parental lines showed

consistent differences in shoot biomass and root morphology traits across the two

seasons, genotype-by-environment interaction (G×E) and QTL-by-environment

interaction were significant among the progeny. Two, twelve, and eight QTLs for shoot

biomass, deep root morphology, and root thickness, respectively, were identified, with

LOD scores ranging from 2.0 to 12.8. Phenotypic variation explained by a single QTL

ranged from 6% to 30%. Only two QTLs for deep root morphology, in RG256-RG151 in
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chromosome 2 and in PC75M3-PC11M4 in chromosome 4, were identified  in  both

experiments. Comparison of positions of QTLs across five mapping populations (the

current population plus populations from four other studies) revealed that these two QTLs

for deep root morphology were only identified in populations that were phenotyped under

anaerobic conditions. Fourteen and nine chromosome regions overlapped across different

populations as putative QTLs for deep root morphology and root thickness, respectively.

PC41M2-PC173M5 in chromosome 2 was identified as an interval that had QTLs for

deep root morphology in four mapping populations. The PC75M3-PC11M4 interval in

chromosome 4 was identified as a QTL for root thickness in three mapping populations

with phenotypic variation explained by a single QTL consistently as large as 20–30%.

Three QTLs for deep root morphology were found only in japonica/indica populations

but not in IR58821/ IR52561. The results identifying  chromosome regions  that had

putative QTLs for deep root morphology and root thickness over different mapping

populations indicate potential for marker-assisted selection for these traits.

Ali et al., (2000) said that evaluation of root traits in rainfed lowland rice is very difficult.

Molecular genetic markers could be used as an alternative strategy to phenotypic

selection for the improvement of rice root traits. Research was undertaken to map QTLs

associated with five root traits using RFLP and AFLP markers. Recombinant inbred lines

(RILs) were developed from two indica parents, IR58821–23-B-1–2-1 and IR52561-

UBN-1–1-2, which were adapted to rainfed lowland production systems. Using wax-

petrolatum layers to simulate a hardpan in the soil, 166 RILs were evaluated for total root

number (TRN), penetrated root number (PRN), root penetration index (RPI, the ratio of
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PRN to TRN), penetrated root thickness (PRT) and penetrated root length (PRL) under

greenhouse conditions during the summer and the fall of 1997. A genetic linkage map of

2022 cM length was constructed comprising 303 AFLP and 96 RFLP markers with an

average marker space of 5.0 cM. QTL analysis via interval mapping detected 28 QTLs

for these five root traits, which were located on chromosomes 1, 2, 3, 4, 6, 7, 10 and 11.

Individual QTLs accounted for between 6 and 27% of the phenotypic variation. Most of

the favorable alleles were derived from the parent IR58821–23-B-1–2-1, which was

phenotypically superior in root traits related to drought resistance. Three out of six QTLs

for RPI were detected in both summer and fall experiments and they also were associated

with PRN in both experiments. Out of eight QTLs for RPT, five were common in both

seasons. Two genomic regions on chromosome 2 were associated with three root traits

(PRN, PRT and RPI), whereas three genomic regions on chromosomes 2 and 3 were

associated with two root traits (PRT and RPI). Two QTLs affecting RPI and two QTLs

affecting PRT were also found in similar genomic regions in other rice populations. The

consistent QTLs across genetic backgrounds and the common QTLs detected in both

experiments should be good candidates for marker-assisted selection toward the

incorporation of root traits in a drought resistance breeding program, especially for

rainfed lowland rice.

Yadav et al., (1997) suggested that deep thick root system has been demonstrated to have

a positive effect on yield of upland rice under water stress conditions. Molecular-marker-

aided selection could be helpful for the improvement of root morphological traits, which

are otherwise difficult to score. They studied a doubled-haploid population of 105 lines

derived from an indica x japonica cross and mapped the genes controlling root
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morphology and distribution (root thickness, maximum root length, total root weight,

deep root weight, deep root weight per tiller, and deep root to shoot ratio). Most putative

QTL activity was concentrated in fairly compact regions on chromosomes 1, 2, 3, 6, 7, 8

and 9, but was widely spread on chromosome 5 and largely absent on chromosomes 4,

10, 11 and 12. Between three and six QTLs were identified on different chromosomes for

each trait. Individual QTLs accounted for between 4 and 22% of the variation in the

traits. Multiple QTL models accounted for between 14 and 49%. The main QTLs were

common between traits, showing that it should be possible to modify several aspects of

root morphology  simultaneously.  There  was  evidence  of  interaction  between marker

locations in determining QTL expression. Interacting locations were mostly on different

chromosomes and showed antagonistic effects with magnitudes large enough to mask

QTL detection. The comparison of QTL locations with another population showed that

one to three common QTLs per trait were recovered, among which the most significant

was in one or other population. These results will allow the derivation of isogenic lines

introgressed with these common segments, separately in the indica and japonica

backgrounds.

Champoux et al., (1995) conducted an early QTL study in rice and found more than 45

QTL associated with leaf-rolling under field drought stress and root-morphology traits.

Twelve of the 14 QTL associated with leaf rolling were also associated with root

thickness, root/shoot ratio, or root dry weight per tiller.

Ray et al., (1996) Using the same mapping population he evaluated root penetration.

They found that some of these QTL corresponded to QTL for root morphology.
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Gang Lu et al., (2008) Root growth and thickening plays a key role in the final

productivity and even the quality of storage roots in root crops. This study was conducted

to identify and map quantitative trait loci (QTLs) affecting root morphological traits in

Brassica rapa by using molecular markers. An F2 population was developed from a cross

between Chinese cabbage (Brassica rapa ssp. chinensis) and turnip (B. rapa ssp.

rapifera), which differed greatly in root characters. A genetic map covering 1837.1 cM,

with 192 marker loci and 11 linkage groups, was constructed by using this F2 population.

The F3 families derived from F2 plants were grown in the field and evaluated for taproot

traits (thickness, length, and weight). QTL analysis via simple interval mapping detected

18 QTLs for the 3 root traits, including 7 QTLs for taproot thickness, 5 QTLs for taproot

length, and 6 QTLs for taproot weight. Individually, the QTLs accounted for 8.4–27.4%

of the phenotypic variation. The 2 major QTLs, qTRT4b for taproot thickness and qTRW4

for taproot weight, explained 27.4% and 24.8% of the total phenotypic variance,

respectively. The QTLs for root traits, firstly detected in Brassica crops, may provide a

basis for marker-assisted selection to improve productivity in root-crop breeding.

Tuberosa et al., (2002) investigated the overlap among quantitative trait loci (QTLs) in

maize for seminal root traits measured in hydroponics with QTLs for grain yield under

well-watered (GY-WW) and water-stressed (GY-WS) field conditions as well as for a

drought tolerance index (DTI) computed as GY-WS/GY-WW. In hydroponics, 11, 7, 9,

and 10 QTLs were identified for primary root length (R1L), primary root diameter

(R1D), primary root weight (R1W), and for the weight of the adventitious seminal roots

(R2W), respectively. In the field, 7, 8, and 9 QTLs were identified for GY-WW, GY-WS,

and DTI, respectively. Despite the weak correlation of root traits in hydroponics with
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GYWW, GY-WS, and DTI, a noticeable overlap between the corresponding QTLs was

observed. QTLs for R2W most frequently and consistently overlapped with QTLs for

GY-WW, GY-WS, and/or DTI. At four QTL regions, an increase in R2W was positively

associated with GY-WW, GY-WS, and/or DTI. A 10 cM interval on chromosome 1

between PGAMCTA205 and php20644 showed the strongest effect on R1L, R1D, R2W,

GY-WW, GY-WS, and DTI. These results indicate the feasibility of using hydroponics in

maize to identify QTL regions controlling root traits at an early growth stage and also

influencing GY in the field. A comparative analysis of the QTL regions herein identified

with those described in previous studies investigating root traits in different maize

populations revealed a number of QTLs in common.

Zhu et al., (2005) identify quantitative trait loci for root hair length and plasticity in

response to phosphorus stress in maize. Using a cigar roll culture system in a controlled

environment, root traits including root hair length, tap root length, root thickness, and

root biomass were evaluated in 169 recombinant inbred lines derived from a cross

between B73 and Mo17. These parents have contrasting adaptation to low phosphorus

availability in the field. The parents segregated for the length of individual root hairs

under low phosphorus. Average root hair length (RHL) of RI lines ranged from 0.6 to 3.5

mm with an average of 2.0 mm under fertile conditions, and RHL was increased from 0%

to 185% under phosphorus stress. Using composite interval mapping with a LOD

threshold of 3.27, one QTL was associated with RHL plasticity, three QTL with RHL

under high fertility, and one QTL with root hair length under low phosphorus. These

QTL accounted for 12.7%, 31.9%, and 9.6% of phenotypic variation, respectively. No
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QTL were detected for taproot thickness and root biomass. Six QTL were associated with

53.1% of the total variation for seed phosphorus in the population.

Hund et al., (2004) identify quantitative trait loci (QTL) controlling cold-related traits

and to investigate the relationships among them. A set of 168 F2:4 families of the Lo964

× Lo1016 cross was grown in a sand vermiculite substrate at 15/13°C (day/night) until

the one-leaf stage. Twenty QTL were identified for the four shoot and two seed traits

examined. Analysis of root weight and digital measurements of the length and diameter

of primary and seminal roots led to the identification of 40 QTL. The operating efficiency

of photosystem II was related to seedling dry weight at both the phenotypic and genetic

level (r=0.46, two matching loci, respectively) but was not related to root traits. Cluster

analysis and QTL association revealed that the different root traits were largely

independently inherited and that root lengths and diameters were mostly negatively

correlated. The major QTL for root traits detected in an earlier study in hydroponics were

confirmed in this study. The length of the primary lateral roots was negatively associated

with the germination index (r= −0.38, two matching loci). Therefore, we found a large

number of independently inherited loci suitable for the improvement of early seedling

growth through better seed vigour and/or a higher rate of photosynthesis.

Li et al., (2005) To genetically dissect drought resistance associated with japonica upland

rice, they evaluated a doubled haploid (DH) population from a cross between two

japonica cultivars for seven root traits under three different growing conditions (upland,

lowland and upland in PVC pipe). The traits included basal root thickness (BRT), total

root number (RN), maximum root length (MRL), root fresh weight (RFW), root dry

weight (RDW), ratio of root fresh weight to shoot fresh weight (RFW/SFW) and ratio of
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root dry weight to shoot dry weight (RDW/SDW). The BRT was significantly correlated

with the index of drought resistance, which was defined as the ratio of yield under the

stress of the upland condition to that under the normal lowland condition. A complete

genetic linkage map with 165 molecular markers covering 1,535 cM was constructed.

Seven additive quantitative trait loci (QTLs) and 15 pairs of epistatic loci for BRT and

RN were identified under upland and lowland conditions, and 12 additive QTLs and 17

pairs of epistatic QTLs for BRT, RN, MRL, RFW, RFW/SFW and RDW/SDW were

identified under the PVC pipe condition. Four additive QTLs and one pair of epistatic

QTLs controlling IDR were also found. These QTLs individually explained up to 25.6%

of the phenotypic variance. QTL · environment (Q x E) interactions were detected for all

root traits, and the contributions of these interactions ranged from 1.1% to 19.9%. Five

co-localized QTLs controlling RFW and RDW, RFW/SFW, RDW/SDW and IDR, BRT

and RN, RN, MRL and IDR were found. Four types of QTLs governing BRT and RN

were classified by their detection in the upland and lowland conditions. Some common

QTLs for root traits across different backgrounds were also revealed. These co-localized

QTLs and common QTLs will facilitate marker-assisted selection for root traits in rice

breeding programs.

Steele et al., (2007) Marker-assisted back-cross (MABC) programme was used to

introgress four root quantitative trait loci (QTLs) from the tropical japonica rice variety

Azucena into the Indian upland rice variety, Kalinga III. Previously we tested the

products for root traits and reported that the introgressed QTL9 (on chromosome 9)

significantly increased root length in the new genetic background. Here we describe field

testing for agronomic traits in near-isogenic lines (NILs) that differ for introgressed
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QTLs. Four NILs were selected and characterised in replicated field experiments in

eastern and western India over 3 years. They were tested by upland farmers in a target

population of environments (TPE) in three states of eastern India, over 2 years. NILs out-

performed Kalinga III for grain and straw yield and there was interaction between the

genotypes and the environment (G _ E). No effect was found for the root QTL9 on grain

or straw yield, however, the presence of several introgressions significantly improved

both traits. Some of this effect was due to introgression of Azucena alleles at non-target

regions. Overall, the Azucena introgressions increased straw yield more than grain yield.

While it has yet to be demonstrated whether this effect is due to improved root systems,

this finding fits with the assumption that introgressed genes are involved in partitioning

of biomass to the roots and stems, rather than to the grain. The NILs could replace

Kalinga III for cultivation in medium upland environments in eastern India.

A. H. Price and A. D. Tomos (1997) Drought is a major abiotic stress of upland rice,

and good root growth has been associated with drought avoidance. They report on the

genetic mapping of root growth traits in an F2 population derived from two drought-

resistant rice varieties, ‘Bala’ and ‘Azucena’. Restriction fragment length polymorphism

(RFLP) between the parents was 32%, and a molecular map with 71 marker loci and 17

linkage groups covering 1280 cM was produced. Quantitative trait loci (QTLs) for eight

root growth characteristics were mapped using phenotype data obtained in a hydroponic

screen previously described in a companion paper. Using a significance threshold of

LOD 2.4, we observed one QTL for maximum root length after 28 days growth on

chromosome 11. It had a LOD score of 6.9, explained nearly 30% of the variation and

appeared to be largely additive in effect. QTLs for maximum root length after 3, 7, 14
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and 21 days of growth were also revealed. Some root-length QTLs, including that on

chromosome 11, varied greatly with developmental stage. One QTL for root volume and

two QTLs for adventitious root thickness were detected. No QTLs were detected for the

length of cells in the mature (fully expanded) zone of adventitious root tips. The results

obtained are discussed in the context of previous reports on mapping root growth

parameters in rice.
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CHAPTER 3

MATERIALS AND METHODS

Advances in molecular marker technology have led to the development of detailed genetic

maps of many plant species (Causse et al., 1995; Kurata et al., 1994). These makers have made

it possible to locate and tag genes of major economic importance. The present research work

was conducted at University of Georgia Tifton campus, to identify QTLs for root architecture

in cotton.

