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Abstract 

Waterlogging is a major environmental constraint severely limiting crop production both 

in Australia and worldwide. In Australia, most barley cultivars are waterlogging 

sensitive and increasing their tolerance is an important breeding objective in regions of 

high rainfall. However, little genetic research and progress has been made on improving 

barley for waterlogging tolerance, mainly because it is a complex abiotic stress that is 

affected by many factors such as temperature, plant development stage, nutrient, soil type 

and topography. The aims of this PhD project were to: (i) investigate the genetic behavior 

and quantitative inheritance of waterlogging tolerance in barley; (ii) identify and validate 

quantitative trait loci (QTL) for waterlogging tolerance in barley. 

A quantitative genetic analysis of waterlogging was conducted with a 6 X 6 half diallel 

experiment between three Chinese tolerant cultivars and three susceptible Australian and 

Japanese cultivars. The six parents and 15 F2 from each cross were seeded into two steel 

tanks (replications), flooded for 10 days and measured for mean yellow leaf percentage. 

This trait was chosen as other studies have found it to be correlated with waterlogging 

tolerance. The mean leaf chlorosis of all the F2s was similar to that of their mid-parent 

values. Leaf chlorosis percentages followed an additive model with no significant 

dominance effect and possessed a high heritability. This experiment demonstrated that 

selecting in early generations for this trait would be effective. 

For the purpose of identification of quantitative trait loci controlling waterlogging 

tolerance in barley, two linkage maps were constructed, based on doubled haploid 

populations from crosses between TX9425 (waterlogging tolerant) x Franklin (sensitive), 

and Yerong (tolerant) x Franklin. The TX9425/Franklin linkage map comprised 412 

Diversity Array (DArT) markers, 27 SSR and 81 AFLP markers organized into 8 linkage 

groups and covering 956 cM. The Y erong/Franklin linkage map was based on 496 DArT 

and 22 SSR markers assigned to 9 linkage groups and covered 1084.5 cM. The 

robustness of the DArT markers was confirmed when linkage maps were generated from 

two sub-sets of progenies in the Y erong/Franklin population, which were genotyped in 
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different batches (arrays). The resuJts indicated that the 496 markers were assigned to 

exactly the same seven different chromosomes in each of the two experiments. Only 

minor changes in marker order within chromosomes were found. A relatively large 

proportion of the molecular markers showed distorted segregation and the possible causes 

of this are discussed. In order to synthesize the genetic information contained in the two 

linkage maps produced in this project together with two other maps using DArT markers, 

a consensus map was constructed which could serve for barley molecular breeding in the 

future, and as a basis for studies of genome organization and evolution. For example, 

many more markers showed segregation distortion than expected. Out of the 2975 

markers used across all four populations 21.1 %, 10.9%, and 7 .9% exhibited segregation 

distortion at 5%, 1 %, and 0.5% probability threshold respectively. DArT markers were 

not more likely to show segregation distortion than other marker types. Of the 63 5 

markers showing aberrant segregation in the four populations, 459 markers were located 

in 16 putative segregation distortion regions (SDR). The SDRs were identified on all 

seven barley chromosomes, but they were unevenly distributed over the seven 

chromosomes and their size varied from 4 to 46 cM. Ten of the SDRs were found in at 

least two populations and several at a consistent map location over the four populations. 

Further studies are needed to determine the molecular basis of segregation distortion. 

In order to detect QTL for waterlogging tolerance in barley, the two mapping populations 

were tested for germination (six replicates of fifty seeds each, submerged in 50 ml of 

water for six days, then moved to incubators for germination), leaf chlorosis, biomass 

reduction and survival (four replicates (tanks), five plants from each DH and parental 

lines sown in pots, placed in tanks, three of which were flooded and one used as a 

control). QTL analysis found a total of 6 distinct QTLs for the four traits in the 

Franklin/TX9425 population and 6 QTLs in the Franklin/Y erong population. QTL 

controlling leaf chlorosis were quite similar in their location between the two populations, 

the most important QTL found being in the same region of chromosome 3H in each 

population. One QTL controlling plant survival rate was located on chromosome 2H in 

both populations. A QTL for biomass reduction was identified in each population to 

chromosome 4H. However, it may not be the same QTL because they mapped to slightly 

different regions of that chromosome in each population. A QTL for seed germination 
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was located on chromosome lH in the Franklin/TX9425 population. However, this QTL 

was different from the QTL controlling leaf chlorosis, which mapped to a different region 

of the same chromosome. In this study strong QTLs were identified, which could be 

cross-validated in different mapping population for traits correlated with waterlogging 

tolerance in barley. Thus there is good scope for using marker assisted selection in 

breeding for waterlogging tolerance in barley. However, these QTL will need to be 

further validated through field experiments and yield measurements under waterlogging 

conditions. 
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Chapter 1 Introduction 

Waterlogging is a condition of the soil where excess water in the root zone inhibits gas 

exchange with the atmosphere, and is often measured as the degree or depth of water 

saturation of the soil profile. Waterlogging stress occurs worldwide, strongly influencing 

natural and agricultural areas. It has been estimated that wetlands occupy approximately 

6% of the earth's land surface (Maltby 1991). Waterlogging is widespread in Australia's 

dry land cropping environments as well as in irrigated areas in the southern regions of 

Australia (Moore and Mcfarlane 1998). Much of the Australian crop is grown on duplex 

soils, which have a layer of sandy soil over a relatively impermeable clay base, so that 

rainfall events can lead to rising water table in the root zone (Turner 1992). It has been 

estimated that annual crop production losses in Australia are A$180 million for 

waterlogging stress (Price 1993). 

Barley, one of the most important crop species in the world, is very sensitive to 

waterlogging stress and can experience significant yield losses. Waterlogging is 

estimated to reduce yields by 20-25% overall with a range of0-53% for waterlogging at 

different stages of development (Belford 1995). It would therefore be important to 

improve waterlogging and flooding tolerance in barley. 

Due to the variable environments in the field and its complex quantitative character, little 

progress has been made on improvement of barley varieties for waterlogging tolerance. 

Limited genetic studies of barley waterlogging tolerance have been carried out until now 

due to the lack of an efficient index for measuring waterlogging tolerance. An 

overwhelming proportion of barley waterlogging studies have concentrated on 

morphological and physiological response to this trait. The physiological mechanisms 

involved in the response to waterlogging stress are complex, with most of the studies 

about barley waterlogging tolerance being reviewed in the next chapter. 

Various morphological, physiological and biochemical responses were reported when 

barley plants were subjected to waterlogging stress (Pang et al. 2004, 2005). Some of 

these responses such as the chlorophyll content, net C02 assimilation, measurement of 

net 0 2 and ion fluxes from the root surface and investigation of formation of aerenchyma 
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in adventitious roots are difficult to measure in field conditions. It is also not practical for 

breeders to use these indices to measure thousands of lines in a restricted period of time. 

A few reports have demonstrated the genetic variation of the tolerance to waterlogging in 

cereal crops. Most of the early published studies on waterlogging tolerance in barley and 

wheat measured waterlogging tolerance using leaf chlorosis or leaf/plant death (Hamachi 

et al.1989; Cao et al. 1992, 1994, 1995; Cai et al. 1996). These results indicated that 

screening for waterlogging tolerance by the amount of dead leaves was a useful criterion. 

Genetic differences for waterlogging tolerance have also been demonstrated based on 

yield and yield componenets. The first work to evaluate waterlogging tolerance based on 

plant grain yield was done by Bao (1997) using 20 wheat varieties. Xue et al (1997) also 

reported that there is an obvious difference in waterlogging tolerance among 20 different 

barley cultivars (lines), the authors found that some cultivars including Weisubuzi, 

Su5078, Tong83-11, Tong88-58 have better tolerance to waterlogging stress than others 

based on grain yield and yield components (Xu et al. 1997). Yang et al. (1999) compared 

the waterlogging tolerance of eight barley dwarf-mutants. The results showed that 

physiological and biochemical characters such as green leaf number of main stem, fresh 

weight of plant, activities of superoxide dismutase (SOD) in flag leaf were greatly 

changed by waterlogging stress, which also resulted in a decrease in grain yield. Van 

Ginkel (1992) demonstrated that there is a high negative correlation between leaf 

chlorosis (or death) and grain yield in wheat. Setter et al. (1999) demonstrated a genetic 

diversity of waterlogging tolerance in barley exposed to intermittent waterlogging over 4 

weeks, and waterlogging tolerance was assessed using leaf chlorosis following 

waterlo gging. According to their results, grain yield of barley was reduced by 51-84 % of 

non-waterlogged plants, but the yield reduction did not coincide with severity ofleaf 

chlorosis. It is not surprising because many other factors may affect yield during the long 

recovering period after waterlogging stress was determined, so yields were just partially 

correlated with the immediate response index such as leaf chlorosis even under uniform 

conditions. 

Some of the previous studies have indicated that waterlogging tolerance is under genetic 

control, and it is heritable, with the broad sense heritability estimated to be over 70% 

(Cao et al. 1992, 1994, 1995; Cai et al. 1996; Bao et al. 1997). These authors concluded 
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that it is possible to improve waterlogging tolerance in wheat by selecting progeny in 

early generations based on related traits. Cao et al. (1992, 1995) found that waterlogging 

tolerance based on leaf chlorosis was controlled by one dominant gene, but tolerance 

based on traits such as green leaves/main stem, plant height, grains per ear and 1000-grain 

weight could be controlled by multiple genes in the varieties involved in their study (Cao. 

et al. 1994). Boru (1996) proposed that these different genes could relate different 

mechanisms of tolerance to waterlogging, therefore waterlogging tolerance could be 

substantially improved by combining all tolerance genes into one genotype. 

Waterlogging is a complex abiotic stress encoding a large number of mechanisms and 

complicated by many confounding factors such as temperature, plant development stage, 

nutrient, soil type and sub-topography. Accuracy of field-testing results can always be 

· compromised because these cofactors fluctuate both spatially and temporarilly during the 

course of an experiment in the field. It is difficult for plant breeders to introduce this trait 

into otherwise elite genotypes due to the low efficiency of direct selection of 

waterlogging tolerant plants in the field. 

The development of dense genetic linkage maps, based on various molecular marker 

systems such as restriction fragment length polymorphism (RFLP), random amplified 

polymorphic DNA (RAPD), simple sequence repeats (SSR), amplified fragment length 

polymorphism (AFLP), and diversity array technology (DArT) has permitted the 

detection of quantitative trait loci (QTL) for a range of characters in cultivated barley and 

has made marker assisted selection (MAS) potentially of great value for improving some 

complex and economically important traits in practical breeding programs. Due to its 

non-dependence on sequencing information, high throughput, low cost, and easy 

conversion into other types of markers (Jaccoud et al. 2001; Wenzl et al. 2004), DArT 

could enhance the utility of marker assisted selection in barley breeding programs. This 

makes it possible to study genetic mechanisms of barley waterlogging tolerance, and use 

marker assisted selection as an efficient way to bring waterlogging tolerance into 

commercial barley varieties. 