3.1 Parental screening

The Upland cotton G. hirsutum line M120 and G. barbadense cv. Pima S6 were used as

parents to identify the diversity in root characteristics. Six weeks experiment was designed to

measure differences in root parameters. Seeds of both parental lines were planted in tubes (75-

cm height x 11-cm diam.) filled with fritted clay, with three replications in green house of

University of Georgia Tifton campus. 18 tubes of each parent were established by planting four

seeds and thinning the resulting seedling to one plant per tube. Fertilizer, irrigation and

insecticide applications were consistent with commercial production conditions. Seedlings of

first set of experiment were harvested first week after germination. At this time the root system

consisted of a tap root, and some emerging lateral roots from tap root. Each plant was

evaluated for tap root length (TRL), fresh root weight (FRW) and lateral root numbers (LRN).

Plants were cut in to shoot and root. Tap root length was measured using meter rod while fresh

root weight measured with weighing balance, and lateral root numbers were recorded by

counting. Second, third and forth set of experiment was harvested in subsequent weeks, and

phenotypic root data were recorded every week as described above and means were calculated
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for 3 plants in each replication from every week experiment. Data was recorded for root

characteristics every week.

Fig 1. Parental screening experiment in tubes

3.1.1 Statistical analysis

Arithmetic means of 3 replicates were calculated for each parent for each characteristic. The

data from every week for root characteristics was compared. The variance, standard error, was

also calculated. The computational of trait correlation were done using Minitab Inc., University

Park, USA.
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3.2 Development of mapping population

Schematic diagram of two genetically identical F2 populations from a cross between Upland

line Pima S6 (Gb) and M120 (Gh).

Pima S6 X M-120

F1

94 F2

Progenies
Tube

experiment

94 F2

Progenies
Pot

experiment

Based on highly significant differences between two parental lines, two genetically similar F2

populations were developed by self-pollinating different F1 plants from a cross between upland

cotton line M120 and G. barbadense cv. Pima S6. Two different experiments named as tube

and pot experiments were performed to find, compare and map QTLs for root characteristics.

Tube experiment was specially designed to get the exact measurement of tap roots length while

pot experiment was designed to get the max root weight for QTLs identification. The young

leaves of 94 F2 plants were sampled for genotypic analysis, so the genetic map was established

by using 94 plants of this population.

3.2.1 Tube experiment

First F2 population comprising of 94 plants along with ten plants of each parent were planted in

tubes of dimension (75-cm height x 11-cm diam.) filled with fritted clay. The empty tubes were

cut in to two pieces and then tied up again with duck-tape to facilitate the washing of soil while
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taking root data. The bottoms of tubes were wrapped with muslin cloth. Tubes were tied

together with wire with approximate distance of 9 inches apart. After 35 days of germination

plants were removed from the tubes, washed free of soil with gentle showering of water to

avoid root damage and lateral root loses. Plants were partitioned in to root and shoot after

taking out from tubes. The data for root characteristics such as tap root length, fresh root

weight and lateral root numbers were recorded as described under.

Fig 2. Infrastructure built for growing F2 population for tube experiment.
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3.2.2 Measurements of root characteristics for QTL analysis (Tube expt.)

1. Tap root length: In the mid of 4th and 5th week (the stage optimized to get the

maximum root length differences during parental comparison) after sowing

the PVP pipes were cut into two pieces. The upper part of the tube was

carefully removed and then lower part washed free of soil with gentle

showering of water to avoid root damage and a lateral root loses. Plants were

partitioned in to root and shoot after taking out from tubes. Root length was

measured in centimeters using centimeter rod for every plant.

2. Fresh root weight: After getting data for tap root length, fresh root weight of the F2

population was recorded by simple weighing method.

3. Lateral root numbers: Data for lateral root numbers were recorded by simple

counting.

Fig 3.  Phenotypic measurements (Tube experiment)
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3.2.3 Pot experiment

Second F2 population also comprising 94 plants along with ten plants of each parent were

planted in pots (20-cm height x 11-cm diam.) filled with soil. The pots were watered each day

and fertilized with NPK fertilizer. Plants were cut in root and shoot, and fresh root weight

along with lateral root numbers measured.

Fig 4. Infrastructure built for growing F2 population for pot experiment.
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Fig 5.  Phenotypic measurements (Pot experiment)
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3.2.4 Measurements of root characteristics for QTL analysis (Pot expt.)

1. Fresh root weight: Two months after sowing the plants were taken out and washed

free of soil and then spread on paper for determining root weight. The

data was recorded by simple weighing method.

2. Lateral root numbers: Data for Lateral root numbers were recorded by simple

counting.

3.2.5 Population development & selection for contrasting environment

A long term selection program was started (not for breeding purposes but as a preparation for

future project) under contrasting environments (dryland - grown on stored water only

remember, no summer rain in Israel and well-watered irrigated conditions). In 2000 F2

population (Gh x Gb) was grown from which the 38 highest yielding plants were selected

under each environment and their F3 progenies grown for further selection under the same

environment. In 2001 (12 single plant replicates, 10 reps in subsequent years) again 38 highest

yielding plants were selected under each environment (with attention to representing about 20-

25 F2 parents) and their progenies grown in the subsequent year and so on up to F6 lines tested

in 2004. Since cotton is a selfer, it was planned at this stage to cross the resulting lines and

make segregating populations for further selections. Starting from 2002, twenty out of each set

of 38 selected lines were grown not only under their selection environments (for further

selection) but also under the contrasting environments (for testing their performance).
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3.3 Simple sequence repeats (SSR) or microsatellite analysis

DNA finger printing technique Simple sequence repeats (SSR) or microsatellite was applied to

find QTLs for root architecture. Laboratory techniques for DNA extraction was performed as

described by Peterson et al., 1993.

3.3.1 Cotton DNA extraction buffer

20 mL of solution is required per sample. The following instructions are for 1 liter of Buffer.

‰ Weigh 63g Glucose; Dissolve in about 400mL of dd H2O

‰ Weigh 20g Polyvinyl Pyrrolidone (PVPD); Dissolve in about 200mL of dd H2O

‰ Weigh 1.3g Sodium diethyldithiocarbamate trihydrate (DIECA); Dissolve in about

150mL of dd H2O. Combine with the previous two solutions.

‰ Add 100mL of 1 M Hydromethyl Aminomethane (TRIS)

‰ Add 10mL of 0.5 M Na EDTA

‰ Bring volume to 1 liter mark with dd H2O

‰ Immediately before use, add 1g ascorbic acid and 2mL of 2-mercaptoethanol

‰ Adjust to 7.5 pH

Solution will keep up to two weeks

Cotton Lyses Buffer

8 mL of solution is required per sample. The following instructions are for 1 liter of Buffer.

‰ Weigh 20g Cetyltrimethylammonium Bromide (CTAB); Dissolve in about 250mL of

dd H2O

‰ Weigh 1g Sodium diethyldithiocarbamate trihydrate (DIECA); Dissolve in about

100mL of dd H2O. Combine with CTAB
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‰ Add 100 mL of 1 M Hydromethyl Aminomethane (TRIS)

‰ Add 280mL of 5M NaCl

‰ Add 40mL of 0.5M Na EDTA

‰ Bring volume to 1 liter mark with dd H2O.

‰ Immediately before use, add 1g ascorbic acid and 2mL of 2-mercaptoethanol

‰ Adjust to 7.5 pH

Refrigerated solution will keep up to two weeks.

Homogenize tissue and pellet nuclei

‰ Add 20mL of ice cold cotton extract buffer to leaves collected in each 50mL centrifuge

tubes.  Return the tubes to ice.

‰ Homogenize each sample at 13,000 RPM for about 20 seconds. Return tubes to ice.

‰ Spin samples in centrifuge at 34,000 RPM, 4°C for 20 minutes. (Each centrifuge will

hold up to 16 samples.)

‰ Pour off top layer of debris.  The pellet that remains includes the nuclei.

‰ Add 8mL cotton lyses buffer to each tube.  Re-suspend contents by vortexing.

‰ Incubate at 65°C for one hour in a water bath.

Chloroform-isoamyl alcohol (24:1) extraction to remove proteins

‰ Remove tubes from water bath and place on bench. Allow samples to cool for 10

minutes

‰ Add 10mL chloroform-isoamyl alcohol (CIA) to each sample; cap tightly and place in

rack. Lock tubes in place and invert rack about 50 times.

‰ Spin samples in centrifuge at 34,000 RPM, 4°C for 15 minutes.
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‰ Two CIA extractions are usually required to obtain an interphase which is not very

dirty. To repeat extraction pipette top layer (aqueous phase) of tube contents into a

clean 50mL centrifuge tube, add 10mL CIA, repeat inverting of rack and centrifuge. If

supernatant is OK pipette into 50mL tube and proceed to isopropanol precipitation.

Isopropanol Precipitation and Re-suspension of DNA

‰ Add about 6mL of ice cold isopropanol to each tube and invert 20-30 times or until

DNA comes together.

3.3.2 Measurement of DNA concentration

The quantity of the total DNA extracted from cotton plants was measured by

spectrophotometer and qualitatively by Agarose gel electrophoresis. The concentration used for

PCR analysis was adjusted to 10ng/ µL.

3.3.3 Agarose gel electrophoresis

Agarose gel electrophoresis was used to resolve DNA fragment based on their molecular

weight. DNA Samples were analyzed by 0.8% agarose gel electrophoresis. First of all adequate

amount (500ml) of electrophoresis buffer i.e. 0.5x Tris Acetate EDTA (TAE) buffer (App.)

was prepared to fill the electrophoresis tank. To prepare gel, 0.8 gm of agarose was taken in the

flask containing 100ml of 0.5x TAE buffer, then boil (melt) the agarose in microwave oven (2

to 3 min.) and dH2O was added to make the volume 100ml. Melted agarose was cooled up to

50- 55oC before pouring on to the casting tray and added ethidium bromide 0.5 µg/ ml to it.

Agarose then poured into casting unit (gel) equipped with comb of 20 teeth and allowed to

harden for 30 min. After solidification comb was removed by lifting it gently at one end after

filling the unit with 0.5x TAE buffer until there was a 1mm layer of buffer over the surface of
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gel. Then the samples of DNA containing dye (Appendix) along with 1kb ladder were carefully

loaded with pipetteman. Wires of anode and cathode electrodes of electrophoresis tank were

connected to the power supply and gel was run at 50 – 60 V for 1hour.

3.3.4 DNA quantification

Samples for determination of concentrations of DNA were prepared by adding 980 µL distilled

water and 20 µL of original sample in new eppendorf tubes. Blank solution was prepared by

adding 20 µL Tris.EDTA and 980 µL distilled water in separate eppendorf tube. The

absorbance of the sample was noted at 260 nm and 280 nm, using a spectrophotometer.

DNA concentration was determined by following formula

Conc. of DNA (µg/mL) Dilution Factor x Abs260 x 50 (standard conc. of DNA) As (standard

conc. of DNA) 1 Abs260 50 µg/mL
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3.3.5 PCR reagents and profile

The total genomic DNA isolated was then subjected to carry out PCR amplification

reaction.

Table: 1 Reagent for PCR

Reagent Concentration

Template (Sample) DNA 10ng / µL 5 µL

PCR buffer 10X 2.5 µL

dNTPs 2.5mM 2.0 µL

MgCl2 2.5mM 1.5 µL

Primer SSR 15ng/ µL 1.0 µL

Taq. DNA Polymerase 0.25 µL 0.25 µL

PCR water 7.75 µL

Total volume 20 µL

Table: 2 Profile for PCR

Steps Condition Time Cycle Temperature

1 Initial denaturation 5 1 94 oC

2 Denaturation 1 1 94 oC

3 Annealing 1 1 55 oC

4 Primer extension 2 1 72 oC

5 Repeat step 2 to 4 - - -

6 Extension 10 1 72 oC

7 Hold 4oC

Total Cycles 35



Chapter 3 Materials and Methods

59

Amplification reactions were carried out in 20 uL reaction volumes containing 50 ng genomic

DNA, 1.0 µM each of SSR primers sequences which were drawn from the following sources:

BNL primers from Brookhaven National laboratory the Research Genetics Co. (Huntsville,

AL, USA, http://www.resgen.com); JESPR primers from Reddy et al., (2001); CIR primers

from Nguyen et al., (2004); NAU primers from Han et al., (2004, 2006). 100 uM each of

dATP, dCTP, dGTP and dTTP, 1 unit of Taq DNA Polymerase (Fermentas), 1x Taq

Polymerase Buffer and 2.5 mM MgCl2. PCR amplifications were performed as described in

Zhang et al., (2002), using a Peltier Thermal Cycler (MJ Research, Waltham, MA, USA)

programmed as follows: an initial denaturation of 5 min at 94oC; 35 cycles of 94oC for 1 min

(denaturation), 55oC for 1 min (annealing), and 72oC for 2 min (extension). One additional

cycle of 10 min at 72oC  was used for final extension. The amplified products were

electrophoresed on a 10% nondenatured polyacrylamide gel using a DYCZ-30 electrophoresis

apparatus (Beijing WoDeLife sciences instrument company China).

http://www.resgen.com
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Table 3: list of polymorphic SSR primers used for screening of Pima S6 and M120 cotton
parental lines and its F2 population.