This project aimed to investigate the genetic mechanism of waterlogging tolerance in 

barley. The research undertaken in this project is presented in seven chapters. Chapter 1 

contains a general introduction to this project. Chapter 2 contains a review of relevant 
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literature on waterlogging tolerance in cereal crops. Chapter 3 describes a study of the 

genetic behaviour of barley waterlogging tolerance. Chapter 4 covers the construction of 

genetic linkage maps of two barley doubled haploid (DH) populations. Chapter 5 

concentrates on the development of a barley consensus map based on four barley crosses, 

and the comparison of segregation distortion regions (SDRs) among different 

populations. Chapter 6 focuses on the identification and verification of quantitative trait 

loci (QTLs) controlling waterlogging tolerance in barley. The thesis concludes with a 

general discussion in chapter 7. Key findings are summarized and conclusions from the 

study are drawn, with further research directions suggested based on the project findings. 
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Waterlogging occurs worldwide, strongly influencing natural and agricultural areas. It is 

widespread in Australia's dryland cropping environments as well as in irrigated areas in 

the southern regions of Australia (Moore and Mcfarlane 1998). Much of the Australian 

crop is grown on duplex soils, which have a layer of sandy soil over a relatively 

impermeable clay base, so that rainfall events can lead to rising water table in the root 

zone (Turner 1992). It has been estimated that annual crop production losses in Australia 

are A$180 million for waterlogging stress (Price 1993). Waterlogging also causes 

problems in regions with heavy textured soils in North America and Central Europe. 

Boyer (1982) estimated that waterlogging affected around 16% of the soils in the USA. It 

is now increasingly becoming a matter of major concern in many agricultural areas 

(Ghassemi et al. 1995), such as in irrigated areas oflndia, Pakistan and China (Crosson 

and Anderson 1992). 

This thesis reports on part of a larger project to examine genetic and physiological 

mechanisms ofwaterlogging tolerance in barley, and to apply this knowledge to 

improved outcomes for plant breeders. A parallel part of the project examines 

physiological mechanisms of tolerance (Pang et al. 2004; Pang et al. 2006). The 

experimental studies reported in this thesis concentrate on understanding genetic control, 

and examine the use of molecular markers to assist incorporation of waterlogging 

tolerance into barley breeding programs. The following sections review aspects of 

agronomy, anatomy and physiology ofwaterlogging tolerance to assist later examination 

of its genetic control in barley. 

2.1 Effects of waterlogging on soil properties 

Soil aeration is closely connected with air-water relationships in soils. These affect 

biological activity of soil organisms, mainly microorganisms which are very sensitive to 

oxidation or reduction processes (Glinski and St~pniewski 1985). Redox status is a base 

for understanding soil properties, such as composition of soil solution, soil reaction, 

availability of water, gaseous emission to the atmosphere, stability of metal organic 

compounds, electrokinetic properties, surface charge, biological activity, etc. (Carter 
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1980; Engler and Patrick 1974; Glinski and St~pniewski 1985; Hesse 1971; Jeffrey 1960; 

Kauncher et al. 1974; Patrick and Jugusjinda 1992; Ponnamperuma 1986; Van Cleemput 

et al. l 976; Yu 1985; Glinski et al. 2000). The reduced forms of elements are often toxic 

for plants and other living organisms, can pollute the environment and will increase 

greenhouse gas concentration in the atmosphere. The status of soil redox processes is 

expressed by the redox potential (Eh). The ability of the soil to maintain its redox 

potential is a measure of soil resistance to reduction (Glinski and St~pniewski 1986; 

St~pniewska 1988). Soil can counteract changes in its redox potential (redox buffering). 

Soil redox buffering capacity is a result of microbial activity, carbon availability, 

temperature, and of the oxidizing forms of nitrogen, manganese, iron, sulphur and 

phosphorus (Glinski et al. 2004). 

2.2 Effects of waterlogging on barley plants 

2.2.1 Response of barley roots to waterlogging stress 

Because the root is the plant organ which is directly exposed to oxygen deficiency and 

soil reduction caused by waterlogging, the growth and activity of root systems are likely 

to be the first indicators of plant stress. Root growth reduction resulting from short-term 

flooding of barley was found to occur at all stages of plant development. When 

waterlogging commences in the very early growth stages of the plant, and is of sufficient 

intensity and duration, root development is reduced by retarded growth and death of part 

or all of the root system (Kramer 1951; van't Woudt and Hagan 1957; Crawford 1967; 

Smith and Robertson 1971). According to the results of Watson et al. (1976), after two 

weeks of continuous waterlogging, adventitious roots emerged from the stems above the 

water line. Some of the roots floated in the water and did not penetrate the soil. With 

intermittent waterlogging the plants developed only a few adventitious roots. 

Waterlogging has been shown to result in different physiological responses in barley and 

in other plant species. For example, higher activity levels of enzymes in the lactic acid 

pathway (ADH and LDH) were reported in the root of flooding sensitive barley cultivars 

when compared with tolerant cultivars (Wignarajah 1976; Good et al. 1989). The 

anaerobic stress can also induce an increase in alanine aminotransferase activity and 

regulate the alternative oxidase (AOX)) expression in barley roots. Leyshon et al. (1978) 

reported that ethylene formed in flooded soils in potentially toxic amounts at the root 
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surface may also play a significant role in plant damage. Differences in regulation of 

ionic levels (such as Na+, K\ er and P) of the sensitive and tolerant cultivars during 

waterlogging and after waterlogging (Wignarajah 1987) indicated that the sensitivity of 

barley to waterlogging may be associated with the inability to regulate the uptake and 

transport of Cr ions during the early stages ofwaterlogging stress. K+ loss was also 

observed during the early stages of hypoxia (Pang et al. 2006). Root mineral coatings 

have also been reported to be different in different cereal species (Chenet al. 1980; Ding 

et al. 1995). The mineral components ofroot coatings were mainly composed of Fe, Mn 

and P, and it was reported that these elements can cause toxicity to plant roots in solution 

or in reduced phase, such as during waterlogging stress. 

Many microscopic studies have been made on the effect ofwaterlogging on root 

morphology. Yu et al. (1969) showed that root porosities were significantly affected by 

various flooding treatments. Root porosities of all plants tested were higher in 

full-flooded treatments as compared to non-flooded ones, but no significant difference. 

was found in barley (Yu et al. 1969). However, development of aerenchyma has been 

reported in a wide range of plant species when they were subjected to reduced 0 2 tension. 

For example, extensive aerenchyma development was observed under low oxygen 

conditions in com (Batten 1918), wheat (Dunn 1921), and barley (Bryan 1934; Pang 

2004). Aerenchyma can be found in roots, rhizomes, stems and leaves, but are mostly 

common in roots. Aerenchyma formation in com roots is preceded by the disappearance 

of protoplasm from the cell, bulging cells, death of cells, and by collapse of cell walls 

(McPherson 1939). Gunawardena et al. (2001) also showed that aerenchyma formation in 

plants initiated by hypoxia or ethylene appears to be a form of programmed cell death that 

shows characteristics in part resembling both apoptosis and cytoplasmic cell death in 

animal cells. 

Garthwaite et al. (2003) studied the diversity in root aeration traits associated with 

waterlogging in the genus Hordeum by evaluating the growth, root aerenchyma, and the 

profiles of radial 0 2 loss along adventitious roots in 35 wild Hordeum accessions and 

cultivated barley. Their results indicated the possibility of a link between having a barrier 

to radial 0 2 loss and the X and H genomes in Hordeum species which might enable a 

genetic analysis of this important trait in future studies. Although there remain gaps in 

knowledge of the development, regulation and biochemistry of aerenchyma formation, 
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some scientists have investigated the possibility of introducing constitutive aerenchyma 

into maize (Ray et al. 1999). 

2.2.2 Response of barley shoots to waterlogging stress 

When soil is flooded, the dissolved oxygen in the soil water is rapidly depleted, and the 

shoots of barley which are sensitive to poor soil aeration suffer characteristic damage. 

Affected barley plants typically show conspicuous chlorosis and early death of older 

leaves, and slower extension ofleaves (Watson et al. 1975; Drew et al. 1977; Drew 1979). 

Intermittent waterlogging significantly reduced the number of tillers and heads per plant 

of barley, reduced stem elongation (Yu et al. 1969; Drew 1979) and reduced dry weight 

of the barley plants (Leyshon et al. 1974). Waterlogging significantly delayed the ear 

emergence of barley (Leyshon et al. 197 6) by 4-7 days after a 7 day flooding. 

Waterlogging causes a delay in the whole process of plant maturation similar to the delay 

in ear emergence. Stem hypertrophy is one of the symptoms associated with water logging 

in plants (Kawase 1981 ). 

Drew et al. (1977) indicated that after barley seedlings were subjected to waterlogging 

stress, there was a decrease in the average concentration of nitrogen in shoots. This may 

due to inhibition of nitrogen uptake and the consequent redistribution of nitrogen from 

old leaves to younger expanding ones, resulting in the early yellowing and senescence of 

leaves and the retarded growth of shoots in flooded plants. Other studies also showed that 

although the concentration of Mn in barley was not altered by flooding, short-term 

flooding did reduce the concentration ofN, P, and Kin barley (Leyshon et al. 1974). 

Flooding caused a decrease in stomata! conductance in barley plants, with a parallel 

decrease in transpiration and photosynthesis (Y ordanova et al. 2001 ). It was reported that 

the activities of both carboxylating enzymes (RuBPC and PEPC) were differently 

affected by flooding. RuBPC activity was reduced when barley plants were subjected to 

flooding, while a significant increase in the activity of PEPC was found in all flooded 

plants. As a result of the inverse effect of flooding on the activity of both carboxylase 

enzymes, the RuBPC/PEPC ratio declined in all treated barley plants (Y ordanova et al. 

2001). Flooding also caused a gradual decrease in the activities of phosphoglycollate 

phosphatase and glycollate oxidase (Yordanova et al. 2001). A progressive decrease in 

chlorophyll a and b content and an increase of pro line content in barley leaves was 
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observed. Relative to control, flooded barley plants also exhibited a large accumulation of 

leaftitratable acidity (Yordanova et al. 2001). The effect of alcohol dehydrogenase 

(ADH) and lactate dehydrogenase (LDH) activity in barley seeds was investigated by 

comparing the behaviour of mutant and wild-type plants in flooded conditions. The 

authors found that there is a specific requirement for a functional ADHl polypeptide in 

the immersed seed, the results indicating that the presence of ADH activity is necessary 

for barley to survive flooding at the germination stage (Harberd et al. 1982). 

2.2.3 Effects of waterlogging stress on barley grain yield 

Many studies of flooding of cereal crops have been concerned with grain yield rather than 

the immediate, short-term effects. Intermittent or continuous waterlogging for a short 

period, in most instances, seriously reduced grain yield in barley. Waterlogging affect 

plant yield through: reduced root growth and penetration (Belford et al. 1992); reduced 

production of tillers and fertile heads (Musgrave 1994; Taeb et al. 1993; Cannel et al. 

1984; McDonald et al 2001); delayed ear emergence and plant maturation and reduced 

yield components (Waterson et al. 1976; Leyshon et al. 1978). 

2.3 Mechanisms of tolerance to waterlogging in barley and other plants 

To genetically understand barley waterloggingtolerance, it is important to understand the 

mechanisms of this stress in plants. Broadly speaking, waterlogging resistance in plants is 

achieved by one or more features which improve gas exchange, as well as various 

metabolic features which help maintain a sufficiency of energy production to sustain cell 

integrity and avoid irreparable damage under oxygen stress. The latter in some species 

extends to a limited degree of anaerobic growth to help establish contact with the 

atmosphere. In addition to this, response to waterlogging is often under hormonal control. 

2.3.1 Tolerance involving maintaining the internal oxygen transporting system 

In many plants, especially in wetland plants, an extensive oxygen transport system 

(aerenchyma tissue) may exist in roots, stems and leaves (Armstrong et al. 1994). This 

system allows a plant to transport the needed oxygen to the roots for maintaining aerobic 

respiration and to oxidize reducing compounds in the rhizosphere. In addition, the 

internal system of large gas spaces also reduces internal volume of respiring tissues and 
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oxygen consumption, thus, enhancing the potential for oxygen reaching the distant 

underground portions of the plant (Armstrong et al. 1994, 1996a, b, c). Due to such 

advantages, the oxygen transport system has been considered as a major mechanism 

critical to a plant's ability to cope with soil anaerobiosis (Kozlowski 1982, 1984a, 1984b, 

1997; Drew 1990, 1992, 1997; Armstrong et al. 1991, 1994, 1996a, b, c,). 

The effectiveness of gas transport is primarily dependent on two factors. The first factor 

is the resistance to diffusion which is proportional to root length and inversely 

proportional to root porosity. The Second one is the oxygen demand along the diffusion 

path resulting from respiratory needs as well as oxygen leakage from the roots into the 

rhizosphere (Luxmoore et al. 1972; Armstrong 1979). Indeed, oxygen demands of roots 

and rhizosphere are competitive because in flooded soils these systems compete for the 

plant pool of oxygen simultaneously (Armstrong and Becket 1987, Armstrong et al. 1991, 

1994). As soil reduction continues, there is progressively greater demand imposed upon 

roots for oxygen (DeLaune et al. 1990). Literature concerning the relationship between 

functional aspects of gas transport within plants and soil oxidation-reduction conditions is 

limited. In a few studies that evaluated the relationship, it is evident that intense soil 

reduction promotes oxygen loss from the root to rhizosphere. For instance, a high 

correlation was found between radial oxygen loss rates from roots and soil Eh intensity; 

there was an increasingly higher oxygen loss rate as soil Eh was lessened (Kludze and 

DeLaune 1995) 

Despite the reported increase in aerenchyma tissue formation (and hence porosity) in 

wetland species in response to reducing conditions, this may not be sufficient to satisfy 

the root respiratory needs for oxygen due to the greater radial oxygen loss rates in 

response to high intensity ofreduction. Pezeshki et al. (1991a, 1993) found that despite a 

substantial enhancement of aerenchyma tissue formation, alcohol dehydrogenase activity 

continued to be higher in flooded than in control plants indicating continued oxygen 

stress in the roots of flooded plants. In addition to the effects of the intensity of reduction, 

differences in Eh capacity among wetland soils may influence many plant functions 

including oxygen transport and rhizosphere oxygenation (Kludze and DeLaune 1995). 

Radial oxygen loss and the rhizosphere oxidation in flooded soils, provided that there is a 

gas-space continuum between root and shoot, is inevitable unless there is a critical 
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combination of relatively low oxygen permeability and relatively high respiratory oxygen 

demand in the radial path through the non-porous outer layers of the root. Thus, even 

roots of relatively low porosity are likely to effect some oxygenation of the rhizosphere. 

However, such leakages may severely curtail the length to which the roots may be aerated 

internally (Armstrong 1979; Armstrong & Beckett 1987) and rooting depths and 

exploitable soil volume might be very restricted. 

As well as encouraging an aerobic microflora, radial oxygen loss to the rhizosphere can 

affect a variety of oxidative reactions beneficial to plants. In this respect, rhizosphere 

oxygenation is probably of equal importance for flood tolerance as aerenchyma 

development or anaerobic metabolism. The precipitation of hydrated iron oxides is the 

most frequently observed example of rhizosphere oxidation by roots (Armstrong et al. 

1967; Armstrong et al. 1992; Green et al 1977; Laan et al. 1989; St-Cyr 1988; St-Cyr et al. 

1993; Snowden et al 1993;). This helps to protect against the absorption of toxic amounts 

of the ferrous ion, but may also help to reduce the intake of arsenic and heavy metals such 

as zinc and cadmium which can become absorbed or complexed to the rhizosphere iron 

deposits (Laxen 1983; Otte et al. 1989, 1991). Hydrogen sulphide, a potent phytotoxin 

(Koch et al. 1990), may be oxidized directly, or be scavenged as the relatively insoluble 

ferrous sulphide (Engler and Patrick 1975, Winter and Kickuth 1989). Radial oxygen 

loss will also support aerobic nitrifying bacteria (Hansen and Andersen 1981; Hof:fi:nann 

1990; Buuis 1994) or aerobic nitrogen-fixing bacteria (Uckert et al. 1990) in the 

rhizosphere. The potential for nitrification in the rhizosphere is a major consideration 

underlying the current use of wetlands for the purification of domestic and agricultural 

effluents. The studies reviewed above all suggested that internal gas transport is very 

important for plants to survive long-term waterlogging stress. 

2.3.2 Tolerance involving metabolic adaptation 

Oxygen is vital to the main energy-providing pathway of plant cells, and the presence or 

absence of oxygen determines metabolic activity and energy production (Greigenberger 

et al. 2003; Dennis et al. 2001). Oxygen is also required in several important cellular 

pathways, including haemoglobin, sterol and fatty-acid biosynthesis (Greigenberger et al. 

2003). Compared to animals, however, plants lack efficient systems for oxygen delivery. 

Flooding, waterlogging or microbial activity in the soil can rapidly lead to anoxic 
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conditions. ATP formation through oxidative phosphorylation is inhibited and this will 

impair cellular metabolism and function. Under this condition, fermentation of 

carbohydrates enables the plant to maintain ATP production in the absence of oxygen, 

albeit with a reduced energy yield. It is possible that inducing the enzymes of the 

glycolytic pathway and sugar metabolism amplifies the flux through this pathway, in 

order to compensate for this reduction in energy yield. Although the fermentation 

pathways are not present under conditions of normal oxygen supply, their quick de nova 

induction by low oxygen conditions suggests a role in the survival mechanism. In plants, 

research has mainly focussed on the presence and function of fermentation pathways as a 

metabolic rescue mechanism when respiration is arrested (Dennis et al. 2001 ). Three 

main fermentation pathways are active in plants during flooding: ethanol, lactic acid, and 

a plant-specific pathway which produces alanine from glutamate and pyruvate (Dennis et 

al. 2001). However, we still have little knowledge on exactly how and to what extent 

these pathways contribute to low oxygen stress tolerance and how the three pathways are 

interrelated. 

Although inhibition of metabolic processes is one of the biochemical mechanisms 

governing adaptation of plants to hypoxia, it is probably a non-specific response of 

organisms to various stress influences, since cells with a lowered rate of metabolism are 

usually less sensitive to harmful environmental factors. However, a lower rate of 

respiration is not characteristic of all plants adapted to hypoxia. For example, values of 

oxygen uptake and carbon dioxide evolution under conditions of aeration are similar in 

wheat and rice seedlings (Taylor et al. 1942). Nevertheless, a decrease in the rate of root 

respiration in rice seedlings took place considerably more slowly than that in wheat 

(Taylor et al. 1942), indicating that low oxygen can also lead to an inhibition of 

biosynthetic activity that will result in a decrease in ATP-consumption. 

Another complementary strategy to a depression of metabolism is for plants to prioritise 

metabolic pathways and strategies that conserve energy, and hence reduce oxygen 

consumption. For example, plants possess two alternative biochemical pathways for 

sucrose degradation to hexose phosphates, which differ in their energy costs. The 

breakdown of a molecule of sucrose by invertase and hexokinase requires two molecules 

of ATP, whereas its breakdown by sucrose synthase (SuSy) and UDP-glucose 

pyrophosphorylase requires only one molecule of inorganic pyrophosphate (PPi) (Stitt 
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1998). Under a low oxygen condition, SuSy activity increases while invertase activity 

declines (Zeng et al. 1999; Guglielminetti et al. 1995), with SuSy predominating as the 

main enzyme active in sucrose breakdown in plant roots (Richard et al. 1998). 

2.3.3 Hormones and plant resistance to waterlogging 

Plants exhibit a wide range of morphological and anatomical responses to waterlogging 

or flooding stress, some of which appear to have adaptive significance. Each of these 

reactions is mediated by plant hormones. Of the five major hormones (indole acetic acid, 

ethylene, gibberellic acid, cytokinin and abscisic acid), ethylene is the hormone most 

closely associated with the indication of a developmental response to waterlogging. It has 

been clearly demonstrated that ethylene is the principal mediator promoting the 

development of aerenchyma in maize as well as other plants (Jachson 1985, 1987, 1989, 

1990a, 1990b ). When rice is submerged in water, a principal developmental characteristic 

is an enhanced rate of upward extension, enabling coleoptiles and shoots to gain access to 

oxygen, carbon dioxide and light (Jackson et al. 1991). This occurs under the influence of 

ethylene, which interacts with gibberellins (Musgrave et al. 1972; Kende 1987) and 

Auxins (Cookson et al. 1978; Horton 1987). Auxins and gibberellins are prerequisites for 

ethylene action and play triggering rather than regulatory functions. 