Assay Series Primers (Annealing temperature 55 0C)

BNL

*BNL-1045 *BNL-1059 *BNL-1061 *BNL-1064 *BNL-1066 *BNL-1079 *BNL-1122
*BNL-1151 *BNL-1153 *BNL-1160 *BNL-1161 *BNL-119 *BNL-1227 *BNL-1231 *BNL-
1317 *BNL-1404 *BNL-1408 *BNL-1414 *BNL-1417 *BNL-1421 *BNL-1438 *BNL-1440
*BNL-1495 *BNL-1521 *BNL-1597 *BNL1604a *BNL1604b *BNL-1606 *BNL-1646
*BNL-1667 *BNL-1671 *BNL-1672 *BNL-1673 *BNL-1679 *BNL-1681 *BNL-169 *BNL-
1693 *BNL-1707 *BNL-1878 *BNL-1897 *BNL-193 *BNL-226A *BNL-226B *BNL-2440
*BNL-2443 *BNL-2448 *BNL-2449 *BNL-2471 *BNL-2544 *BNL-256 *BNL-2571 *BNL-
2572 *BNL-2590 *BNL-2597 *BNL-2632 *BNL-2646 *BNL-2652 *BNL-2656 *BNL-
2662*BNL-2847*BNL-2882 *BNL-2884 *BNL-2895 *BNL-2921 *BNL-2960 *BNL-2986
*BNL-3008 *BNL-3029 *BNL-3031 *BNL-3065 *BNL-3090 *BNL3090A *BNL-3145
*BNL-3147 *BNL-3171 *BNL-3255 *BNL-3259 *BNL-3261 *BNL-3279 *BNL-3280
*BNL-3345 *BNL-3359 *BNL-3368 *BNL-3383 *BNL-3441 *BNL-3474 *BNL-3479
*BNL-3510 *BNL-3511 *BNL-3537 *BNL-3558 *BNL-358 *BNL-3582 *BNL-3590 *BNL-
3592 *BNL-3594 *BNL-3599 *BNL-3626 *BNL-3646 *BNL3806A *BNL3806B *BNL-3835
*BNL-3860 *BNL-3888 *BNL-3895 *BNL-390 *BNL-3902 *BNL-3903 *BNL-3948 *BNL-
3955 *BNL-3971 *BNL-3992 *BNL-3993 *BNL-3995 *BNL-4029 *BNL-4049 *BNL-4059
*BNL-448 *BNL-530 *BNL-686 *BNL-834 *BNL-840

CIR

*CIR-100 *CIR-102 *CIR-122 *CIR-128 *CIR-15 *CIR-169 *CIR-175 *CIR-18 *CIR-228
*CIR-246 *CIR-262 *CIR-278 *CIR-286 *CIR-291 *CIR-291 *CIR-301 *CIR-34 *CIR-
342 *CIR-343 *CIR-376 *CIR-376 *CIR-40 *CIR-407 *CIR-412 *CIR-62 *CIR-78 *CIR-
94

JESPER

*JESPR135 *JESPR171A *JESPR205 *JESPR300B *JESPR-56A *JESPR101
*JESPR153B *JESPR157 *JESPR171B *JESPR220 *JESPR221 *JESPR231 *JESPR232
*JESPR243 *JESPR251 *JESPR300A *JESPR308 *JESPR56A *JESPR56c *JESPR-65

NAU

*NAU-1023 *NAU-1028 *NAU-1048 *NAU-1066 *NAU-1068 *NAU-1070 *NAU-1190
*NAU-1209 *NAU-1221 *NAU-1232 *NAU-1246 *NAU-1254 *NAU-1274 *NAU-1350
*NAU-1362 *NAU-1369 *NAU-2002 *NAU-2016 *NAU-2120 *NAU-2138 *NAU-2139
*NAU-2161 *NAU-2162 *NAU-2190 *NAU-2235 *NAU-2272 *NAU-2308 *NAU-2312
*NAU-2336 *NAU-2363 *NAU-2376 *NAU-2407 *NAU-2419 *NAU2432A *NAU2432B
*NAU-2437 *NAU-2488 *NAU-422 *NAU-4900 *NAU-5099 *NAU-5129 *NAU-731
*NAU-751 *NAU-845 *NAU-862 *NAU-934 *NAU-943 *NAU-966 *NAU- 80 *NAU-998

BNL primers from Brookhaven National laboratory the Research Genetics Co. (Huntsville, AL, USA,
http://www.resgen.com); JESPR primers after the names of principal invertigator- Jenkins, El-Zik, Saha, pepper
and Reddy(2001); CIR primers from Nguyen et al. (2004); NAU primers from Han et al. (2004, 2006).

http://www.resgen.com
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3.4 Poly acrylamide gel electrophoresis (PAGE) for resolving

microsatellite DNA fragments

Polymorphism between the parents and segregation of polymorphic alleles were revealed when

electrophoresed on a denatured polyacrylamide gel using the protocol as described by Nguyen

et al., (2004). To resolve 25-700bp fragments using vertical gel electrophoresis DYCZ-30

electrophoresis apparatus (Beijing WoDeLife sciences instrument company China).

Table 4:  75ml 10% PAGE (29:1) Non Denaturing Gel

30% Acrylamide/Bis-Acryl
(29:1)

22.5ml

1x TBE 52.5ml

APS 10 % (Amonium per
Sulphate)

800ul

TEMED 60ul

Total volume 75ml
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3.4.1 Silver staining

1. Gel was removed from between the electrophoresis plates and placed in a glass dish with

distilled Water. Rinse once in distilled Water.

2. Fixed the DNA in the gel by soaking the gel in the fixative solution (425 ml de- ionized

water + 50 ml 10% ethanol + 25 ml 10% acetic acid) for 35 min with gentle shaking.

3. Fixative was removed after the Incubating for required time. 0.2 % silver nitrate solution

(0.8 g silver nitrate dissolved in 400 ml of deionized water) was used for staining the gels

for exactly 12 min. Rinse 2 times in deionized water.

4. Developing solution (6g sodium hydroxide dissolved in 400ml deionized water and 4ml of

formaldehyde was added just before use) was added and shacked briefly, until brown or

black precipitate forms in the solution. (Decant and add fresh developing solution. Protect

from fluorescent light. Incubate until desired intensity of bands and background is

reached.) When desired intensity was reached, i.e. best balance between band intensity and

background, decant developing solution and stop solution was added immediately. Incubate

in stop solution for 5 min.

3.5 Microsatellite data analysis

After gel electrophoresis good quality gels were used to score the all visible DNA fragments

amplified by SSR primers. The primers that produced polymorphism between the two parents

were used to survey the DNA of F2 population, and data was collected about the polymorphic

fragments/bands in F2 population. The PIC value of each SSR locus was also calculated using

the equation developed by Anderson et al., (1993). Finally SSR data was analyzed for linkage

map construction and analysis of root related QTLs.
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3.5.1 Chi square test

The χ2 test was applied to identify markers with a distorted (P<0.01) segregation from the

expected ratios.

3.6 Amplified fragment length polymorphism

AFLP fingerprinting (Zabeau and Vos 1993; Vos et al., 1995) was performed using analysis

system I (GIBCOBRL Life Technologies) according to the manufacturer’s supplied protocol,

starting with 225ng of each genomic DNA. Primary amplifications were performed with ‘Mix

I’ on a Perkin-Elmer 9600 thermocycler. Both the EcoRI and MseI primers used in secondary

amplification had three extra ‘selective’ nucleotides at the 3’ end follows that of GIBCO-BRL

Life Technologies; for example, the primer E-AAG denotes an EcoRI cohesive primer with the

three selective nucleotides 5’-AAC-3’. The 16 selective primer combinations used in this

study. Secondary amplifications containing 33P labeled EcoRI primer were also carried out in

a Perkin-Elmer 9600 thermocycler. After the addition of an equal volume (10 µl) of manual

sequencing dye (98% formamide, 10 mM EDTA, 0.025% xylene cyanol, 0.025% bromophenol

blue), the samples were heated at 94°C for 3 min and chilled on ice. A 2-µl aliquot of each

sample was electrophoresed on a denaturing 5% polyacrylamide gel containing 7.5 M urea and

a 0.5 × TBE running buffer (45 mM Tris Borate, 1 mM EDTA, pH 8) at 60 W for 1.5 h, in a 30

cm × 40 cm manual sequencing apparatus (GIBCO-BRL Life Technologies). The gel was

transferred to Whatman 3mm blotting paper, dried under vacuum, and exposed to x-ray film

for up to 48 h.
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3.6.1 AFLP data analysis

Since the validity of every polymorphic AFLP band could not be evaluated by an independent

method (such as segregation analysis in an F2 or recombinant-inbred population), only distinct,

major, reproducible bands were scored. Minor polymorphic AFLP bands were excluded from

the analysis because these can arise artifactually from differences in genomic DNA quality and

other factors (Lin and Kuo 1995; Schondelmaier et al., 1996). Presence or absence of each

SSR & AFLP fragment was scored as a binary unit character (1 = present, 0 = absent). Genetic

similarities based on Jaccard’s coefficient (Jaccard 1908) were calculated using the SIMQUAL

program of the Numerical Taxonomy Multivariate Analysis System (NTSYS-pc) Version 2.0

software package (Rohlf 1993). The resulting genetic similarity matrices were used to generate

an unweighted pair group method of arithmetic means (UPGMA) trees (Sokal and Michener

1958) using the NTSYS-pc.

3.7 Linkage map construction and QTL mapping

Polymorphic bands in F2 population were scored as dominant and codominant markers with

comparison to parent one and parent two. The data was recorded in term of 1, 2 3 4 5 the

following coding scheme was used for genotypes.

1. homozygote for the allele from parent 1 of that locus a

2. heterozygote carrying both the alleles  a & b

3. homozygote for the allele from parent 2 of that locus b

4. not homozygote for allele a (either bb or ab genotype)

5. not a homozygote for allele b (either aa or ab genotype)

6. – missing data for the individual at that locus.
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The data was transformed to Genetic mapping and QTL analysis were performed on each

population separately and combined across population. Linkage maps were constructed

using MAPMAKER/Exp Version 3.0b software (Lander 1987). QTLs were identified by

composite interval mapping (Zeng 1994) using Windows QTLs Cartographer 2.5 (Basten

et al. 2001). A LOD threshold of 3.0 was used, basing on criteria described by Song et al.,

(1995). Markers order was confirmed with “ripple” command. Recombination frequencies

were converted into map distances (cM) using Kosambi mapping function (Kosambi 1944).

Tests for independence of QTLs were also conducted when 2 or more QTLs of a trait were

located on the same chromosome (Paterson et al. 1988). QTLs were declared significant if

the corresponding LR score were greater than 11.5 (equal to a LOD score of 2.5). The

proportion of the phenotypic variation explained by each QTL was calculated as R2 (%) =

phenotypic variability explained by the QTL/all of the variation in the population × 100.

The total phenotypic variance explained together by all the putative QTLs for each trait

was estimated by fitting a multiple-QTL model in Mapmaker/QTL program.

QTL cartographer assumes that the quantitative data under consideration is normally

distributed. However, as with most root data, in this study fit this assumption. A common

method to normalize the data used in QTL-mapping is to conduct log transformation.

However, transforming to normalize the data could misrepresent the differences among

individuals for the trait by pulling the skewed tails of the distribution toward the center,

thus reducing one’s ability to detect QTLs (Mutschler et al., 1996). Therefore, in view of

this shortfall, both the non- transformed and log10 (x + 1) transformed data were used in

QTL mapping.
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CHAPTER 4

RESULTS

4.1 Screening of cotton varieties Pima S6 & M120 for root

characteristics

Parents show significant genetic differences in three root traits such as tap root length, fresh

root weight and lateral root numbers measured in this experiment. Average performance of

weekly parental data is presented in Table 5 & 6, while histogram and graphic representation

of comparison of root characteristics between Pima S6 and M120 is shown in Fig 8 & 9.

4.1.1 Average performance of Pima S6 & M120

Variations in root characteristics were observed among both parents. Tap root length ranged

from 42 cm to 94 cm in Pima S6, while M120 ranged from 44.5 cm to 83.5 cm from 1st week

to 6th week. Maximum differences between the tap roots lengths of both the parents were

observed during 5th week after germination. Like wise fresh root weight ranged from 0.35 gm

to 4.24 gm in six weeks in Pima S6 and while in M120 fresh root weight ranged from 0.37

gm to 3.7 gm, and maximum differences were observed during 5th week. Lateral root

numbers in Pima S6 varies from 63 to 232 while in M120 it ranged from 68 to 192.
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Fig 6. Significant differences for tap root length & root weight between parents (Pima
S6 & M-120)

1st week 2nd Week

3rd week 4th week
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5th week 6th week
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Table 5:  Average data for root characteristics of G. barbadense Pima S6

1st Week Fresh Root wt. (g) Root Length(cm) Lateral Root Nos.
Avg 0.35 42 62.5
Var 0.005 0.5 112.5
SD 0.07 0.71 10.61
SE 0.05 0.5 7.5
2nd week
Avg 0.50 56.83 96.67
VAR 0.12 235.08 1108.33
SD 0.35 15.33 33.29
SE 0.20 8.85 19.22
3rd week
Avg 1.3 68.5 174.5
VAR 0.02 24.5 144.5
SD 0.14 4.95 12.02
SE 0.1 3.5 8.5
4th week
Avg 2.3 76.5 193.5
VAR 0.02 0.5 144.5
SD 0.14 0.71 12.02
SE 0.1 0.5 8.5
5th week
Avg 3.45 86.5 210
VAR 0.245 0.5 2
SD 0.49 0.71 1.41
SE 0.35 0.5 1
6th week
Avg 4.25 94 232.5
VAR 0.005 2 112.5
SD 0.07 1.41 10.61
SE 0.05 1 7.5
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Table 6: Average of weekly data for root characteristics of G. hirsutum (M120)

1st Week Fresh Root
wt.(g)

Root
Length(cm)

Lateral Root
Nos.

AVG 0.37 44.5 68
VAR 0.003 19 7
SD 0.06 4.36 2.65
SE 0.03 2.52 1.53

2nd Week
AVG 0.63 46.5 94
VAR 0.08 138.25 199.00
SD 0.29 11.76 14.11
SE 0.17 6.79 8.14

3rd Week
AVG 0.8 54.3 126.3
VAR 0.01 66.33 230.33
SD 0.10 8.14 15.18
SE 0.06 4.70 8.76

4th Week
AVG 1.5 67.3 138
VAR 0.12 22.33 279.00
SD 0.35 4.73 16.70
SE 0.20 2.73 9.64

5th Week
Avg 2.5 69.5 145
VAR 0.32 112.5 450
SD 0.57 10.61 21.21
SE 0.4 7.5 15

6th Week
Avg 3.7 83.5 192
VAR 0.08 4.5 18
SD 0.28 2.12 4.24
SE 0.2 1.5 3
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1
Pima-S6

0.35
M-120

0.37
2 0.5 0.63
3 1.3 0.8
4 2.3 1.5
5 3.45 2.5
6 4.25 3.7

Table: 7 Comparison of weekly parental data for root characteristics
Lateral

Shoot length
(cm)

root
numbers.