Synthesis and translocation of gibberellins and cytokinins in the roots are suppressed by 

root injury resulting from waterlogging (Rowe et al. 1973; Vartapetian 1978). Some 

studies found that reduction in leaf extension or shoot elongation has been associated 

with interference in the synthesis and transport of these two homones as well (Burrows 

and Carr 1969; Railton and Reid 1973; Reid and Crozier 1971 ). Cytokinin may induce the 

expression of the haemoglobin gene in roots, leaves and inflorescences (Hunt et al. 2001) 

and in barley aleurone layers (Taylor et al. 1994). Haemoglobin molecules reversely bind 

to oxygen, the rate at which they bind and release oxygen varies, depending on the type of 

haemoglobin and is a defining characteristic in their cellular function. Haemoglobins 

induced by hypoxic stress may have an important role in the metabolism of plants under 

waterlogging conditions. Abscisic acid rapidly accumulates in leaves (Hiron and Wright 

1973) and may contribute to stomatal closure, inhibition of shoot growth, and early leaf 

senescence (Millborrow 1974). 
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2.4 Efforts aimed to improve waterlogging tolerance in cereal crops 

Waterlogging tolerance is defined in physiological studies as survival or the maintenance 

of growth rates under waterlogging at different stage of development relative to non 

waterlogged conditions, whereas the agronomic definition ofwaterlogging tolerance is 

the maintenance of relatively high grain yields under waterlogged relative to 

non-waterlogged conditions (Setter 2003). The agronomic definition based on grain 

yields alludes to the possibility that some varieties could exist that possess a mechanism 

of tolerance associated with escaping from anaerobic condition through dormancy or 

slow growth during a stress period, and have a rapid recovery following stress. Therefore 

evaluation of crop varieties should consider both the physiologicalperformance during 

waterlogging and recovery ability after waterlogging. Germplasm evaluation based on 

grain yield may be confounded because of the possibility that tolerance and recovery 

mechanisms only partly contributed to the grain yield after the waterlogging stress was 

terminated (Setter et al. 2003). This is especially the case in environments where 

waterlogging is for a short time, and other environmental factors or stress may also affect 

the grain yield. Sometimes other stresses may even contribute more to the final grain 

yield than waterlogging stress unless the waterlogging events are during or close to the 

grain filling period. 

2.4.1 Genetic diversity for waterlogging tolerance in some cereal crops 

Genetic differences exist for tolerance to waterlogging in wheat (Davies and Hillman 

1988; Bourget et al. 1996; Thomson et al. 1992; Ding and Musgrave 1995; Huang et al. 

1994a, 1994b; McKersie and Hunt 1987; Gardner and Flood 1993). For example, Huang 

et al. (1994) showed that there is good genetic diversity for tolerance of wheat to hypoxic 

solution cultures. In a glasshouse experiment with 14 wheat varieties and several doubled 

haploid wheat lines, Setter et al. (1999) showed that there was good diversity for 

waterlogging tolerance based on shoot growth during continuous waterlogging for four 

weeks, and after waterlogging during 3 weeks recovery period following drainage. Davis 

et al. (1988) demonstrated variation in vegetative growth and yield under continuous 

flooding of 4-week-old plants of various wheat species, with the hexaploid Triticum 

macha and the tetraploid T. dicoccum being the most tolerant. Inter-variety differences in 

wheat seedling survival after 7 days flooding combined with cold treatments have also 
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been reported by McKersie and Hunt (1987). 

Xu et al. (1997) reported that there was an obvious difference in waterlogging tolerance 

among 20 different barley varieties (lines), the authors showing that some varieties 

including Weisubuzi, Su5078, Tong83-11, Tong 88-58 have better tolerance to 

waterlogging stress than others based on grain yield and yield components (Xu et al. 

1997). Setter et al. (1999) demonstrated a genetic diversity ofwaterlogging tolerance in 

barley exposed to intermittent waterlogging over 4 weeks, and waterlogging tolerance 

was assessed using leaf chlorosis following waterlogging. According to their results, 

grain yield of barley was reduced by 51-84% of non-waterlogged plants, but the order of 

yield reduction did not coincide with that of leaf chlorosis. Yang et al. (1999) compared 

the waterlogging tolerance of eight barley dwarf-mutants. The results showed that 

physiological and biochemical characters such as green leaf number of main stem, fresh 

weight of plant and activity of superoxide dismutase (SOD) in the flag leaf were greatly 

changed by waterlogging stress, which also resulted in a decrease in grain yield. The 

results of that experiment also showed that there is a significant difference in tolerance to 

waterlogging among the mutants, and 95-39, 95-31 and 95-53 are better than others in 

waterlogging tolerance. Hamachi et al. (1989) reported that 8 barley parental lines and 

their Fl and F2 hybrids were grown under waterlogged conditions at the intemode 

elongation stage, and selected for a reduction in numbers of dead leaves as the 

waterlogging tolerance indicator. Heterosis for tolerance expressed as reduction in 

damage was observed in Fls, and frequency distributions of damage in F2s showed 

continuous variation. These results indicated that screening for waterlogging tolerance by 

the amount of dead leaves was a useful criterion and that endurance was under polygenic 

control. 

2.4.2 Large-scale screening for barley germplasm with good waterlogging tolerance 

Extensive screening of barley germplasm for waterlogging or wet tolerance has occurred 

in China and Japan. Work by Qiu and Ke (1991) involved screening 4,572 varieties in 

Shanghai province, China. W aterlo gging was imposed at three times (leaf 3 stage, stem 

elongation and heading) for 10-15 days each. Calculation of a "damage index" was based 

on yield of plants in waterlogging treatments expressed as a percentage of yield under 

non-waterlogged conditions. Varieties were classified into one of five grades of damage: 
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0.4% of varieties had less than 1 % damage; 5% had 1-10% damage; 30% had 10-20% 

damage; 32% had 20-40% damage; the remaining 33% had over 40% damage. The 

majority of the 16 varieties identified with the highest waterlogging tolerance also had 

either very early, early or medium maturity, indicating that delayed recovery was not the 

mechanism of tolerance. These varieties also showed other attractive qualities such as 

large grain size and stiff stems (Qiu and Ke 1991). 

Takeda et al. evaluated 4,096 barley varieties for tolerance to waterlogging commencing 

at leaf 3 stage for the entire growth duration (1987). The most tolerant varieties survived 

more than one month at 25 C0 • Of the 33 varieties they found most tolerant, 15 were 

Japanese varieties. 

2.4~3 Heritability of waterlogging tolerance in cereal crops 

Most of the early published research in genetic studies on waterlogging tolerance was 

done in wheat, and based on leaf chlorosis or leaf/plant death (Cao et al. 1992, 1994, 1995; 

Cai et al. 1996). Van Ginkel (1992) demonstrated that there is a high negative correlation 

between leaf chlorosis ( or death) and grain yield in wheat. These researchers indicated 

that waterlogging tolerance is under genetic control, and is heritable, with a broad sense 

heritability estimated to be over 70% (Cao et al. 1992, 1994, 1995; Cai et al. 1996). The 

only work to evaluate the heritability of waterlogging tolerance based on plant grain yield 

using 20 wheat varieties is by Bao (1997). He found that heritability for tolerance to 15 

days waterlogging in the field at the tillering stage and the booting stage was 74.7 and 

80.2%, respectively. These authors concluded that it is possible to improve waterlogging 

tolerance in wheat by selecting progeny in early generations based on related traits. Cao 

et al. (1992, 1995) found that waterlogging tolerance based on leaf chlorosis was 

controlled by one dominant gene, but tolerance based on traits such as green leaves/main 

stem, plant height, grains per ear and 1000-grain weight could be controlled by multiple 

genes in the varieties involved in their study (Cao. et al. 1994). 

2.4.4 Chromosomes or genes associated with waterlogging tolerance in cereal crops 

In a test with inter-varietal substitution lines, Poysa (1984) found that homoeologous 
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group 5 chromosomes were associated with positive effects on wheat seedling survival. 

Taeb et al. (1993) reported that the related species Thinopyrum elongatum and Elytrigia 

repens had better waterlogging tolerance than wheat when comparing a number of 

Triticeae species for tiller production, shoot dry matter production and root penetration in 

waterlogged soil. Tests of a number of wheat-alien amphiploids showed that there was at 

least partial expression of this exotic genetic variation in a wheat genetic background. 

The presence of chromosome 2E and 4E of Th. Elongatum was associated with a positive 

effect on root growth in waterlogged conditions. The positive effect of the 4E 

chromosome addition was mimicked by tetrasomic lines carrying extra doses of wheat 

homoeologous 4B and 4D, and it was concluded that the beneficial effect contributed by 

the presence of 4E was probably due to an increased dosage of group 4 chromosomes. 

However, the positive effect of adding chromosome 2E to wheat could not be reproduced 

by added doses of chromosomes 2A, 2B, or 2D, suggesting that this alien chromosome 

carries genes for tolerance not present on its wheat homoeologues. This gene was further 

located to the long arm of chromosome 2E by testing ditelosomic addition lines 

Boru (1996) extended the research of van Ginkel et al. (1992) by screening for 

water logging tolerance in genetic studies involving several of the tolerant wheat varieties. 

It was proposed that in three waterlogging tolerant wheat genotypes, tolerance was 

conditioned by four major genes. The three tolerant wheat genotypes used in that study 

carried different genes, although they all possessed one tolerant gene (Wtl) in common. 

These different genes could control different mechanisms of tolerance to waterlogging, 

therefore waterlogging tolerance could be substantially improved by combining all 

tolerance genes into one genotype (Boru. et al. 1996). Based on their results of the 

inheritance ofwaterlogging tolerance in wheat by using three tolerant (Pd/Sara, Ducula 

and Vee/Myna) and two sensitive (Seri-82 and Kite/Glen) spring bread wheat lines, Boru 

(2001) proposed that the expression ofwaterlogging tolerance was not influenced by a 

maternal effect. The Fl hybrids were intermediate for leaf chlorosis, indicating that 

tolerance was additive. Quantitative analysis also indicated that additive gene effects 

mainly controlled waterlogging tolerance in these crosses. Segregation ratios ofF3 lines 

indicated that up to four genes controlled waterlogging tolerance in these crosses, with 

two genes adequate to provide significant tolerance. Some of the work in China (Cao et al. 
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1994) also indicated that additive gene action is the major determinant of the inheritance 

ofwaterlogging tolerance. 

2.4.5 Quantitative trait loci (QTL) for waterlogging tolerance identified in cereal 

crops 

As indicated previously, plant response to waterlogging stress is quite complex, and is 

associated with a large number of different morphological, physiological and 

biochemical changes. Genetic studies of waterlogging tolerance in wheat and maize 

showed that some of those responses such as leaf chlorosis or leaf injury, adventitious 

root formation are controlled by multiple genes (Boru et al. 1996; Mano et al. 2005; Mano 

et al. 2006). Since the advent of molecular technologies to investigate the fundamental 

structure and actions of plant genomes and the beginning of an understanding of the 

genetic and biochemical bases of abiotic stress tolerance, some of recent studies on 

flooding stress form an excellent basis for modern breeding approaches. Advancement in 

producing stress-tolerant crop varieties may now be accelerated more rapidly than 

previously thought possible. 

In a genetic analysis of rice, Xu and Mackill (1996) localized a major gene for 

submergence on chromosome 9 (Subl). Nandi et al. (1997) additionally localized minor 

QTLs for submergence tolerance on chromosomes 6, 7, 11, and 12. Xu et al. (2000) 

fine-mapped Sub] from variety FR13A, using a very large mapping population derived 

from a cross between M202 and a derivative of FR13A. Two markers co-segregated with 

Sub] and others were at a distance of0.2 cM on the genetic map of rice. Sripongpangkul 

et al. (2000) mapped a gene for submergence tolerance from the cultivar IR74, the gene 

was mapped to the same location as Sub 1 and is presumably allelic with it. Toojinda et al. 

(2003) also identified QTLs for traits associated with submergence stress tolerance at the 

seedling stage in three rice mapping populations, where they found that in different years 

and seasons and with different mapping populations, the QTLs controlling traits related to 

submergence tolerance were mapped on many genomic regions. However, the 

consistently detected QTLch9 indicated a common genetic factor controlling submergence 

tolerance in rice, and it is the most important submergence tolerance QTL in the three 

populations. This QTL (QTLch9 ) was mapped near the subl locus previously identified 

by Xu and Mackill (1996) and Nandi et al. (1997). In addition to the major QTL on 
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chromosome 9, secondary QTL that influence submergence tolerance in the three 

mapping populations have been located to rice chromosomes 1, 2, 5, 7, 10 and 11. 

Siangliw et al. (2003) investigated the potential of introgressing submergence tolerance 

simultaneously from three tolerant cultivars into the susceptible but otherwise highly 

desirable fragrant cultivar KDML 105 using back-crossing and marker assisted selection. 

The experiment used PCR-based markers tightly linked to the QTLs identified in 

Toojinda's experiment (Toojinda et al. 2003). It was demonstrated that the individuals of 

a BC4F3 line that retained a critical region on chromosome 9 transferred from tolerant 

lines were also tolerant of complete submergence while retaining all the agronomically 

desirable traits ofKDML105. The close association between tightly linked markers of the 

tolerance locus on chromosome 9 and submergence tolerance in the field indicated the 

considerable promise of using these markers in breeding programs for selecting increased 

submergence tolerance. 

Identification of QTLs controlling flooding tolerance in other crops was also reported 

recently. V anToai et al. (2001) investigated the QTLs contributing to waterlogging 

tolerance in soybean in two mapping populations and identified a single QTL, linked to 

marker Sat-064, from the tolerant cultivar Archer which was associated with improved 

plant growth and grain yield in waterlogged environments. Near isogenic lines with and 

without the sat-064 marker were developed to evaluate the effect of this QTL on 

waterlogging tolerance in southern environments and genetic backgrounds in USA, and 

assess variability for waterlogging tolerance in Archer derived populations under 

waterlogging conditions (Reyna et al. 2003). The results demonstrated that the Sat-064 

marker did not account for a significant portion of the variability among the NILs for 

either visual assessment of waterlogging injury or yield-based assessment of 

waterlogging tolerance. Several possible reasons have been suggested by the authors for 

why the Archer allele at Sat-064 did not affect waterlogging tolerance in that study 

(Reyna et al. 2003) and it seems that improving waterlogging tolerance by using 

marker-assisted selection is still not available in this crop, but the feasibility could be 

enhanced by more efforts in the future. 

A QTL for flooding tolerance based on the degree ofleaf injury in maize has been located 

on chromosome 1 by Mano et al. (2006), and another QTL for flooding tolerance, 

evaluated as dry matter production under flooding stress was mapped to the same position 
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as the QTL that controlling leaf injury (Mano et al. 2006). These results suggested that the 

potential to increase productivity by transferring flooding tolerance genes from a tolerant 

cultivar to elite maize inbred lines, or by pyramiding QTLs controlling different sub-traits 

responsible for flooding tolerance such as reduction tolerance (Mano et al. 2006), 

adventitious root formation (Mano et al. 2005a, Mano et al. 2005 b ), and aerenchyma 

formation (Ray et al. 1999) into a single genotype has been enhanced in this crop. 

Attempts at QTL mapping for flooding tolerance have also been reported on wheat 

(Burgos et al. 2001; Cakir et al. 2005) and barnyard grass (Echinochloa crus-galli) 

(Fukao et al. 2004). Two QTLs were detected for waterlogging tolerance in E. crus-galli, 

and the authors tried to investigate if one of the two QTLs is closely linked to Sub 1, a 

major QTL controlling submergence tolerance in rice (Fukao et al. 2004). Several rice 

chromosome 9 probes were applied to Echinochloa, but none of the probes detected 

polymorphism in that experiment. However, this is the first report on comparatively 

mapping genes or QTLs controlling flooding tolerance among closely related species. 

Four QTLs were identified for waterlogged shoot growth and waterlogged root growth, 

and these QTLs explain up to 17% and 22% of the variation in waterlogged shoot growth 

and waterlogged root growth, respectively. The most significant QTLs for both the two 

traits were located on the long arm of chromosome 7B (Cakir et al. 2005). 

For barley, however, an overwhelming proportion ofwaterlogging studies has 

concentrated on morphological and physiological response to this trait, with very limited 

genetic studies carried out. Little progress has been made on improvement of barley 

varieties for waterlogging tolerance due to lack of basic genetic understanding. With the 

availability of a large numbers of molecular marker systems and many powerful 

computer programs for QTL analysis, quantitative trait locus (QTL) identification has 

become possible for some complex quantitative traits. The characterization of QTLs for 

various adaptive traits for barley waterlogging tolerance would be particularly important, 

and use of marker assisted selection could be the most efficient way to bring waterlogging 

tolerance into commercial barley varieties. To achieve the objective of improving 

tolerance to waterlogging in barley, this PhD project aimed to investigate the quantitative 

inheritance of barley waterlogging tolerance and develop molecular markers for 

waterlogging tolerance in barley. 
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Chapter 3 Quantitative inheritance of waterlogging tolerance 

in barley 

3.1 Introduction 

Soil waterlogging usually influences plant growth in a negative way. The inhibition of 

nitrogen uptake, and the consequent redistribution of nitrogen within the shoot are 

important contributory factors in the early senescence ofleaves and the retarded growth 

of shoots in flooded plants (Drew and Sisworo, 1977). A decrease in the nitrogen 

concentration in shoots of barley seedlings can occur rapidly after the onset of flooding 

and precede leaf chlorosis (Drew and Sisworo, 1977; Wang et al. 1996) and consequently 

reduces shoot and root growth, dry matter accumulation and final yield (Kozlowski, 

1984; Drew, 1991; Huang et al. 1994a, 1994b; Malik et al. 2002). Roots are also injured 

by 0 2 deficiency and metabolism changes during acclimation to low concentrations of 02 

(Drew, 1997). Crops differ in their toleranc~ to excess soil water condition (Tokimasa, 

1951). Barley is relatively susceptible to waterlogging (Wang et al. 1996). The most 

resistant group of barley cul ti vars had nearly the same waterlogging tolerance as a rather 

susceptible group of wheats (Triticum spp.) (Ikeda et al.1955). Waterlogging is estimated 

to reduce yields on average by 20-25%, but the loss may exceed 50% depending on the 

stage of plant development affected (Setter et al. 1999). Bandyopadhyay and Sen (1992) 

reported more than 50 per cent yield loss after 2 days and 80% yield loss after 3 days of 

super-saturation treatment in barley plants that were first grown for six weeks in a coastal 

saline soil. 

Bringing tolerance of waterlogging into barley cultivars is an important breeding 

objective in high rainfall areas or where subsoils have low infiltration rates. To fulfil this 

aim, the most important step is to find waterlogging tolerance genes in barley germplasm. 

Takeda and Fukuyama (1986) tested 3457 cultivars (preserved at the Barley Germplasm 

Center, Okayama University) by submerging 50 sterilized grains of each in deionized 

water in a test tube for 4 days at 25°C and subsequently determining their germination 

percentage after 4 days on moistened filter paper at 25°C. The germination percentage 

ranged from Oto 100. The collections from China, Japan and Korea contained many 

tolerant cultivars (average indices 71.6, 66.3, and 60.5, respectively) while those from 
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North Africa, Ethiopia and southwest Asia showed few tolerant cultivars (19.6, 13.8, and 

13.2, respectively). The most tolerant cultivars retained complete germinability after 8 

days' soaking at 25°C. Qiu and Ke (1991), after testing germination under waterlogging 

conditions in 4572 barley cultivars, reported that some germplasm showed a very high 

level of tolerance. Fufa and Assefa (1995) reported some variation among genotypes in 

their tolerance to waterlogging and suggested locally adapted landraces could be major 

sources of tolerance. Pang et al. (2005) showed that cul ti vars differed in their tolerance to 

waterlogging with some Chinese cultivars showing much better tolerance than the 

Australian cultivars tested. 

Waterlogging tolerance is likely to be a complex trait which is related to many 

morphological and physiological traits that are under strong environmental influence. 

Direct selection on grain yield has low effectiveness since the heritability of the yield 

after waterlogging has been reported to be very low (Collaku and Harrison, 2005). Leaf 

chlorosis after waterlogging is one of the major indices used by researchers in different 

crops such as wheat (Ikeda et al. 1954; Cao et al. 1995; Cai et al. 1996; Boru et al. 2001), 

soybean (Reyna et al. 2003) and barley (Hamachi et al. 1990). Understanding the genetic 

behaviour ofwaterlogging tolerance is also important for breeding cultivars with 

waterlogging tolerance. Boru et al. (2001) studied the genetic behaviour ofwaterlogging 

tolerance in wheat using leaf chlorosis as the indicator of the tolerance and found that the 

tolerance was mainly controlled by additive gene effects. The pre-germination flooding 

tolerance of sorghum seed was also found to be controlled mainly by additive genes and 

the heritability was high in both broad (0.97) and narrow (0.75) sense, indicating that 

selection for tolerance could be effective in early generations (Thseng and Hou, 1993). 

Different results were found in wheat (Cao et al. 1995), Makha wheat Triticum macha 

(Fang et al. 1997) and maize (Zea mays ssp. mays) (Sachs, 1993), indicating that 

waterlogging tolerance was controlled by one dominant gene. The broad sense 

heritability of waterlogging tolerance of wheat ranged from as high as 0.71 (Cai et al. 

1996) and 0.74 (Bao, 1997) to as low as 0.25 (Collaku and Harrison, 2005), depending on 

the genetic material and the testing method used. 