Pima S6 M120 Pima S6 M120
1 10.5 16.1 1 62.5 68
2 21.3 23.2 2 96.6 94
3 29 28.3 3 174.5 126
4 33 37.3 4 193.5 138
5 37.5 45.5 5 210 145
6 51 59.5 6 232.5 192
Shoot weight   (g) Tap root length(cm)

Pima S6 M120 Pima-S6 M-120
1 1.7 1.43 1 42 44.5
2 2.5 3.2 2 56.8 46.5
3 4.9 4.9 3 68.5 54.3
4 8.6 9.6 4 76.5 67.3
5 14 16.75 5 86.5 69.5
6 26.25 31.75 6 94 83.5

Fresh root weight (g)
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Fig 7. Histogram representation of comparison for root characteristics between

Pima S6 & M120
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Fig 8. Graphic representation of root characteristics between Pima S6 & M120
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4.2 Inter specific population development for mapping root

QTLs

Based on significant genetic differences between two parents, two inter specific F2

populations were  derived  from cross  between  Pima  S6  (G.  barbadense)  and  M120  (G.

hirsutum), to conduct the tube and pot experiments. 94 F2 plants which showed variations for

three root traits were selected for phenotypic and genotypic analysis for finding root QTLs.

Among F2 families, range of root characteristics was 0.4 to 2.05 gm for FRW, 65 to 196 for

LRN and 52 to 85.5 cm for TRL in tube experiment (Table: 8). While in pot experiment root

traits ranged from 8.21 to 40.5 for FRW and 60 to 181 for LRN (Table: 8). Among these root

traits transgressive segregation was also observed. The phenotypic distribution of tube and

pot experiments populations for tap root length, fresh root weight and lateral root numbers

are present in Fig.10. Root weight and lateral root numbers in tube experiment display a

normal distribution (skewness does not exceed 1.0), while tap root length in tube experiment

show non-normal distribution. In pot experiment frequency distribution for root weight and

lateral root numbers also no not deviate from normal distribution. These results indicate the

trend of having QTL involvement in this population.
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10

Fig 9. Frequency distributions for root traits derived from a cross between interspecific
G. hirsutum & G. barbadese population in tube and pot experiments.
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Pot experiment:
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Table 8: Phenotypic values for root characteristics of F2 population and their parents

Population Size Traits Parents F2

Pima S-6 M-120 Max Min Mean SD Skew

Tube expt. 94 Fresh root
weight

2.4 1.4 3.8 0.4 2.05 0.79 0.04

Lateral root
Nos.

186 131 196 65 134.2 30.35 - 0.35

Tape root
length

76 64 85.5 52 72.34 6.14 - 1.36

Pot expt. 94 Fresh root
weight

28.7 15.5 40.5 8.21 17.33 6.77 0.31

Lateral root
Nos.

96.6 62.25 181 60 101.98 23.04 0.25

4.3 Correlation among the root traits in both F2 populations

Correlation analysis of root traits in F2 population revealed that there was significant

positive association of root traits with each other. The coefficient of correlation among three

traits in tube experiment were significant (Table: 9a), suggested that measured the same

genetic factor. Lateral root numbers appeared to be significantly correlated with tap root

length and root weight in tube experiment at a value of r =0.65 and r = 0.54 respectively.

Whereas a relatively week correlation was found between lateral root numbers and fresh root

weight in pot experiment with a value of r = 0.17 (Table: 9b).
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Table 9a: Correlation coefficient among phenotypes in F2 population (Tube expt.)

Lateral Root No. Root weight

Root weight 0.540

Tap Root Length 0.650 0.492

Table 9b: Correlation coefficient among phenotypes in F2 population (Pot expt.)

Lateral Root No.

Fresh Root weight 0.171

r0.05= 0.138, r0.01= 0.181

4.4 Construction and characterization of inter specific linkage

map

4.4.1 Parental survey

Among the 299 SSR primer pairs tested on parental lines, 219 markers were found to be

polymorphic, while 80 markers were monomorphic. On overall basis 73.24% polymorph-

Table 10:   Basic characteristics of the two individual genetic maps.

Item Tube Exp. Pop Pot Exp. Pop

Total SSR loci 299 299
Number of mapped loci 219 219
Number of individuals 94 94
Number of linkage groups 26 26
Number of unlinked loci 0 0
Map length (cM) 3334.70 3046.30
Total number of skewed loci 17 6
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-ism was observed for the number the markers used in this study. The total bands amplified

were 394 with an average of 1.8 bands per SSR primer pair. Six bands were produced by

each JESPR56, JESPR171 and JESPR300 which was the maximum number of bands

produced by each primer.

These polymorphic markers were applied on both populations. Using a LOD score > 2.5,

these markers were assigned to 26 chromosomes for both population based on the

information on cotton SSR map (Guo et al., 2007). Two separate linkage map was

constructed for both populations. Each linkage group was assigned to specific chromosome

(Fig.16). The linkage maps cover approximately 3190.50 cM with an average distance of

20cM with in the markers which, according to position of SSR markers common with the

cotton map Guo et al., 2007. We estimate that we have surveyed close to 70% of the cotton

map, comparing the length of our map with that of cotton map. The basic characteristics of

two maps are given in Table 10. There are 219 loci polymorphic loci between Pima S-6 &

M-120 amplified from 299 SSR primer pairs. The genetic map for population of tube expt.

(Map-A, Table: 19) generated by MAPMAKER/Exp 3.0 included 219 loci covering

3334.50cM, approximately 73.4% of the total recombinational length of the cotton genome.

The Map-B (Table: 19) for pot expt. also includes 219 loci covering 3046.30cM

approximately 69.5% of total recombinational length of the cotton genome. Genotypic

frequencies deviating from the expected segregation ratio of 1:2:1 for codominant locus or

3:1 for dominant locus were detected in two populations (Table: 10). Amplification results of

some SSR primers are given in Fig. 11-15.
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Fig 10.  Parental survey to check polymorphism between Pima S6(odd numbers) and

M120(even numbers).

a)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
20

b)

1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Fig 11. SSR primer BNL-358 amplification results on F2 population of cross between Pima S
6(P1) and M120 (P2)
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Fig 12. SSR primer BNL-3594 amplification results on F2 population of cross between Pima
S6(P1) and M120 (P2)
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Fig 13. SSR primer BNL-3806 amplification results on F2 population of cross between Pima
S6(P1) and M120 (P2)
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Fig 14. SSR primer BNL-4059 amplification results on F2 population of cross between Pima
S6(P1) and M120 (P2)
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Fig 15. SSR primer NAU-2272 amplification results on F2 population of cross between
Pima S6(P1) and M120 (P2)
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4.5 QTLs mapping for root traits in tube and pot experiments

A summary of statistics for all significant QTLs is given in Table 4. All QTLs (LOD > 2.5)

for tap root length, fresh root weight and lateral root numbers are present in Fig.16 A total of

17 regions were identified which contain the QTLs with LOD score > 2.5 and above, 6 for

Fresh root weight among which 1 QTL is common in both populations, 9 for lateral root

numbers and 2 for tap root length. The most noteworthy QTLs are described in detail below.

4.5.1 QTLs for fresh root weight

Tube experiment

The list of the QTLs identified in tube exp. is presented in Table 11. Their most likely

positions on the linkage map are shown in Fig. 16. Altogether, three QTLs significant for

fresh root weight on chr 7, 18 & 26 were detected, which explains 13, 16 & 12% of PV in F2

population respectively. These Loci explained 12-16% of phenotypic variance. When the 3

QTLs were fitted simultaneously, they explained 41% of the phenotypic variance. The QTL

effects were generally consistent with the difference between the parents. The QTLs from

Pima S6, qFRW1, qFRW2 and qFRW3 were found to increase fresh root weight. At this

QTL, the Pima S6 allele increased root weight by 0.18-0.46g.

Pot experiment

Three QTLs influencing fresh root weight with a LOD score of 2.39-4.62 were detected in F2

population, and each of them was located on different chromosome viz. 12, 18 & 25. Putative

QTLs in these regions accounted for 13-17% of phenotypic variance. These tree QTLs

together explained 43% of total phenotypic variance (Table 11).
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Table 11. QTLs associated with root characteristics in an interspecific cross between
Pima S6 & M120

Chr. # Markers LOD Add Dom d/a PV (%)

Tube expt.

Fresh root weight

qFRWa1 7 NAU2308-BNL1604b 2.52 0.46 0.01 0.06 13

qFRWa2 18 BNL3558-BNL2544 4.07 0.18 0.65 3.68 16

qFRWa3 26 BNL3510-NAU1274 3.36 0.40 0.01 0.03 12

Lateral root numbers

qLRNa1 5 BNL2656-JESPR171b 3.48 11.17 -13.11 -1.17 14

qLRNa2 5 JESPR65-NAU934 2.44 -7.87 -17.02 2.16 11

qLRNa3 14 NAU2272-CIR175 2.68 4.21 -19.90 -4.72 12

qLRNa4 19 BNL1878-BNL1671 2.78 13.56 29.83 2.20 28

qLRNa5 25 BNL1153-CIR407 3.22 -12.46 14.98 -1.20 13

qLRNa6 25 BNL3594-BNL1417 5.04 8.29 27.57 3.33 22

Tap root length

qTRLa1 25 BNL3806b-BNL1153 3.03 -1.41 3.83 -2.72 15

qTRLa2 25 BNL3594-BNL1417 2.66 0.98 3.86 3.94 13

Pot expt.

Fresh root weight

qFRWb1 12 BNL4059-JESPR300b 2.93 2.10 4.70 2.24 13

qFRWb2 18 BNL3558-BNL2544 2.39 0.89 4.65 5.23 13

qFRWb3 25 BNL1153-CIR407 4.62 -0.76 5.46 -7.22 17

Lateral root numbers

qLRNb1 3 NAU1068-NAU1070 3.29 13.55 -2.38 -0.18 13

qLRNb2 8 BNL3255-NAU1369 3.36 4.79 -20.63 -4.31 18

qLRNb3 14 NAU2272-CIR175 3.26 5.81 -19.12 -3.29 18
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The estimation of additive effect of Pima S6 allele showed that they increase fresh root

weight at two loci (qFRWb1 and qFRWb2) and reduce the weight at the remaining loci. It is

noted that a common QTLs qFRWa2 and qFRWb2 were identified in both tube and pot

experiment populations coffering the strong contribution of that region which increase the

fresh root weight.

4.5.2 QTLs for lateral root numbers

Tube experiment

Six significant QTLs for lateral root numbers were identified. Two QTLS qLRNa1, qLRNa2,

were located on Chr. 5 while qLRNa3 and qLRNa4 were identified on Chr.14 and Chr.19

respectively. Two QTLs, qLRNa5 and qLRNa6 were identified on Chr. 25. These QTLs

explains 11-28% PV in pot experiment population. Four QTLs qLRNa1, qLRNa3, qLRNa4

and qLRNa6 had the same direction of additive effect originated from Pima S6. (Table: 11)

Pot experiment

In this population three QTLs were identified for lateral root numbers (Table: 11 and Figure

16), qLRNb1, qLRNb2 & qLRNb3 located on Chr. 3, 8 & 14 with positive additive effect

from Pima S6. There contribution toward phenotypic variance ranged from 13% to 18%. All

the QTLs, together accommodated in the multiple QTL model, were responsible for 49% of

phenotypic variation of lateral root numbers. QTL influencing lateral root numbers on chr. 14

was detected in both populations of tube and pot experiments.

4.5.3 QTLs for tap root length

In tube experiment two QTLs for tap root  length were identified on the Chr. 25 with

accumulative phenotypic variance of 28%. No QTL was identified in population of Pot
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experiment. Additive positive effect of QTL qTRLa2 showed the influence of Pima S-6 for

longer tap root length, while qTRLa1, which showed a negative additive effect.

4.6 Comparison of QTLs identified in both populations

Comparisons of all the significant QTLs identified in both populations were presented in Fig

17 to 28. We presented this comparison to show the significance of all the QTLs identified.

By looking at each peak in each graph it was revealed that if there is QTL in one population

the trend of QTL also observed in other population, particular which signifies the trend of

QTLs in that particular region.
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Fig 16. Linkage map & QTLs for root characteristics determined in a F2 population derived
from cross between Interspecific G. hirsutum & G. barbadense in tube and pot experiments.

The number at the marker loci is map distance in cM (Kosambi).

Chr3 Chr5 Chr7 Chr8

Chr12 Chr14 Chr18 Chr19

Chr25 Chr26

Tube Expt: FRW LRN TRL

Pot Expt: FRW LRN
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Fig 17 . Comparison of QTL region on chromosome 14 for lateral root numbers from
tube and pot experiment.

LOD

Centimorgan (cM)

Fig 18. Comparison of QTL region on chromosome 19 for lateral root numbers from
tube and pot experiment.

LOD

Centimorgan (cM)
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Fig 19. Comparison of QTL region on chromosome 25 for lateral root numbers from
tube and pot experiment.

LOD

Centimorgan (cM)

Fig 20. Comparison of QTL region on chromosome 3 for lateral root numbers from
tube and pot experiment.

LOD

Centimorgan (cM)



93

Chapter 4 Results

Fig 21. Comparison of QTL region on chromosome 5 for lateral root numbers from
tube and pot experiment.

LOD

Centimorgan (cM)

Fig 22. Comparison of QTL region on chromosome 8 for lateral root numbers from
tube and pot experiment.
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Centimorgan (cM)
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Fig 23. Comparison of QTL region on chromosome 12 for root weight from tube and
pot experiment.

LOD

Centimorgan (cM)

Fig 24. Comparison of QTL region on chromosome 18 for root weight from tube and
pot experiment.

LOD

Centimorgan (cM)
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Fig 25. Comparison of QTL region on chromosome 25 for root weight from tube and
pot experiment.

LOD

Centimorgan (cM)

Fig 26. Comparison of QTL region on chromosome 26 for root weight from tube and
pot experiment.

LOD

Centimorgan (cM)
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Fig 27. Comparison of QTL region on chromosome 7 for root weight from tube and pot
experiment.

LOD

Centimorgan (cM)

Fig 28. QTL region on chromosome 25 for Tap root length from tube experiment.