There are still few reports on the heritability of, and gene effects on barley waterlogging 

tolerance. The realised heritability for flooding tolerance of barley in 4 F4-F6 populations 

ranged from 0.12 to 0.48, based on percentage of dead leaf. Realised heritability estimates 

22 



Chapter 3 Quantitative inheritance of waterlogging tolerance in barley 

for 3 of the crosses ranged from -0.02 to 1.06 and from -0.12 to 0.32 on the basis of the 

tolerance index of culm length and grain yield, respectively (Hamachi et al. 1990). In the 

experiment reported here, six cultivars with different levels ofwaterlogging tolerance 

were selected to make crosses in a halfdiallel pattern to study the genetic control and 

general and specific combining abilities for waterlogging tolerance. Further information 

was sought from a doubled haploid population between the two cultivars with the largest 

difference in waterlogging tolerance.· 

3.2 Materials and methods 

3.2.1 Cultivars (or crosses) and waterlogging treatment 

Experiment 1. Six barley varieties, TX9425, YYXT, DYSYH (all Chinese cultivars), 

Franklin, Gairdner (both Australian cultivars) and Naso Nijo (Japanese cultivar) were 

selected and crossed in all possible combinations but without reciprocal crosses. The 

three Chinese cultivars had much better waterlogging tolerance than the other cultivars 

(Zhou et al. 2003: Pang et al. 2005). The Chinese and Japanese cultivars have earlier 

maturity than the Australian cultivars. The six parents and the 15 F2 populations were 

sown in stainless steel tanks (200 cm x 100 cm x 85 cm) filled with soil from Cressy 

Research Station, Tasmania, Australia (where waterlogging occurs regularly) during the 

2003/04 summer at Mt Pleasant Laboratories in Launceston, Tasmania. Each cultivar or 

F2 population contained 10 to 12 plants. Two replications (tanks) were used. Starting 

from the three-leaf stage, all the cultivars and F2s were subjected to waterlogging 

(keeping the water level just above the soil surface) for ten days until severe damage 

occurred in susceptible plants. The percentage of yellow leaf area of each plant was 

recorded immediately after the termination of waterlogging. The average value of the 10 

to 12 plants of each cultivar or F2 population was used in the final analysis. 

Experiment 2. Similar waterlogging treatments were conducted in 1.5-L pots (filled with 

similar soil) for all the parents and F2 populations during the 2005/06 summer in a 

glasshouse. Each pot contained 15 plants and three replications were applied. The pots 

were placed in 40-L bins to obtain similar waterlogging conditions. The waterlogging 

treatment was the same as that described above, starting from three-leaf stage and ending 

when severe damage was shown in susceptible cultivars. 
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Experiment 3. A further experiment compared 350 doubled haploid linese (DHs) derived 

from the cross between TX9425 and Naso Nijo using isolated microspore culture 

(Davies, 2003). Five seeds of each DH line were sown in each pot and two replications 

were used, all the pots were put into a large waterlogging facility (Fig. 3.1) at Mt Pleasant 

Laboratories in Launceston, Tasmania, Australia with the parents as control during the 

2004/05 summer. The experiment design consisted of two randomized blocks. The same 

waterlogging treatment was applied as in experiments 1 and 2. 

Fig. 3 .1 Facilities used for waterlogging experiment 

3.2.2 Statistical analysis 

Parental lines and F2s were subjected to an analysis of variance using SAS procedure Proc 

ANOV A. The validity of the additive-dominance model was assessed using joint 

regression covariance/variance (Wr/Vr) analysis, and analysis of variance of (Wr + Vr) 

and (Wr - Vr) arrays according to Mather and Jinks (1977). Combining ability effects 

were analysed according to Griffing (1956), method 2 (Y2 p(p+ 1)) with a fixed model. 

Broad sense heritability was calculated by dividing genotypic variances by total variances 

and narrow sense heritability was calculated by dividing additive genetic variances by 

total variances. Average values of five plants of each doubled-haploid (DH) line were 

used to study the distribution pattern of waterlogging tolerance of the DH population. 

Broad sense heritability of this population was also calculated. 
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3.3 Results 

3.3.1 Difference in waterlogging tolerance of selected parents 

In this experiment, waterlogging caused significant chlorosis of the older leaves of all the 

cultivars. Cultivars showed significant differential tolerance to waterlogging (Table 3.2; 

Table 3.2). The three Chinese cultivars, TX9425, DYSYH and YYXT showed 

significantly lower yellow leaf percentage than Franklin, Gairdner and Naso Nijo. Figure 

3.1 shows the differences between the tolerant and susceptible cultivars after 

waterlogging treatment. The tolerant cultivars TX9425, YYXT and DYXYH not only 

had less yellow leaf and healthier plants but also developed a better root system. 

Fig. 3 .2 Performance of the six selected barley varieties based on leaf chlorosis after 

waterlogging. The three Chinese cultivars TX9425, YYXT, DYSYH showed much better 

tolerance than Franklin, Gairdner (Australian cultivars) and Naso Nijo (Japanese 

cultivar). 
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Table 3.1 Half diallel data of yellow leaf percentage after waterlogging (LSD0.05 = 9 .0). 

Experiment 1 Experiment 2 Average 

TX9425 12.7 25.9 19.3 

TX9425/Naso Nijo 31.2 32.6 31.9 

TX9425/Franklin 25.6 33.7 29.6 

TX9425/Gairdner 24.1 31.4 27.7 

TX9425NYXT 15.5 34.0 24.8 

TX9425/DYSYH 8.9 25.7 17.3 

Naso Nijo 38.0 53.0 45.5 

Naso Nijo/Franklin 41.8 40.5 41.1 

Naso Nijo/Gairdner 33.0 47.6 40.3 

Naso NijoNYXT 27.6 39.1 33.3 

Naso Nijo/DYSYH 23.3 40.0 31.7 

Franklin 43.9 45.9 44.9 

Franklin/Gairdner 39.6 44.1 41.9 

Franklin/YYXT 29.9 36.9 33.4 

Franklin/DYSYH 23.3 37.4 30.3 

Gairdner 31.3 43.3 37.3 

GairdnerNYXT 20.4 38.4 29.4 

Gairdner/DYSYH 15.6 35.8 25.7 

YYXT 7.0 34.2 20.6 

YYXT/DYSYH 6.9 28.3 17.6 

DYSYH 5.0 25.2 15.1 

Growing conditions also had significant effects on yellow leaf percentage during 

waterlogging treatment. Even though interactions between cultivar and environment 

were not significant, the relative differences between cultivars were much less in 

Experiment 2, the pot experiment. The yellow leaf percentages (Table 3 .1) of the tolerant 

parent cultivars were from 5.0% to 12.7% in experiment 1 and from 25.2% to 34.2% in 

experiment 2 while for susceptible cultivars, the ranges were from 31.3% to 43.9% in 

experiment 1 and from 43.3% to 53.0% in Experiment 2. Thus, to make an effective 
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evaluation ofwaterlogging tolerance, it is important to provide suitable conditions where 

differences are highlighted. 

3.3.2 Diallel analysis 

In the crosses between waterlogging tolerant cultivars and susceptible cultivars, F2 

populations showed extensive segregation in yellow leaf percentage. For example, the 

yellow leaf percentage of the F2 from the Franklin x YYXT cross ranged from 5 to 80%. 

Tolerant cultivars and crosses among them showed less variation between individuals. 

The yellow leaf percentage ofDYSYH, YYXT and their F2 population all ranged from 5 

to 10%. The average value of yellow leaf percentage of all the parents and F 2 populations 

after waterlogging is shown in Table 3 .1. Variances (Vr) and covariances (Wr) of each 

array in the diallel table were calculated and Wr was plotted against Vr (Figure 3.3). 

As shown in Table 3.2, significant differences in waterlogging tolerance were found 

between varieties, indicating significant genetic variation. In Figure 3.3, the regression 

coefficient ofWr on Vr is 1.2385 which does not differ significantly from 1, indicating 

that there is no evidence of non-allelic interaction (epistasis). Thus the 

additive-dominance model is adequate to account for the behaviour of waterlogging 

tolerance involved in these varieties. The lowest point is from the Naso Nijo array, 

indicating that Naso Nijo had the largest number of dominant alleles (for waterlogging 

susceptibility), while the highest is from the YYXT array which carried the smallest 

number of dominant alleles (for waterlogging tolerance). However, as shown in Table 

3.3, due to the relatively small dominance effects, especially in the average value ofF2 

populations with only half of the dominance effect expressed, the variance (Vr) for each 

array was not significantly different, indicating that there were no significant dominant 

effects for this trait. The difference among covariances (Wr) of the family means within 

the array with the phenotypes of their respective non-recurrent parents was not significant 

again, and indicated that statistical analysis failed to detect any dominance effect in this 

experiment. This conclusion was confirmed by Wr+Vr and Wr-Vr analysis (Table 3.4). 

For both ofWr+Vr and Wr-Vr, there were no significant differences between arrays, 

indicating no significant dominance or non-allelic interaction. 
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Table 3.2 ANOVA ofwaterlogging tolerance (yellow leaf percentage) of the six parents. 

Source of 

Variation 

Varieties 

Replication 

Error 

105 

100 

95 

... 90 
3: 

85 

80 

75 

70 
33 

df 

5 

1 

5 

38 

SS MS F 

2923.68 584.74 26.43*** 

21.28 21.28 0.96 

110.63 22.13 

y= 1.2385x+33.816 

R2 =0.9841 

43 48 53 

Vr 

Fig. 3.3 The WrNr graph for leaf chlorosis after waterlogging. Vr is the array variances, 

Wr is the covariance of the family means within the array with the phenotypes of their 

respective non-recurrent parents. The slope of the regression line is 1.2385, which does 

not differ significantly from 1 
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Table 3 .3 Half diallel data of yellow leaf percentage after waterlogging, showing the 

results ofVr and Wr calculation 

Naso 

DYSYH TX9425 YYXT Gairdner Franklin Nijo Mean Vr Wr 

DYSYH 15.1 17.3 17.6 25.7 30.3 31.7 22.95 52.06 98.59 

TX9425 19.3 24.8 27.7 29.6 31.9 25.1 33.56 74.51 

YYXT 20.6 29.4 33.4 33.3 26.52 43.83 87.12 

Gairdner 37.3 41.9 40.3 33.72 48.45 94.91 

Franklin 44.9 41.1 36.87 43.15 86.05 

Naso 

Nijo 45.5 37.3 33.44 76.89 

Table 3.4 ANOVA of the effects ofwaterlogging on the percentage of yellow leaves per 

plant 

Item df SS MS F 

Wr+Vr Between arrays 5 15368.5 3073.7 0.25 

Within arrays 6 71641.9 11940.3 

Wr-Vr Between arrays 5 404.4 80.8 0.22 

Within arrays 6 2173.6 362.3 

29 



- 50 0 
Cl) 
::I 

40 
- rn 30 n:J N 
> LL 20 c 
n:s 
n:s 
Cl) 

::::E 

U) 

~ 50 
o 40 
a, 30 
::I 

cu 20 

: 10 
: 0 

::::E 

10 
0 

0 

0 

Experiment 1 

y = 0.9609x - 0.4847 

R2 = 0.9221 • • ... 
10 20 30 

Mid-parent value (%) 

Average 

y = 1.0662x - 2.0057 

R2 = 0.9451 

10 20 30 

Mid-parent value (%) 

40 50 

40 50 

Chapter 3 Quantitative inheritance ofwater/ogging tolerance in barlev 

"' ~ 60 -0 40 Cl) 
:I 

~ 20 
c 
ca 0 Cl) 

:E 0 10 

Experiment 2 

y = 1.0217x + 0.7989 

R2=0.7~ 

20 30 40 

Mid-parent value (%) 

50 

Fig. 3.4 Correlations between average yellow leaf percentages ofF2 populations and those of the mid-parent values. 
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3.3.3 Combining ability 

Table 3.1 lists the yellow leaf percentages of parents and their F2 populations after 

waterlogging treatment from both Experiments 1 and 2. ANOV A showed that even 

though growing conditions had very great effects, significant differences were found 

between different parent or F2 populations (P < 0.01). The interactions between 

cultivar/F2 and growing conditions were relatively small and the overall ranking of the 

cultivars or F2 populations in yellow leaf percentage changed little between experiments. 