LOD

Centimorgan (cM)
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4.7 Impact of selection from various environments (Dry vs Irri.) on the genetic
relationships among the selected cotton lines from F6 population using a
phylogenetic approach

Table 12: Genotype list 2004 - DNA samples from dry land

par2003 = # of parental plant in 2003 (this is the number on the tube)

par2000-2002 = # of parental plant in previous years (pedigree)

Par2003 par2002 par2001 par2000 Selection env. DNA
10 206 376 14 dryland 1 samp
18 332 469 10 dryland 1 samp
20 347 311 33 dryland 2 samps
24 26 311 33 dryland 1 samp
26 2 451 39 dryland 1 samp
35 362 290 28 dryland 1 samp
45 341 82 18 dryland 1 samp
57 15 388 61 dryland 1 samp
62 115 458 44 dryland 1 samp
77 63 75 75 dryland 1 samp
97 206 376 14 dryland 1 samp

101 430 267 14 dryland 1 samp
119 15 388 61 dryland 1 samp
120 332 469 10 dryland 1 samp
123 44 82 18 dryland 1 samp
137 433 458 44 dryland 1 samp
138 397 458 44 dryland 1 samp
183 44 82 18 dryland 1 samp
227 443 329 75 dryland 1 samp
238 58 176 49 dryland 1 samp
276 443 329 75 dryland 1 samp
327 255 100 10 dryland none
337 347 311 33 dryland 1 samp
338 163 267 14 dryland 1 samp
349 26 311 33 dryland 1 samp
355 359 154 40 dryland 1 samp
358 2 451 39 dryland 1 samp
401 115 458 44 dryland 1 samp
409 348 100 10 dryland 1 samp
439 456 348 8 dryland 1 samp
456 396 149 4 dryland 1 samp
508 359 154 40 dryland 1 samp
513 212 46 26 dryland 1 samp
530 362 290 28 dryland 1 samp
543 115 458 44 dryland 1 samp
547 63 75 75 dryland 1 samp
557 326 281 60 dryland 1 samp
558 117 115 49 dryland 1 samp
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Table 13: Genotype list 2004 - DNA samples from irrigated land
par2003 = # of parental plant in 2003 (this is the number on the tube)
par2000-2002 = # of parental plant in previous years (pedigree)

par2003 par2002 par2001 par2000 Selection env. DNA
607 993 672 121 irrigated 1 samp
615 1134 574 110 irrigated 1 samp
642 736 628 146 irrigated 1 samp
658 854 882 113 irrigated 1 samp
678 779 817 130 irrigated 1 samp
684 1157 644 120 irrigated 1 samp
706 603 931 103 irrigated 1 samp
727 638 745 148 irrigated 1 samp
748 1001 720 129 irrigated 1 samp
789 993 672 121 irrigated 1 samp
797 1134 574 110 irrigated 1 samp
800 1200 937 123 irrigated 1 samp
801 1176 824 107 irrigated 1 samp
805 815 931 103 irrigated none
806 620 937 123 irrigated 1 samp
815 825 726 146 irrigated 1 samp
836 1194 931 103 irrigated 1 samp
844 1146 598 127 irrigated 2 samps
880 875 937 123 irrigated 1 samp
900 869 628 146 irrigated 1 samp
901 1062 612 108 irrigated 1 samp
912 1014 914 131 irrigated 1 samp
926 815 931 103 irrigated 1 samp
933 638 745 148 irrigated 1 samp
943 736 628 146 irrigated 1 samp
953 869 628 146 irrigated 1 samp
958 875 937 123 irrigated 1 samp
960 1194 931 103 irrigated 2 samps

1014 1001 720 129 irrigated 1 samp
1015 813 612 108 irrigated 1 samp
1056 977 762 132 irrigated 1 samp
1076 1157 644 120 irrigated 1 samp
1102 996 775 111 irrigated 1 samp
1112 620 937 123 irrigated 1 samp
1125 835 965 129 irrigated 1 samp
1165 779 817 130 irrigated 1 samp
1181 638 745 148 irrigated 1 samp
1188 1157 644 120 irrigated 1 samp

F-177 2 samps
Vered 3 samps
Siv'on 1 samp
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Table 14: Productivity of cotton populations selected for lint yield under dryland and
irrigated environment.

Year Population
Selection
Environ.

Productivity under the Respective
Environments
Seed Cot Yld,
g/plant Lint Yld, g/plant
dryland irrigated dryland irrigated

2002 F4 dryland 22.26 37.51 8.08 13.82
F4 irrigated 16.03 28.61 5.56 10.56
Statistics *** * *** *
Parental Mean 31.22 36.19 12.08 14.08

2003 F5 dryland 17.31 29.66 6.32 10.23
F5 irrigated 19.06 43.54 7.01 15.32
Statistics n.s. ** n.s. **
Parental Mean 22.65 35.71 8.45 13.72

2004 F6 dryland 31.58 71.61
F6 irrigated 27.48 72.47
Statistics * n.s.
Parental Mean 34.13 63.25

Table: 15 Chi-square test

Ratio Markers

1:2:1 TMHB 87-P17 =   0.922**

3:1 BNL-3989 = 0.89**

3:1 BNL-3259 = 0.89**

3:1 BNL-1153 = 0.244*

3:1 BNL-2884 = 0.310*
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Table 16: Seed cotton yield Dry & Irrigated environment-selection 2004 means

Dry land Wet land

Parent2003 Scyield dry Parent2003 Scyield Irri
10 31.94 607 84.81
18 39.17 615 96.96
20 38.83 642 91.13
24 36.02 658 57.74
26 32.96 678 79.58
35 34.47 684 85.82
45 19.45 706 63.65
57 33.57 727 80.21
62 24.72 748 93.20
77 46.52 789 50.21
97 41.80 797 70.59

101 33.83 800 89.26
119 24.92 801 95.75
120 21.87 805 98.48
123 30.90 806 77.07
137 26.46 815 53.22
138 39.76 836 50.52
183 33.05 844 60.31
227 48.51 880 79.44
238 31.38 900 85.47
276 25.56 901 85.09
327 29.24 912 46.22
337 37.55 926 107.19
338 29.93 933 59.23
349 28.32 943 59.49
355 25.47 953 57.75
358 41.49 958 59.36
401 34.03 960 70.94
409 29.73 1014 56.69
439 25.53 1015 33.62
456 25.31 1056 112.31
508 24.23 1076 51.73
513 29.14 1102 40.93
530 36.46 1112 75.81
543 26.03 1125 69.54
547 22.40 1165 47.49
557 21.36 1181 76.70
558 39.26 1188 100.44
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Table 17: QTL identification for drought characteristics using single marker

analysis

Drought map Hua He et al. 2007 Euphytica

Marker P-Value map Chr. QTL Chr. QTL

*BNL1693 0.0000 + (Chr.1), Chr.15 SC (both) Chr.1, Chr.15 no

*BNL3895 0.0000 + Chr.10 DM (wet) chr.10 no

*BNL3955 0.0000 + Chr. 22 no link Chr.17, chr6 no

*BNL3989 0.0000 + A06 d13C chr.3 no

*STS1206 0.0000

*TMHB87-P17 0.0000

*BNL3031 0.0010 + (Chr.23) Chr.9 chr.23, chr.9 no

AAGb14 0.0040

*BNL1227 0.0050 + Chr.12 Chr.26 not on map (Chr.12), Chr.26 seed index, lint yield

AACb3 0.0050

AAGb8 0.0050

*BNL3259 0.0070 + Chr. 14 OP Chr.3 seed per boll

AACb4 0.0100

ACCb10 0.0470

AACb6 0.0520

AACb5 0.0560

*BNL2590 0.0580 + Chr.9 no not on map no

*BNL1153 0.0670 + Chr.25, Chr. 6 SC OP not on map no

*BNL256 0.0690 + Chr.10 no chr.10, chr25 no

AACb10 0.0780

*BNL1679 0.0820 + Chr. 12 not on map chr.12 no

AACb9 0.0860

BNL-2884 0.0880 + Chr. 6 SC OP chr6 no

AACb1 0.0900

AAGb11 0.0900

ACCb5 0.0940

AAGb9 0.1000

AAGb12 0.1040
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Table 18: Cotton drought vs irrigated population data analysis

Markers Chrs. #
Correlation
dry vs irri.

Correlation
Yield vs markers Variance

BNL1693 (Chr.1), Chr.15 0.19 0.396305 0.15705765
BNL3895 Chr.10 -0.1 -0.14302 0.02045472

BNL3955 Chr. 22 -0.1 0.327141 0.10702123
BNL3989 A06 -0.1 -0.17915 0.03209472

STS1206 -0.1 -0.18043 0.03255498

TMHB87-P17 0.37 -0.12009 0.01442160

BNL3031 (Chr.23) Chr.9 0.39 0.260088 0.06764576

AAGb14 -0.1 -0.19109 0.03651538

BNL1227 (Chr.12) Chr.26 0.35 -0.1142 0.01304164

AACb3 0.28 0.223375 0.04989639

AAGb8 0.29 0.192604 0.03709639

BNL3259 Chr. 14 0.37 0.154606 0.02390301

AACb4 0.32 0.415268 0.17244751
ACCb10 0.37 -0.2155 0.04644025

AACb6 0.28 0.313677 0.09839326
AACb5 0.39 - 0.33786 0.11414937

BNL2590 Chr.9 0.46 0.17525 0.03071256
BNL1153 Chr.25, Chr. 6 0.46 0.21592 0.04662144
BNL256 Chr.10 0.46 -0.21367 0.04565486
AACb10 0.41 0.15945 0.03286564
BNL1679 Chr. 12 0.36 0.235869 0.032124
AACb9 0.23 0.14578 0.056321

BNL-2884 Chr. 6 0.12 0.23451 0.03678
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1. Under dryland conditions, plants selected under dryland produced significantly higher

yield than those selected under irrigation, both in 2002 and 2004, and no significant

difference was found in 2003, with a small but opposite trend. (Table: 13).

2. Under irrigated conditions, in 2002 plants selected under dryland produced higher yield,

in 2003 an opposite (significant) trend was found and in 2004 - no difference was found.

(Summary of the results shown in Table-16)

Altogether 28 SSR and AFLP markers were found to be significant with yield. List of

significant markers and QTLs for drought are presented in Table-18. One QTL (BNL1693)

was for seed cotton (SC) on chromosome 1, and 15, while two more QTLs (BNL1153 &

BNL2884) for SC were identified on Chr6. Three QTLs, BNL3259, BNL1153 & BNL2884

for Osmotic potential were mapped on Chrs 14, Chrs25 and Chr6 respectively.

Simple correlation analysis was conducted using SSR markers data for Dry vs irrigated lines.

Similarly correlation values for yield vs markers data were calculated. Chi- square test was

also performed using the proportion of alleles.
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Table 19. Individual and combined map distances of population of an interspecific cross between Pima-S6 $ M-120

Tube
Expt

Pot Expt Comb.
Tube
Expt

Pot
Expt

Comb.

Ch-1 (a) Markers cM cM cM Ch-14 Markers cM cM cM

1 NAU422 12.9 11.6 12.2 1 NAU2190 31.1 16.8 23.1

2 BNL2921 22.2 13.5 18.1 2 NAU2312 15.1 14.1 14.9

3 JESPR56a 0.0 1.2 0.9 3 NAU998 18.3 3.1 10.2

4 JESPR56c 3.9 17.1 9.7 4 NAU2336 0.0 0.2 0.0

5 CIR18 0.0 1.6 0.8 5 NAU2272 28.9 16.4 22.2

6 NAU731 2.1 20.1 10.6 6 BNL2882 2.7 1.9 2.4

7 BNL3090a 24.2 12.5 17.5 7 BNL1059 0.6 1.0 0.8

8 BNL3888 15.1 12.0 13.4 8 CIR175 5.6 16.2 10.5

9 NAU2419 ---------- ---------- ---------- 9 BNL3145 29.5 37.4 33.3

80.4 89.6 83.5 10 CIR246 ---------- ---------- ----------

Ch-1 (b) 131.8 107.0 117.3

10 BNL2440 45.2 38.4 42.1 Ch-15

11 NAU2437 ---------- ---------- 1 BNL2646 3.1 4.9 4.0

45.2 38.4 42.1 2 JESPR205 2.8 2.2 2.6

3 CIR15 3.2 1.5 2.4

Ch-2 4 BNL3902 18.6 29.4 23.5

1 NAU1246 44.5 43.8 44.1 5 BNL3090b 35.8 37.6 19.5

2 CIR376a 45.3 32.1 38.8 6 BNL1667 1.9 1.4 13.0

3 BNL3590 10.8 11.8 11.3 7 JESPR243 16.6 23.8 29.6

4 BNL3971 23.4 13.9 18.2 8 BNL1693 12.7 22.8 17.5

5 BNL1897 ---------- ---------- ---------- 9 BNL3345 ---------- ---------- ----------

124.0 101.6 112.5 94.7 123.6 112.0

Ch-3 Ch16

1 BNL2443 12.2 8.5 10.3 1 BNL3065 27.3 5.1 13.9

2 BNL3441 21.1 7.9 14.0 2 NAU966 26.9 18.4 21.6

3 NAU1190 15.5 14.7 15.1 3 BNL1122 15.4 22.8 19.1

4 BNL226a 8.9 8.7 8.5 4 NAU2432a 4.6 2.2 3.4
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9 BNL3995 5.1 20.6 12.0 3 BNL3903 27.4 26.1 27.4