The variance of general combining ability (GCA) was highly significant (P < 0.01) and 

that of specific combining ability (SCA) was not significant (Table 3.5), indicating that 

waterlogging tolerance was mainly controlled by additive effects and that no significant 

dominance effect or non-allelic interaction could be detected. Of all the cultivars, 

DYSYH had the lowest negative GCA (-7.5, lowest yellow leaf percentage), and 

therefore showed greater tolerance than the other two tolerant cultivars, YYXT (-4.1) and 

TX9425 (-5.4) (Table 3.6). The other three cultivars showed positive GCA (higher yellow 

leaf percentage after waterlogging). Franklin and Naso Nijo have been reported as the 

most susceptible parents in regard to waterlogging tolerance in other work in our 

laboratory (Pang et al. 2004; Pang et al. 2005). 

Significant correlations (R2 = 0.92 for experiment 1 and R2 = 0.75 for experiment 2) were 

found between yellow leaf percentage of hybrids (F2s) and that of mid-parents (Figure 

3 .4 ). The average yellow leaf percentages of all the crosses were similar to the mid-parent 

value, confirming that the tolerance was mainly controlled by additive effects. Since no 

significant dominant effect on waterlogging tolerance was found in these experiments, 

the estimated broad-sense heritability (h28) was the same as narrow-sense heritability 

(h2 N), From the variance of GCA, SCA and experimental error, the estimated heritability 

(h28 = h2N) was 0.73. The estimation was based on the average value of different 

populations. When the estimation was based on individual experiments, the broad sense 

heritability was 0.85 for Experiment 1 and 0.58 for Experiment 2. A lower value of 

heritability would be expected if the estimation had been based on single plants. 
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Table 3.5 ANOV A of combining ability in waterlogging tolerance (yellow leaf 

percentage) 

Source of variance DF SS MS F 

GCA 5 2752.57 550.51 60.434*** 

SCA 14 89.9211 5.9947 0.6581 

Error 19 I 9.1094 

Table 3.6 GCA ofwaterlogging tolerance (yellow leaf percentage) of parents and F2s. 

Parents Naso Nijo Franklin Gairdner TX9425 YYXT DYSYH 

GCA 7.06 6.66 3.33 -5.38 -4.15 -7.52 

SE= 1.31; t(63,o.os) =2.00; t(20,o.01J =2.66 

3.3.4 Segregation of DH population between tolerant and susceptible cultivars 

~TX9425 
35 

r,:i 30 
DTX9425 xNaso Nijo 

...... = 25 ~ Iii Naso Nijo -Q.. ._ 20 
0 .. 

15 QJ 
.,Q 

8 10 = z 
5 

0 

&~ 
':-,.~ 

(co 

,"v ~ '\. (c '\.% "v ~ "v"v ~ "v (c 

Yellow leaf percentage (0/o) 

Fig. 3.5 Distribution ofwaterlogging tolerance of the DH lines from the cross between 

TX9425 and Naso Nijo 
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Figure 3.5 shows the distribution ofwaterlogging tolerance of the DH lines from the cross 

between TX9425 and Naso Nijo. The average yellow leaf percentages were 7.9 for 

TX9425, 26.7 for Naso Nijo and 16.0 for the DH population. The tolerance of the DH 

lines showed continuous distribution, ranging from very tolerant to very susceptible. 

While there was a good proportion of lines in the tolerant class, and hence scope for 

further selection, there was no evidence of bimodal distribution and hence of single gene 

effects. 

3.4 Discussion 

Waterlogging inhibits the uptake of nitrogen which leads to the decrease of nitrogen 

concentration in shoots of barley seedlings (Drew and Sisworo, 1977). Pang et al. (2005) 

found that both shoot and root growth was negatively affected by waterlogging. As 

waterlogging stress developed, chlorophyll content, C02 assimilation rate, and maximal 

quantum efficiency of photosystem II (Fv/Fm, Fv: maximum fluorescence; Fm: 

difference between the maximum and minimum fluorescence) decreased significantly, 

with cultivars showing less yellow leaf percentage having less adverse effects (Pang et al. 

2005). Dead leaf percentage under excess soil moisture was thought by Hamachi et al 

(1990) to be the best criterion for selection for flooding tolerance in early generations 

because its heritability values are relatively constant, it is easy to measure and it was 

correlated with reduction of grain yield/plant and culm length (Hamachi et al. 1989). 

Oxygen deficiency in the rooting zone occurs under waterlogging conditions. The lack of 

oxygen can severely damage the root (Drew, 1997). Figure 3.1 showed that the tolerant 

cultivar not only had less yellow leaf and healthier plants but developed a better root 

system, which is consistent with the previous report (Pang et al. 2005). The three Chinese 

cultivars used in this experiment all showed very good waterlogging tolerance with 

significantly lower yellow leaf percentage than other cultivars. The tolerance may also be 

partly contributed by the formation of aerenchyma in roots under waterlogging 

conditions. For example, aerenchyma accounted for 23.9% and 7.1 % of the root 

cross-section area for TX9425 and Naso Nijo, respectively, after three weeks 

waterlogging (Pang et al. 2005). Preliminary yield trials ( data not shown) showed that 

under waterlogging conditions, the yield reductions of Franklin and TX9425 were 86% 

and 28% in a pot experiment and 61 % and 39% in a controlled field experiment. 

33 



Chapter 3 Quantitative inheritance of waterlogging tolerance in barley 

The genetic behaviour ofwaterlogging tolerance followed an additive-dominance model 

and no significant dominance effects were found in this study. The mean yellow leaf 

percentages of all the F2s were similar to that of their mid-parent value. The results were 

similar to those previously reported in wheat (Boru et al. 2001) and sorghum (Sorghum 

vulgare) {Thseng and Hou, 1993), both showing that the waterlogging tolerance was 

mainly controlled by additive gene effects. However, Cao et al. (1992, 1995) found that 

the waterlogging tolerance of a wheat cultivar was controlled by a single dominant gene. 

Hamachi et al. (1989) also reported dominance effects on waterlogging tolerance in 

barley. The continuous 4istribution ofwaterloggi~g tolerance in a doubled haploid 

population generated from a cross ofTX9425 (tolerant) and Naso Nijo (susceptible) 

indicated that the tolerance was likely to be controlled by several genes, which is 

consistent with the earlier report by Hamachi et al (1989) but different from the results in 

wheat (Cao et al. 1992, 1995), in which a single gene was involved in waterlogging 

tolerance. 

The high heritability and the presence of only additive effects for waterlogging tolerance 

indicated that selecting in early generations for this trait would be effective. High 

heritability ofwaterlogging tolerance was also reported in sorghum (Thseng and Hou, 

1993) and wheat (Cai et al. 1996) but in each case, the existence of dominance effects was 

reported. In the current study, the estimation of the heritability was based on the average 

values of different populations. If the estimation of the heritability is based on single 

plants, the value could be much lower since greater variation was observed even within a 

homozygous population (parental cultivar). With the DH population from TX9425/Naso 

Nijo, the h\ estimated from the average values (0.88) was much higher than that from 

individual plants (0.65). Even with different experimental conditions the evaluated 

heritability may differ greatly. In this experiment, the h28 was 0.85 for Experiment 1 but 

only 0.58 for Experiment 2. Thus it is not surprising that some earlier studies on barley 

showed low heritability of waterlogging tolerance (Hamachi et al. 1989, 1990). 

There have been no previous reports on the combining ability ofwaterlogging tolerance 

of barley. In wheat, Cao et al. (1994) found a significant effect ofGCA for the number of 

green leaves per main shoot after waterlogging treatment at the booting stage. They also 

found significant SCA effects, indicating the existence of dominance effects. In 

experiments reported here, there were significant GCA effects for yellow leaf percentage 
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after waterlogging treatment, but SCA effects were not significant, indicating that 

waterlogging tolerance was mainly controlled by additive gene effects. Based on these 

results, the selection of parent cultivars should therefore just be based on the parental 

estimates for waterlogging tolerance, without considering th~ specific combining ability. 

All three Chinese cultivars used in this experiment showed negative GCA (low yellow 

leaf percentage). Of these 3 cultivars, DYSYH is a six-rowed barley with relatively 

poorer agronomic traits and both YYXT and TX9425 are two-rowed and showed better 

agronomic traits. Thus the latter two cultivars could be more suitable for a breeding 

program focused on producing two-row malting barley, even though they had slightly 

higher yellow leaf percentage than DYSYH. 

Accurate phenotyping is one of the vital criteria required for the improvement of 

waterlogging tolerance (Setter and Waters, 2003). In these experiments, the environment 

used to induce waterlogging showed very significant effects on yellow leaf percentage. 

The differences between tolerant and susceptible cultivars were much less in the pots 

(Experiment 2) than in tanks (Experiment 1 ). Thus, carefully chosen waterlogging 

conditions could make the selection much more effective. In the tank (Experiment 1 ), a 

very small variation in yellow leaf percentage was found among progeny of crosses 

between tolerant cultivars, indicating that the same or similar genes are probably involved 

in each tolerant cultivar. The yellow leaf percentage ranges for three tolerant cultivars in 

Experiment 1 were from 5 to 20%. In contrast, the range of yellow leaf percentage for 

susceptible cultivars was much greater among individuals. For example, the yellow leaf 

in Franklin ranged from 25 to 90%, even though most of the individuals had 30 to 40%, 

which may be due to variation in plant development stage when the treatment was 

imposed. The variation in yellow leaf percentage of different cultivars indicated that 

tolerant cultivars will normally not have any very susceptible individuals, whereas 

susceptible cultivars could have a few individuals showing better tolerance, presumably 

due to environmental effects rather than genetic differences within homozygous lines. 

Thus, when selecting individuals from an F2 population, plants with severe leaf chlorosis 

can be discarded since they should almost always be susceptible. There may be a small 

number of apparently tolerant plants which may not contain tolerant genes. For these 

tolerant plants, further evaluation in F 3 is necessary. 