5 BNL226b 5.2 20.6 12.0 5 NAU2432b 11.3 4.4 7.7

6 NAU1068 10.9 7.5 9.1 6 BNL2986 9.4 7.3 8.3

7 NAU1070 2.4 12.9 7.1 7 CIR100 10.4 1.5 4.5

8 BNL3259 1.9 17.2 8.5 8 BNL3008 11.2 6.7 7.5

9 JESPR231 31.2 21.9 26.1 9 NAU751 ---------- ---------- ----------

10 CIR228 6.5 8.6 7.6 116.5 68.3 86.0

11 NAU2161 19.1 11.4 15.2 Ch-17

12 NAU862 ---------- ---------- ---------- 1 BNL1606 25.8 31.6 28.9

134.9 140.0 133.6 2 JESPR221 7.4 25.4 15.7

Ch-3 (b) 3 JESPR101 18.1 13.3 15.4

13 BNL1045 18.8 14.3 16.5 4 BNL2471 16.6 10.3 13.2

14 NAU943 ---------- ---------- --------- 5 BNL3955 22.5 17.6 19.6

18.8 14.3 16.5 6 NAU1028 24.6 18.8 26.3

Ch-4 7 BNL834 ---------- ---------- ----------

1 NAU2235 18.9 22.6 20.8 115.0 117.1 119.2

2 BNL2572 23.9 17.3 20.4 Ch-18

3 CIR122 26.7 28.4 27.7 1 NAU2488 12.5 28.5 16.4

4 NAU2363 17.7 39.1 26.9 2 JESPR56b 19.5 0.0 8.7

5 BNL4049 40.5 30.8 35.2 3 BNL3280 23.5 5.8 12.6

6 BNL530 ---------- ---------- ---------- 4 JESPR153 9.6 0.5 4.0

128.0 138.2 131.0 5 NAU2138 6.4 6.6 6.5

Ch-5 6 BNL1079 14.2 9.1 11.6

1 CIR376b 4.5 3.5 4.3 7 CIR40 12.4 4.4 8.4

2 CIR102 6.2 0.6 3.5 8 BNL3558 17.4 21.7 19.8

3 CIR34 19.4 8.1 13.2 9 BNL2544 4.1 12.8 8.2

4 BNL2448 14.6 23.4 18.7 10 BNL193 ---------- ---------- ----------

5 BNL3992 6.7 17.1 11.6 119.6 89.5 96.2

6 BNL2656 14.1 7.1 10.4 Ch-19

7 JESP171b 20.1 6.7 12.8 1 BNL3029 17.4 7.3 11.9

8 CIR301 18.2 8.9 13.0 2 NAU1221 3.6 3.8 3.7
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7 BNL3255 7.4 19.0 12.5 3 BNL358 16.3 6.2 11.0

10 JESPR65 30.7 45.9 36.9 4 CIR62 22.3 17.9 19.1

11 NAU934 ---------- ---------- ---------- 5 BNL1878 44.8 40.6 42.7

140.7 141.9 136.6 6 BNL1671 31.0 22.0 14.9

Ch-6 7 BNL390 ---------- ---------- ----------

1 BNL3359 19.4 30.5 24.8 146.5 117.7 119.7

2 BNL1440 29.5 23.5 26.2 Ch-20

3 BNL1064 29.5 17.6 22.6 1 NAU2139 19.6 26.4 22.9

4 BNL2884 44.3 34.6 38.7 2 BNL3646 22.5 15.8 18.7

5 CIR128 ---------- ---------- ---------- 3 BNL169 23.3 4.8 12.3

122.9 106.2 112.3 4 CIR94 9.1 3.9 6.2

Ch-7 5 BNL119 4.6 14.1 9.2

1 NAU2308 22.7 38.6 30.2 6 BNL3948 18.1 34.8 25.9

2 BNL1604b 12.3 24.2 18.0 7 JESP171a ---------- ---------- ----------

3 BNL1604a 15.2 24.1 19.5 97.3 99.8 96.2

4 CIR262 35.1 26.3 30.3 Ch-21(a)

5 NAU1362 13.1 6.9 9.6 1 BNL3147 17.4 15.3 16.3

6 CIR169 28.6 31.4 30.6 2 BNL3171 18.7 19.4 19.0

7 BNL1597 15.9 2.7 8.2 3 JESPR135 10.2 22.0 15.6

8 CIR412 0.2 4.1 3.4 4 JESPR251 24.0 12.7 17.7

9 NAU2002 24.8 16.6 16.9 5 BNL2895 31.7 21.4 26.2

10 NAU1048 21.38 16.5 19.2 6 BNL1408 ---------- ---------- ----------

11 NAU845 ---------- ---------- ---------- 102.0 90.7 94.9

189.3 191.3 186.0 Ch-21(b)

Ch-8 7 NAU2016 9.5 10.8 10.2

1 CIR291a 7.4 18.9 12.6 8 BNL3279 38.0 36.4 37.0

2 BNL3474 10.2 7.9 9.1 9 BNL2662 ---------- ---------- ----------

3 CIR278 21.4 33.2 27.2 47.4 47.2 47.2

4 CIR343 6.4 17.2 11.4 Ch-22

5 NAU1209 30.1 20.5 24.8 1 JESPR220 15.1 13.3 14.1

6 NAU4900 3.4 14.3 8.4 2 NAU2162 26.1 11.7 18.0
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8 NAU1369 19.6 24.3 21.8 4 BNL3368 25.3 22.6 24.0

9 NAU5129 17.3 2.2 8.5 5 NAU2376 24.2 10.0 16.4

10 NAU2407 17.1 7.0 11.1 6 NAU5099 16.0 17.4 18.1

11 NAU1254 35.9 26.5 31.3 7 BNL448 25.3 3.2 12.8

12 JESPR232 ---------- ---------- ---------- 8 NAU2120 ---------- ---------- ----------

175.9 190.8 178.6 148.4 84.5 114.4

Ch-9 Ch-23

1 BNL2590 25.3 12.4 18.8 1 BNL1414 23.3 10.1 16.1

2 BNL1317 9.4 24.0 17.3 2 BNL1672 32.4 25.4 28.6

3 BNL3582 6.7 19.0 12.1 3 BNL3511 19.0 21.1 20.1

4 BNL2847 33.8 10.1 20.1 4 BNL3383 8.1 9.4 8.7

5 BNL3031 16.1 9.0 12.3 5 BNL686 13.8 11.2 12.4

6 BNL3626 ---------- ---------- ---------- 6 CIR286 ---------- ---------- ----------

91.1 74.5 80.5 96.6 77.2 85.9

Ch-10 Ch-24

1 BNL256 36.3 28.2 32.4 1 BNL2597 27.6 20.9 24.1

2 NAU1066 3.3 13.7 7.7 2 JESPR157 14.7 7.3 10.6

3 CIR291b 18.1 17.1 17.4 3 JESPR308 16.7 17.4 17.1

4 BNL1160 38.1 21.6 29.2 4 BNL3860 31.6 22.0 26.5

5 BNL3895 6.1 24.7 14.0 5 BNL1521 15.7 15.1 15.4

6 BNL1161 25.2 19.7 22.4 6 NAU1350 24.5 15.9 19.8

7 BNL2960 ---------- ---------- ---------- 7 BNL1646 ---------- ---------- ----------

127.1 125.0 123.1 130.9 98.6 113.5

Ch-11(a) Ch-25

1 NAU1232 20.3 10.0 14.5 1 BNL1061 28.1 34.7 31.4

2 BNL1066 8.7 8.6 8.7 2 BNL3806a 1.0 2.5 11.4

3 BNL1231 ---------- ---------- ---------- 3 BNL3806b 33.0 18.2 12.6

29.0 18.6 23.2 4 BNL1153 38.2 10.4 21.8

Ch-11(b) 5 CIR407 9.3 14.6 12.4

4 BNL3592 8.9 10.2 9.6 6 BNL3594 8.3 29.7 18.2

5 BNL2632 20.7 30.8 25.6 7 BNL1417 ---------- ---------- ----------
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6 BNL1681 27.7 20.9 24.0 118 110.1 107.8

7 BNL1404 21.7 7.2 13.0 Ch-26

8 BNL1151 31.7 8.4 17.4 1 BNL3537 3.1 1.8 2.4

9 NAU980 ---------- ---------- ---------- 2 CIR78 23.7 37.1 30.5

110.5 77.4 89.5 3 BNL1227 37.2 25.8 31.2

Ch-12 4 BNL840 0.1 4.1 2.3

1 BNL3261 33.6 23.4 28.1 5 BNL3510 35.1 22.0 28.2

2 BNL3599 17.2 12.9 13.4 6 NAU1274 ---------- ---------- ----------

3 BNL3835 32.1 19.3 26.2 99.2 90.8 94.6

4 BNL1707 22.1 21.4 19.2

5 BNL1673 18.2 26.9 22.0

6 BNL1679 5.1 9.0 6.9

7 BNL4059 16.1 19.3 17.5

8 JESP300b 6.7 14.0 9.8

9 JESP300a ---------- ---------- ----------

150.7 146.0 143.1

Ch-13

1 BNL4029 29.7 8.2 16.9

2 BNL1421 10.4 8.6 9.6

3 BNL1495 5.7 5.6 5.7

4 CIR342 12.5 6.7 9.6

5 NAU1023 13.2 19.7 16.4

6 BNL2449 0.1 0.4 0.2

7 BNL1438 22.3 11.5 16.9

8 BNL2652 5.3 31.4 15.7

9 BNL3993 2.9 21.5 11.1

10 BNL3479 0.0 16.8 7.6

11 BNL2571 ---------- ---------- ----------

102.3 130.4 109.7



Line under Dry
environment

Line under Irri
environment

Fig. 29: Dendogram showing phylogenetic relationship among 76 cotton plants selected under dry vs irrigated
environment using UPGMA method.  Scale shows Nei and Li’s coefficients of similarity.
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CHAPTER 5

DISCUSSION

Roots are very critical for plants to withstand biotic and abiotic stresses. Roots are vital

organ for absorbing nutrients soil moisture and influence drought resistance. The cotton

root system develops as a taproot system where the primary root (embryonic root)

develops into a large taproot which produces smaller, lateral roots. The identification of

QTLs may allow the estimation of parameters of genetic architecture and improve root

traits by molecular marker-assisted selection (MAS). This research identifies a number of

QTLs for root morphology. For each trait there were often many QTLs and no major

genes, confirming that the traits are multigenic. Thus the genetic control of root growth is

complex. In the present study, a total of 17 QTLs with different effects on 3 root

morphological traits were detected by using interspecific population derived from a cross

between G. hirsutum and G. barbadence. To our knowledge this is the first report of QTL

analysis for root morphological traits in cotton.

5.1 Performance of Parental lines Pima S6 (Gb) & M120 (Gh)

Upland cottons, which descend primarily from the New World species Gossypium

hirsutum L., are cultivated widely for textile fibers, food, and ruminant feed, and are

prized for their high yields (Barbosa, 1995). Conversely, Sea Island, Egyptian, and Pima

cottons, which descend primarily from G. barbadense L., are prized for their fiber length

and quality. Both G. barbadense and G. hirsutum arose as interspecific disomic (2n = 52)

tetraploids,  perhaps monophyletically,  along with  three  other  extant  species  with  52
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chromosomes (Cronn and Wendel, 2004). Although the AD genomes of G. barbadense

(AD2) and G. hirsutum (AD1) are now extensively diploidized and their plant

morphologies quite distinct, the genomes exhibit high meiotic affinity in hybrids and

undergo high rates of recombination (Reinisch et al., 1994). Isozyme polymorphisms

indicate G. hirsutum is more diverse than G. barbadense, but only moderately diverse

relative to other crop species (Wendel et al., 1992). While these species harbor moderate

amounts of intraspecific genetic or DNA sequence diversity (Bojinov and Lacape, 2003;

Kumpatla et al., 2004), genetic uniformity is very high among the agriculturally elite

types (Meredith, 1990; 1991; Wendel et al., 1992; Zhang et al., 2005). Although efforts

to incorporate wild germplasm have been undertaken in various cotton breeding

programs, pedigrees of few cultivars reveal perceptible alien heritage (Van Esbroeck and

Bowman, 1998). The relative paucity of alien germplasm in elite cotton cultivars

indicates that specialized and improved methods of breeding are needed to achieve

successful introgression in developing germplasm with good breeding values.

Interspecific germplasm   introgression can greatly expand opportunities for crop

improvement (Tanksley and McCouch, 1997).

Considerable variations have been observed between two cultivated tetraploid cotton

species, G. hirsutum and G. barbadense in physiological traits. Inter-specific crosses

between these two species have been used for QTL mapping of physiological traits and

productivity (Saranga et al., 2004). In this study root performance of inter-specific cross

between these two species also showed significant differences. The difference in tap root

length, fresh root weigh and lateral root numbers were obvious and wide genetic diversity
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were represented in these parents. Our studies illustrate that G. barbadense have

favorable genomic regions for root morphology as compared to G. hirsutum.

All characteristics which were studied in both tube and pot experiments, Pima S6 (Gb)

performs much better than M120 (Gh). Since from 1st week after germination up to 5th

week, Pima S-6 showed clear phenotypic differences in tap root length, fresh root weight

and lateral root numbers. Maximum differences between two parents were observed

during 5th week, suggested choice of particular week for phenotypic data collection for

root from F2 population.

5.2 Analysis of phenotypic values

In the present investigation, taproot weight showed a significant positive correlation with

taproot thickness and length. Therefore, it was expected that the QTLs for the correlated

traits would be mapped to similar genomic regions. As expected, most of the mapped

QTLs for taproot weight were located within the same or neighboring regions in which

QTLs for taproot thickness and length were also identified. For example, 2 common QTL

regions were found to influence taproot thickness and weight, while 2 common QTLs

were identified for taproot length and fresh root weight. In fact, in our study, a total of 4

intervals were identified to be significantly associated with more than 1 root trait.

5.3 Polymorphism between parents and F2 population

Recent developments  in molecular  genetics  offer  plant  breeders  a  rapid  and  precise

alternative approach to conventional selection schemes for improving cultivars for yield,

quality, adaptability, pest and disease resistance. Molecular markers are important tools

for generating genetic linkage maps and have provided a significant increase in genetic
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knowledge of many cultivated plant species. Molecular markers are the promising genetic

tools with potential to enhance selection efficiency in cotton (Meredith, 1995; Ulloa and

Meredith, 2000). In the present study to over come the limitations of conventional

breeding we used DNA fingerprinting techniques to find molecular markers/ QTLs that

would be utilized for improvement of cotton root characteristics through marker assisted

selection. Simple Sequence Repeats (SSR) was successfully used to find polymorphism

between G. hirsutum and G. barbadense, and then these polymorphic markers were

surveyed on F2 population.

The level of polymorphism between these two parents was observed 73.45 %. Although

very low level of intra-specific polymorphism was observed in Gossypium hirsutum i. e.

Akash (2003) reported only 11.2 %. Mei et al., (2004) found 7% polymorphic level of

AFLP with in Gossypium spp. Similarly using SSRs. Rungis et al., (2005) reported 4.5 %

polymorphism either among or within G. hirsutum cultivars, while Shen et al., (2007)

detected 7.9% polymorphism between G. hirsutum parents. Genetic diversity in modern

upland cotton cultivars is thought to be narrow, thus limiting the genetic advance. A

number of studies suggested that cultivated upland germplasm possesses relatively low

level of genetic diversity and polymorphism could be low as 1 to 3 % (Zhang 2005a).

Several investigators have suggested higher frequency of polymorphism with in G.

hirsutum and among Gossypium species. Reddy et al., (2001) observed 21%

polymorphism within G. hirsutum and 49% polymorphism between G. hirsutum and G.

barbadense. Qureshi et al., (2004) reported 26% polymorphism in EST-SSRs within G.

hirsutum while 52% between G. hirsutum and G. barbadense. Nguyen et al., (2004)

found 56 %. Interspecific polymorphism between G. hirsutum and G. barbadense. Such
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discrepancy in polymorphism rates would be due to different plant material, different

number of ESTs from different tissues or number of EST-SSR primers used (Han et al.,

2006).

More than flowering plants, including many important crops (like cotton, wheat, oat,

canola and peanut) are polyploid (Stebbins, 1971; Masterson, 1994; Leitch and Bennet

1997). Polyploidy may have some advantages because duplicated genome provides

additional genetic material for functional divergence and adaptive evolution. Moreover,

diploidization of polyploids also gave arise to the fixation of homoeologous genes or

hybrid vigor.

5.4 Implication of segregation distortion

Segregation distortion has been reported in the cotton genome (Wang et al., 1995; Ulloa

et al., 2002; Lacape et al., 2003). It may occur due to presence of lethal genes or

fragment complexes (overlapping fragments consisting of identically sized fragments)

(Hansen et al., 1999; Nikaido et al., 1999). It could also be related to different sizes of the

parent genome or to distorting factors, such as self incompatibility alleles (Bert et al.,

1999). Distortion and high proportion of RFLP markers in an intraspecific cotton

population presumably resulted from polyploidy of cotton (Ulloa and Meredith, 2000).

Polypolidy and chromosomal rearrangement may affect interpretation of segregation data

and linkage inferences (Doerge and Craig, 2000; Livingstone et al., 2000). Linkage

analysis would be complicated by extensive recombination per homologous chromosome

and the genetic redundancy associated with polyploidy (Reinish et al., 1994). Some

chromosome may contain recombination hotspots, resulting in large genetic distances,

whereas other contains a large portion of heterochromatin associated with low
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recombination frequencies. Segregation distortion and linkage drag may also affect locus

behavior among different interspecific hybrid populations (Mei et al., 2004). Interspecific

hybrids would result in a wide range of phenotypic segregation and fertility. F1 hybrid

may become semi-sterile, and one third of the plants in the F2 and subsequent generation

would not produce any boll or seeds. Segregation distortion may results from competition

among gametes or from abortion of gametes or zygote (Harushima et al., 1996. it may

arise from genetic, physiological and environmental cause, while the relative contribution

of these factors may differ in specific populations (Xu et al., 1997).

In this study, tube experiment Population showed significant segregation distortion with

122 (53.27%) distorted marker of 229 markers scored. Among them, 68 loci (55.7%) had

an excess of Pima S6 alleles, 16 loci (13.11%) had an excess of M120’s and 38 loci

(31.15%) had an excess of heterozygous one. Loci that skewed segregation tended to

cluster on Chrs. 1, Chrs. 6, Chrs. 12, Chrs. 13, Chrs. 16, Chrs. 20, Chrs. 22, Chrs. 23 and

Chrs. 24. A marker dense skewed segregation region was detected on Chr. 12, 13, 24 in

which 28 loci was covered 298 cM with a mean distance of 19 cM.

All codominant loci favored heterozygous allele and homozygote genotype are deficient

for Pima S6. One possible reason for the severe skewed segregation attributed to high

level of divergence of the parent Pima S6. Significant level genetic diversity was detected

between Pima S6 and M120. In terms of genetic factors, genetic mechanisms for

preferential segregation include pollen tube competition, pollen lethal, preferential

fertilization and selective elimination of zygotes (Lu et al., 2002). From this report, a

strong indication that distorted markers on these chromosomes were deficient for

homozygote and closely linked to each other suggested the presence of major recessive
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deleterious genes. The recessive deleterious gene might affect pollen fertility, and result

in markers with skewed segregation linked to it. The fact that chromosome containing

distorted marker bore contribute only single QTLs suggests we must not deal with

distorted markers. Higher LOD score combined with chromosome assignment was

suitable for mapping distorted markers.

5.5 Genetic linkage map

Most of the genetic maps in cotton have been developed through interspecific

hybridization; however, the linkage maps developed by intraspecific G. hirsutum

population provide a better understanding of cotton crop by possibly generating a core of

markers with more practical application than those developed in interspecific populations

(Reinisch et al., 1994; Yu et al., 1998; Ulloa and Meredith, 2000). Genetic linkage map

was generated using molecular marker data of 94 interspecific lines of F2 population

(Pima S6 & M120) with Mapmaker/Exp. These markers were mapped on 30 linkage

groups, which were assigned to 26 chromosomes (Table-11). Markers placed on these

linkage groups ranged from 6 to 12 markers per group. Recombination frequencies were

converted into map distances (cM) using Kosambi mapping function, and total cotton

genetic map distance was 3190.35 cM with 95% of the cotton genome coverage, and the

mean distance between the two adjacent loci was 15.7 cM. Genome coverage estimates

were based on construction of a genetic map containing 1790 loci and covering 3425.8

cM, with an average intermarker distance of 1.91 cM in cultivated tetraploid cotton

species (Guo et al., 2007).

In our studies we use Kosambi (1944) for calculating the map distances because they

considered crossingover interference as a function of recombination fraction. While
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Haldane’s mapping function works for situations with absences of crossover interference

(Haldane 1919). However experimental evidences have been found to support that

crossover interference exists and crossover occur non-randomly in genome (Muller 1916;

Liu, 1998). Ulloa and Meredith (2000) constructed a genetic linkage map using 119

intraspecific bulk sampled plots of an F2:3 populations. They used joinMap and

Mapmaker/Exp to generate linkage map. These two programs linked the same number of

loci in linkage groups, except for two RFLP loci. Shapply et al., (1998b) analyzed 96 F2:3

bulked sample plots of upland cotton and identified 31 linkage groups contain 120

RFLP loci, which covered 865 cM, or an estimated 18.6 % of cotton genome. The

linkage group ranges from 2 to 10 loci each, while range in distance from 0.5 to 107 cM

with average distance of 7 cM.

Ulloa et al., in 2005 mapped 284 RFLP loci to 47 linkage groups which covered 31 % of

recombinational length the cotton genome with an average distance of 5.2 cM using four

intraspecific (G. hirsutum) populations. Generally cotton genetic maps constructed from

interspecific populatins (Reinisch et al., 1994; Jiang et al., 1998; Kohel et al., 2001;

Saranga et al., 2001; Zhang et al., 2002; paterson et al., 2003; Han et al., 2004; Mei et

al., 2004; Nguyen et al., 2004; Rong et al., 2004; Lacape et al., 2005., Park et al., 2005,

Song et al., 2005; Frelichowski et al., 2006; Han et al., 2006; Wang et al., 2006; Hua et

al., 2007 and Guo et al., 2007) have more cotton genome coverage as compared to maps

developed from intraspecific population (Shappley et al., 1998; Ulloa and Meredith 2000;

Akash, 2003; Zhang et al., 2003; Shen et al., 2005, 2006 , 2007; Ulloa et al., 2005).

Kesseli et al., 1994; and Keim et al., 1997 suggested that increasing population size

would most likely help to identify key recombination and filling gaps. Small linkage
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group may form when less number of markers are used to cover a big genome like cotton.

Less genome coverage was possible due to  less polymorphism between the parents

studied. Brondani et al., (2001) found less polymorphism then expected and suggested

the use of a diverse and larger segregating population to detect more recombination

between the co-segregating markers. To improve the map density use of additional SSRs

(Temnykh et al., 2001) will be useful to increase the number of mapping loci on all

chromosomes  and  to detect  precise  location  of  QTLs.  Therefore  adding more  DNA

markers, especially AFLPs will saturate the map. Dense map could helpful for gene

tagging and identification of tightly linked QTLs that could be used in marker assisted

selection in crosses designed to use alleles from exotic cultivars to develop elite cotton

breeding lines (Wu et al., 2007)

5.6 Linkage groups and chromosomal assignment

In the present study 30 linkage groups were assigned to 26 chromosome using already

know anchored and informative loci by Han et al., 2006; Wang et al., 2006; Hua et al.,

2007 and Guo et al., 2007. Allotetraploid cotton has 26 pair of chromosomes, 13 large

from A subgenome and 13 small from D subgenome. In the present fall in same groups as

described by Guo et al., 2007, even the genetic distances between the markers were quite

similar as published with some differences which might be due to different parents used

for constructing linkage groups.
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5.7 QTLs analysis for cotton roots morphological traits

5.7.1 Methods for QTLs detections

QTLs analysis on F2 population was performed with WinQTLCart using Composite

interval mapping (Zeng, 1994), at LOD >2.5 as threshold. QTL detection is a statistical

test of an association of trait with a genetic locus or marker interval using maximum

likelihood (lander and Botstein, 1989), regression (haley and Knot, 1992), marker

regression (Kearsey and Hyne, 1994), Interval mapping IM (Tinker and Mather, 1995),

and composite interval mapping (CIM). Although every method has some limitations and

biasness, the results obtained from different methods are often similar if heritability of

QTL is high (Hyne et al., 1995).

The prime value of WinQTLCart’s single marker analysis is its quick scanning of entire

genome to find best possible QTLs and identification of missing or incorrectly formatted

data that could affect later analysis. Single marker analysis (Weller, 1986) based on the

idea that if there is an association between a marker genotype and trait value, it is likely

that a QTL is close to that marker locus. It can be useful for quick look at data, but it has

been superseded by IM  and CIM,  because  of their more precision and accuracy in

identification of QTLs. In single marker analysis only one marker is used in QTL

mapping but effects are underestimated and the exact QTL position cannot be

determined.

Inter mapping IM provide a systematic way to scan the whole genome for evidence of

QTL, basically IM is an extension of SMA (Lander and Botstein, 1989). IM uses two
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observable flanking markers to construct an interval with in which to search for QTL. A

map function (Haldane or Kosambi) is used to translate from recombination frequency to

genetic distances. LOD score is calculated at each increment in the interval. Finally the

LOD score profile is calculated for the whole genome. When the peak has exceeded the

threshold LOD value, we declare that a QTL has been found at that location. Typically a

LOD threshold between 2 and 3 is required to ensure an overall 5% false positive error

for detection of QTLs (Lander and Botstein, 1989).

When traits are complex with a low heritability, IM is intuitively attractive, while an

ideal method and considered effective from the entire QTLs. Composite interval mapping

adds background loci (20-40 cM apart) to interval mapping (Jansen and Stam, 1994;

Zeng, 1994; Basten et al., 2001). CIM gives more power and precision than simple

interval mapping because the effects of other QTLs are not present as residual variance.

The power od QTL detection, defined as the probability of detecting a QTL at a given

level of statistical significance, depending on the strength of QTL and number of progeny

in the population (Manly and Olson, 1999). CIM fits parameters for target QTL in one

interval while simultaneously employing partial regression coefficient for background

markers to account for variance caused by non-target QTL. Furthermore, CIM can

remove the bias that would normally be associated with a QTL that is linked to position

being tested.

5.7.2 QTLs for root morphology

In the present study, a total of 17 QTLs with different effects on 3 root morphological

traits were detected by using interspecific population using composite interval mapping
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derived from a cross between G. hirsutum and G. barbadence. To our knowledge this is

the first repot of QTL analysis for root morphological traits in cotton.

In this study tap root length showed significant positive correlation with fresh root weight

and lateral root numbers. Therefore it was expected that the QTLs for correlated traits

would be mapped to similar genomic regions. Some QTLs observed in tube experiment

population are evident in pot experiment population, while some are not. At the end of

Chromosome 25 there is locus which influences root growth detectable as QTL in two

populations.  Since  this  QTL  appears  to  be  predominantly  additive  in effect  on  root

length, it may be phenotypically selectable in breeding program for evolving drought

resistance crops. In our studies altogether 10 chromosomes were found to associate with

root traits. Furthermore qLRNa6 and qTRLa2 loci affecting lateral root numbers and tap

root length respectively mapped in Chr. 25 with a distance of 15.7cMfrom the marker

BNL3594-BNL1417. Such coverage in the localization of QTLs controlling different

quantitative traits suggested a close genotypic correlation among root traits or a

pleiotropic effect of a single gene (Paterson et al., 1991). It remains to be tested whether

these common genomic regions have pleiotropic effects or there are clusters of tightly

linked genes for some related traits in these regions. A more numerous mapping

population and more closely spaced markers in the map are needed to determine whether

the QTLs correspond to a gene with pleiotropic effects or to several separate but closely

linked genes, each controlling a single character (Shibaike 1998).

Many of the QTLs identified in this study had relatively small effects, controlling less

than 20% of the total phenotypic variance. However, two QTLs relatively with large

effects, qLRNa4 & qLRNa6 for lateral root numbers explained 28% and 22% of the total
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phenotypic variance, respectively. We have  compared the significance of these root

QTLs identified in both tube and pot experiments populations. The comparison of QTL

Cartographer analysis of these significant QTLs identified is presented in Fig. 17 to Fig.

28. The peaks above the LOD score 2.5 showed significance of QTL at their respective

chromosomal regions. In Fig.17 on chromosome 14 the common QTL identified for

lateral root numbers showed the LOD score peaks over laps each other hence confirms

the effect of that region which contributes towards the increase in lateral root numbers.

Our results of QTL Cartographer also showed similar trend of QTL peaks identified in

both tube and pot experiments. It is observed that if QTL peak is formed above the

standard LOD score value of 2.5 in one population similar trend of the QTL peak is

present at the same region in other population; hence confirm the significance of QTL at

that region. On the basis of our results we proposed the strong influence of Chr. 14 region

which contributes for lateral root numbers and that could be an effective QTL for

breeders to incorporate in their varieties.

5.8 Comparison of QTLs identified in both populations

In this study, some QTLs (significant or suggestive QTLs) were found in at least both

populations. For lateral root numbers a common QTL was found in both pot and tube

populations on chromosome 14, as supported by the bridge marker NAU2272 & CIR175.

The direction of additive effects was the same from a common parent, Pima S6. Similarly

another common QTL was identified on chromosome 18 for fresh root weight. The

direction of additive effect originated from higher root weight parent, so they are likely

common QTL. In addition qFRWb3 and qLRNa5 for fresh root weight and lateral root
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numbers on Chrs 25, tagged in both populations of tube and pot experiments with in the

same marker interval, BNL1153- CIR407.

Similarly two putative QTLs were identified on Chrs 25 for tap root length in tube

experiment with the same genomic region i.e. BNL3594-BNL1417 which is also

contributing for lateral root numbers in tube experiment population. All together 10

chromosomes were identified as the genomic regions which are contributing for different

root traits. Among 10 chromosomes, six chromosomes were found to be contributing

only part of the region for root QTLs, while four chromosomes such as Chrs # 5, 14, 18

and 25 contributing most of the QTLs identifies.

5.9 Putative homoeologous QTLs

We found two pairs of putative homoeologous QTLs. Jiang et al., (1998) detected two

QTLs for fiber elongation on LGA02 and LGD03 were a pair of homoeologous QTLs.

Paterson et al., (2003) found six pairs of fiber quality QTLs appearing to map

homoeologous locations, Interspecific populations of G. hirsutum and G. barbadense

were used in these two reports. The fact that A subgenome QTL corresponded to one D

subgenome QTL in two interspecific populations suggested some A subgenome favorable

alleles had already been fixed before Polyploidization (Jiang et al., 1998; Wright et al.,

1998; Paterson et al., 2003). One of two parents with significant root characters was used

in this study, Pima S6, might contain DNA segment of wild species, B- and D-genome.

Homoeologous QTLs may be explained by a recombinational event occurring randomly

in A subgenome or D subgenome homoeologous region during the process of
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introgression. Because homologous recombination was the main mechanism of

chromosome exchanges,

QTL correspondence may be the outcome of introgression taking place in A subgenome

and D subgenome simultaneously. Detection of common and homoeologous QTLs

provides an opportunity for breeders to make full use of QTL information in one

population to design and execute breeding research in other populations, avoiding the

repetition of mapping experiments. This is the first attempt to tagging QTLs responsible

for root architecture in Upland cotton. Characterization of stable QTL from different

generations, common QTL from different populations and homoeologous QTLs promises

to increase information on the genetic base and distribution of valuable QTL in the cotton

genome and facilitating application of MAS in improving fiber quality.

5.10 Polyploidy & phenotypic transgression for root

characteristics

The majority of favorable QTL alleles came from the parental species that is G.

barbadense (Gb), the finding that each of the two species contained different alleles

and/or loci conferring root architecture, did validate our strategy of crossing two superior

genotypes of different species to better exploit the genetic potential for root

characteristics. The parental lines that we chose, Gh cv. M120’ and Gb cv. Pima S6, each

had the considerable variation in root weight (Shen et al., 2006). For most traits,

phenotypic variation between the two species was small with the exception of boll weight

(Saranga et al., 2004). Genetic mapping of lint quality traits (Paterson et al., 2002) using
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inter-specific population indicated that improved productivity is not negatively associated

with quality, and therefore both can be concurrently improved.

An especially important type of transgression is highlighted by two pairs of genomic

regions. Both Gh and Gb are tetraploid (2n = 4x = 52), comprised of A’ (Chrs 1–13 and

‘LGA’ prefixes) and ‘D’ (Chrs. 14–26 and ‘LGD’ prefixes) subgenomes that appear to

have diverged from a common ancestor about 4–11 million ears ago then rejoined in a

common nucleus about 1–2 million years ago (Wendel 1989). Virtually all genes in

tetraploid cotton are represented by one or more copies in each subgenome, in similar

(albeit not identical) chromosomal orders in the two subgenomes (Reinisch et al., 1994)

and their diploid ancestors (Brubaker, et al., 1999a). The lateral root numbers QTLs on

Chrs 5 and Chrs 19 mapped to homoeologous (corresponding) locations on the two

different subgenomes of tetraploid cotton. Similarly QTLs for fresh root weight were also

mapped on Chrs 12 and Chrs 26 which are also homoeologous to each other. Such an

event is highly unlikely to happen by chance and thus further supports the veracity of the

association between the respective traits. Some QTLs observed in tube experiment

population are evident in pot experiment population, while some are not. At the end of

Chromosome 25 there is locus which influences root growth detectable as QTL in two

populations.  Since  this  QTL  appears  to  be  predominantly  additive  in  effect  on  root

length, it may be phenotypically selectable in breeding program for evolving drought

resistance crops.

5. 11 QTLs for drought under dry and irri environments

The extent to which the inheritance of complex traits differs between well-watered and

water-limited conditions reflects the complexity of genotype x environment interactions.
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Our thoughts was to analyzed the data for genetic relationships using a phylogenetic

approach to see if there is any impact of selection from various environment on the

genetic relationships among the lines. We were looking for difference at the small scale

(possibly just one introgression). Therefore, it was possible that two populations may not

differ in general (polygeneticly), but yet a small (and important) difference can be

observed. Phylogenetic tree did not revealed any differences in general but important

differences were observed, since selection of lines were confined to high yield under

selected environments, selection pressure for high yield was tends toward the selection of

favorable genes for yield hence neglect the region contributing for drought.

We divide the lines based on the two selected environments and use a mean separation

test to determine any genetic markers showing skewing toward selection environments.

Chi-Square test was performed using the proportion of alleles found under the control as

an expected value. The difference in phenotype (yield) between the different genotypes

for each marker separately (under each env.) was analyzed to confirm association

between the allelic diversity and phenotype.

It seems that these lines have already evolved deferent adaptations to drought as a result

of their selection environment and it was assumed that different introgression have been

stabilized under each environment. It was also believed, that if we map these lines and

identify some interesting introgression (present in several dryland selected lines but not in

irrigation selected lines) it can pave the way to (1) comparison with "traditional" genetic

maps, and (2) further research as to their possible function.

Among a total of 28 QTLs detected (Table 4), 24, 80% showed no significant difference

in their effects between well-watered and water-limited conditions, 5 QTLs (3 for
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productivity and osmotic potential one for dry matter). One QTL influenced productivity

i.e. seed cotton yield in both well watered and water-limited treatment. One QTL for dry

matter was detected only under well watered conditions influenced the relative values,

indicates that partly different sets of genetic loci account for productivity under well-

watered versus water-limited conditions.

5.12 QTLs valuable in marker assisted selection.

5.12.1 Considerations for application of MAS

Several studies on the theoretical aspects of MAS have shown that it is often more

efficient than selection based on phenotype alone (Lande and Thompson, 1990;

Gimelfarb and Lande, 1994; Whittaker et al., 1995). However, the expense of the

technology will limit its application to specific projects where it is superior to

conventional breeding based on phenotype (Mackill, 1999). MAS is a more attractive

approach when a few QTL control a significant portion of the variability for the traits

under selection. MAS is also favored when the traits being selected for have low

heritability or are expensive and time-consuming to measure. Closely-linked flanking

markers can be used to select for recombination on either side of the target gene in

alternate backcrossing cycles when the target gene is linked to undesirable genes in the

donor parent (Tanksley et al., 1989).

The effective utilization of MAS requires a marker or flanking markers closely linked to

the gene or QTL of interest and polymorphism for the markers between the parents. In

addition, a PCR-based marker that can be quickly assayed with low-quality DNA from
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small tissue samples is preferable to maximize the number of plants that can be

accommodated in the program.

In this study several regions of cotton genome have been identified as potentially

valuable for the transfer of QTLs for root morphological traits into drought susceptible

varieties by marker assisted selection (MAS). The regions chosen as target for transfer by

MAS are regions on chromosome 14 (centre on marker NAU2272-BNL2882),

chromosome 18 (centre on marker BNL3558-BNL2544), & chromosome 25 (centre on

marker BNL1153-CIR407 & BNL3594-BNL1417).

5.13 Conclusion

The main goal of cotton breeding is to help increase and stabilize its productivity in stress

environment and to develop cultivars with root morphological traits which can with stand

under drought conditions. Streele et al., (2006) successfully incorporate four QTLs for

tap root length and thickness to improve root morphological traits. The analysis of QTLs

for root traits revealed some inconsistency in the same population in different

experiments. Marker-assisted selection for root traits is already helping breeders in

improving drought-tolerance in some field crops (Manickavelu et al., 2006). In

conclusion, our results demonstrate that there is a substantial genetic variation in taproot

length, fresh root weight and lateral root numbers in the interspecific population of G.

hirsutum & G. barbadense. Our data suggest that favorable alleles for root morphology

can be combined to improve drought stress tolerance in cotton. Further genetic analyses

could be conducted through the evaluation of root traits in other populations and under

different environments. Comparisons could be made to evaluate the consistency of QTL
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detection for the same trait in various backgrounds, which will help to determine the

value of targeting these loci for selection in breeding programs.

Developing improved roots cultivars continues to offer exciting challenges to breeders

and geneticists. The major traits discussed here have proven difficult to manipulate using

conventional breeding methods. Breeding for drought resistance has proven even more

intractable. While an intense effort has been undertaken to incorporate drought resistance

into improved plant type lines, there is little evidence that these are superior to lines

identified through screening breeding material developed for irrigated conditions

(Mackill et al., 1996). Molecular marker technology offers a tool for dissecting the

genetics of complex traits and for transferring the identified loci into elite breeding lines.

It should be particularly appropriate for quickly recovering the recurrent parent genotype

when genes are being introduced from unadapted sources. Reductions in the cost of

marker technology and the rapid accumulation of data from mapping studies will no

doubt enhance the relevance of this technology for many breeding applications. Genetic

mapping through molecular markers forms the basis of the positional cloning strategy for

isolating genes that are agronomically important but for which a gene product is

unknown. Cloning of major genes or QTL will offer additional advantages for cotton

improvement under drought conditions. A basic understanding of the mechanism of these

genes will provide opportunities to optimize their expression. A further benefit of cloning

genes is that the advantageous alleles can then be introduced directly into elite cultivars,

avoiding the linkage drag that accompanies hybridization strategies.
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A. Miniprep DNA Extraction Buffer (100 ml)

Stock Molarity Final Molarity For 100ml Buff.
Tris ( PH 8.0) 1.0M 50 mM 5 ml
EDTA( PH 8.0) 0.5M 25 mM 5 ml
NaCl (58. 5g) 5 M 300 mM 6 ml
SDS 10 % 1% 10 ml
H2O 74 ml

NaCl 5M (Mol. Wt= 59.5) 297.5g/1000ml (14.875g/50ml)

B. 2X CTAB(Cetyle Trimethyl Ammonium bromide)

CTAB (Sigma Cat.# C-0636) 2 % 20g 2g

100mM Tris(Hydroxymethyl)
Amino Methane
(Mol.wt.121.14)

pH 8.0 100ml

(From 1M Tris

10ml

20mM EDTA

(0.5M EDTA Mol.wt 292.24/2)

pH 8.0 40ml
(From
0.5M EDTA)

4ml

1.4 M NaCl ( Mol.wt. 59.5) 81.82g 8.18g

Mercapto ethanol
or
Poly Vinyl Pyrolidone

40 ul/20ml

1 % 10g/L

2ml 200ul

Total volume 1000 ml 100ml



Appendices

161

C. 1X TE Buffer

10 mM Tris pH 8.0 1ml
(from 1M)

1 mM EDTA pH 8.0 200ul
(from 0.5M)

Total volume 100ml

D. 50X TAE Buffer

Tris Basal (2M) 242gm 121gm

Glacial acetic acid 57.1 ml 28.5ml

0.5 M EDTA (pH 8.0) 100ml
or

(14.612g)

50ml
or

(7.306g)
Total volume in d H2O 1000ml 500ml

For working solution, use 10ml of stock / liter to make 0.5x TAE

E. Ethidium Bromide Solution

Eth. Br. 10mg

dH2O 1ml

Wrap the container with aluminium foil & store at 4o C in dark.
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Bromophenol blue 0.25% 250mg

Xylene Cyanol 0.25% 250mg

Glycerol 30% 30ml

Total volume 100ml dH2O

F. 6X Loading Dye

Store at 4o C.

G. dNTPs Dilution

A G C T 2 dH2O

10 + 10 + 10 + 10 (ul each) + 360 ul = 400 ul

(Final Concentration 2.5mM)

H. Primers dilution

Add same amount of 3d H2O in the primer vial to make the 1ug/ul concentration

and then take 5ul in other eppendorf tube and add 95ul water to make the final

concentration i.e. 50ng/ul.
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I. 10X TBE Buffer

Tris Basal 108g 54gm 5.4g

Boric Acid 55.2g 27.6gm 5.52g

0.5 M EDTA (pH 8.0) 9.2g 4.6gm 0.92g

Total volume in d H2O 1000ml 500ml 100ml

For working solution, use 100ml of stock / liter. For 1.0x TBE

J. Poly Acrylamide Gel Electrophoresis (PAGE)

For 100ml 6% PAGE (38:2) Non Denaturing Gel.

100ml 50ml 30ml 20ml 15ml 5ml
40%
Acrylamide/Bis-
Acryl (38:2)

15ml 7.5ml 4.5ml 3ml 2.25ml 0.75ml

10x TBE 10ml 5ml 3ml 2ml 1.5ml 0.5ml
APS(Amonium
per Sulphate)

600ul 300ul 200ul 100ul 100ul 33.3ul

TEMED 50ul 25ul 15ul 10ul 7.5ul 2.5ul
2dH2O 74.37ml 37.175ml 22.305ml 15ml 11.152ml 3.7ml

K. 100ml 8% PAGE (38:2) Non Denaturing Gel.

40ml
40%
Acrylamide/Bis-
Acryl (38:2)

8ml

10x TBE 4ml
APS(Amonium
per Sulphate)

240ul

TEMED 20ul
2dH2O 28ml
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L. 75ml 10% PAGE (29:1) Non Denaturing Gel.

30% Acrylamide/Bis-
Acryl (29:1)

22.5ml

1x TBE 52.5ml
APS 10 % (Amonium per
Sulphate)

800ul

TEMED 60ul
Total volume 75ml