In conclusion, general combining ability was very high for waterlogging tolerance while 
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no significant specific combining ability existed. Since heritability was relatively high for 

waterlogging tolerance, early generation selection could be efficient, especially when 

selections were based on the average value of the population. Well-controlled 

waterlogging conditions are crucial for the evaluation of this trait. Development of 

molecular markers could avoid environmental effects. This will be examined in 

subsequent chapters. 
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Chapter 4 Construction of linkage maps in two different 

barley crosses with SSR, AFLP and DArT markers 

4.1 Introduction 

4.1.1 DNA markers and their applications in barley genome mapping 

Numerous DNA-based genetic marker analysis methods have been developed over the 

last two decades and used in the construction of linkage maps in barley. These include 

restriction fragment length polymorphism (RFLP), random amplified polymorphic DNA 

(RAPD), simple sequence repeats (SSR), amplified fragment length polymorphism 

(AFLP), single nucleotide polymorphism (SNP), and a new high-throughput marker 

system - Diversity array technology (DArT). Compared to the lately developed 

molecular markers, RFLPs have some limitations, such as low frequency of 

polymorphism in cereal crops, requirements for large amounts of DNA, high running 

cost, and are also considered to be time-consuming and labour-intensive (Gupta et al. 

1999). Similar to RFLPs, RAPDs have also been put to limited use, partly owing to the 

low level of polymorphism detected and sometimes also partly owing to lack of 

reproducibility ofresults (Penner et al. 1993; Jones 1997; Gupta et al. 1999). Significant 

efforts towards large-scale characterization of SNPs were first initiated in human genome 

research. SNPs have since been shown to be the most common type of genetic variation in 

organisms and various techniques have been invented for genotyping SNP on large scale. 

However, discovering sequence polymorphism in non-mpdel species is still difficult, 

which is particularly true for many crops including barley with limited resources and 

often complex genomes (Wenzl et al. 2004). 

4.1.1.1 Microsatellites or Simple Sequence Repeat (SSR) 

Microsatellites are simple sequence repeats (SSRs) of only a few base pairs (1-6). They 

are ubiquitous in eukaryotic genomes and their study has been greatly facilitated by 

recent advances in PCR technology. SSRs are ideal DNA markers for genetic mapping 

and population studies because of their abundance (Weber 1990), high level of 

polymorphism (Cregan et al. 1994, Saghai Maroof et al. 1994), wide dispersion in diverse 
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genomes (Wang et al. 1994), ease of assay by the polymerase chain reaction (PCR), and 

ease of dissemination among laboratories. Identification and characterization ofSSRs, 

based on screening DNA libraries and/or searching public databases, have been reported 

for a number of plant species (Akkaya et al. 1992, Morgante and Olivieri 1993, Wu and 

Tanksley 1993, Zhao and Kochert 1993, Morgante et al. 1994, Liu et al. 1995). The utility 

of SSR markers has already been demonstrated in several genetic studies. These include 

the linkage with a virus resistance gene in soybean (Yu et al. 1994), the identification of 

chromosomal regions with significant effects on yield in rice (Zhang et al. 1994), and in 

the germplasm assessment of rice and soybean (Yang et al. 1994, Maughan et al. 1995, 

Rongwen et al. 1995). In a survey of207 accessions of wild and cultivated barley (Saghai 

Maroof et al. 1994) as many as 3 7 alleles were observed at a single S SR locus. The high 

level of allelic diversity displays the great potential of SSR markers for the genetic 

mapping of barley. 

The development of SSR markers for barley has followed a common pattern with the first 

few derived from sequences held in public databases (Saghai Maroofet al.1994, Becker 

and Heun 1995). This has been followed by the screening of small insert genomic 

libraries for SSR motifs (Liu et al. 1996, Struss and Plieske 1998). A number of 

approaches have also been described (Ostrander et al.1992; Edwards et al.1996). Ramsay 

et al. (2000) first developed 568 new SSR primer pairs for barley using this strategy. 

These, together with the 64 already published (Becker and Heun 1995, Liu et al. 1996, 

Petersen and Seberg 1998, Struss and Plieske 1998), mean that there are now 632 barley 

SSRs in the public domain. All these SSRs provide a considerable technological resource, 

providing barley breeders and geneticists with an array of suitable tools for a range of 

applications. 

Gamsay et al. (2000) constructed a simple sequence repeat-based linkage map of barley 

using 242 SSRs in a single doubled-haploid population derived from the F 1 of an 

interspecific cross between the cultivar Lina and Hordeum spontaneum cv.Canada Park. 

Centromeric clustering of markers was observed in the linkage map. This may have been 

due to the non-random physical distribution of SSRs caused by an association with 

retroelements (Ramsay et al. 1999) or the preferential selection oflonger SSRs 

(Areshchenkova and Ganal 1999) during SSR marker development. While this possibility 

cannot be discounted, the observed genetic distributions may also have been influenced 
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by the distribution of recombination events in the mapping population. Indeed, the strong 

clustering may have been exaggerated given the interspecific nature of the mapping 

population. Differences in the distribution and number of chiasmata in wide crosses can 

affect the distribution of mapped marker loci (Messeguer et al. 1991). This is supported 

by comparisons of the genetic distance found between common SSRs in the centromeric 

regions of chromosomes 4H and 6H in the Lina X Hordeum spontaneum map presented 

by Ramsay et al. (2000) and the Steptoe X Morex map presented by Liu et al. (1996). 

While the clustering is probably accentuated in the wide cross used, it is probable that the 

observed distribution reflects the basic uneven physical distribution of recombination 

known to occur in barley and other plants with a large genome. Considerable restriction 

of crossing over in the centromeric regions has been observed in barley through the use of 

translocation stocks (Kunzel et al. 2000). 

The availability of extensive molecular maps of microsatellites, should open new 

avenues for tagging genes of economic importance, not only for marker-assisted 

selection, but also for cloning genes leading to the development of transgenic plants for 

crop improvement. In barley, microsatellites have been used to tag genes or QTLs. For 

example, Scheurer et al. (2001) identified two QTLs for relative grain yield per plant 

when they researched tolerance to a German strain of the PAV serotype of barley yellow 

dwarf virus (BYDV-P AV) in barley using skeleton maps constructed using SSRs, AFLPs 

and RAPDs, these two QTL could explain 47% of the phenotypic variance, and were 

located at 2HL (L stands for the long arm of the numbered chromosome, and H for 

Hordeum) and 3HL respectively. 

The locus conferring aluminium (Al) tolerance (Alp) in Dayton (one of the most tolerant 

barley genotypes to Al) has been mapped to chromosome 4H using RFLP markers (Tang 

et al. 2000). However, RFLP markers are very costly, laborious and involve the use of 

radioisotopes and hence are not suitable for routine marker assisted selection (MAS). To 

increase selection efficiency for Al tolerance, Raman et al. (2001) used an F2 population 

of a Dayton/Harlan hybrid to map a number of PCR based microsatellite markers closely 

linked with the Alp locus. Their results showed that the Alp locus was flanked by several 

microsatellite loci. The microsatellite markers were validated using two F2 populations 

derived from Dayton/Kearney and Dayton/F6ant-28. The marker correctly predicted Al 

tolerance with 90% accuracy in the latter cross. It was suggested that these markers could 
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be used to design crosses aiming to introgress Al tolerance and develop strategies for 

marker assisted selection (MAS). 

Given the continuing rapid development of barley SS Rs, it is envisaged that their 

development will ultimately supersede RFLPs as a means of mapping, aligning maps, and 

integrating different genetic studies within Hordeum. Their application in both linkage 

and diversity studies will provide a common reference that will facilitate the rapid 

integration of mapping data from different populations with that from ecological and 

biodiversity studies in barley (Ramsay et al. 2000). 

4.1.1.2 Amplified Fragment Length Polymorphism (AFLP) 

AFLP technology is based on selective PCR amplification of restriction fragments 

generated by specific restriction enzymes. In this technique, special double-stranded 

DNA adapters are ligated to the DNA restriction fragments (Vos et al. 1995), so that the 

sequences of adapters and the adjacent restriction sites serve as primer-binding sites. The 

primers are designed to contain the sequences that are complementary to those of adapters 

and the restriction sites, along with one to three selective bases added to their 3' ends. The 

use of selective bases allows amplification of only a subset of the restriction fragments, 

which still generate a large number of bands facilitating the detection of polymorphism. 

A comparison of different mapping techniques - RFLP, RAPD and AFLP -for their 

relative efficiency in detecting polymorphism demonstrated that AFLP is the most 

efficient (Powell et al. 1996, Lin et al. 1996, Ma and Lapitan 1998). A single primer 

combination detected up to eight times more polymorphism than a polymorphic RFLP 

marker. Thus, AFLP detected up to 16 times more loci, assuming that in barley, as in 

other crops, most AFLP markers are dominant as against the co-dominant nature of RFLP 

markers (Mackill et al. 1996, Maughan et al. 1996). The notable advantage of AFLP is its 

capacity to analyse a large number of polymorphic loci simultaneously throughout the 

genome with a single gel without prior sequence knowledge. In contrast to RAPD, AFLP 

is highly reproducible and also transferable between different populations (Jones 1997b; 

Yin et al. 1999; Waugh et al. 1997; Li et al. 1998; Rouppe van der Voort et al. 1997) 

AFLP markers have been used in crop plants, including barley (Becker et al. 1995; 

Powell et al.1997; Waugh et al. 1997; Qi et al. 1998; Castigliani et al. 1998), rice (Mackill 

et al. 1996; Maheswaran et al. 1997; Powell et al. 1997; Virk et al. 1998), bread wheat 
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(Barrett and Kidwell 1998; Barrett et al. 1998; Goodwin et al. 1998; Koebner et al. 1998; 

Ma and Lapitan 1998; Bohn et al. 1999; Shan et al. 1999), Bermuda grass (Zhang et al. 

1999), tomato (Thomas et al.1995), potato (van Eck et al.1995), sugar beet (Hansen et 

al.1998), and soybean (Maughan et al.1996, Powell et al.1996). 

Yin et al. (1999) constructed an amplified fragment length polymorphism (AFLP) map 

covering 965 cM using 94 recombinant inbred lines of a cross between the spring barley 

varieties Prisma and Apex, and used the map to identify quantitative trait loci (QTLs) 

controlling plant height, yield and yield-determining physiological characters using an 

approximate multiple-QTL model, the MOM method. Toojinda et al (2000) constructed a 

99-marker linkage map and mapped qualitatively inherited resistance to leaf rust and 

determinants of quantitative resistance to stripe rust and barley yellow dwarf virus 

(BYDV). Mano et al. (2001) devised a simple AFLP system consisting of small slab gels, 

a discontinuous buffer system, and silver staining. Using this system, they developed a 

barley map with 227 AFLP fragments, which were integrated with 40 previously 

characterised sequence-tagged sites, 3 isozymes, and 2 morphological markers to 

construct an integrated map. Some researchers reported that by adding AFLP markers to 

RFLP maps there was an increase in the map length in rice (from 1811 to 3085 cM, 

Maheswaran et al. 1997), sorghum (from 1352 to 1899 cM, Boivin et al. 1999) and barley 

(from 1096 to 2673cM, Castiglioni et al. 1998). However, according to the results of 

Mana et al. (2001 ), there was no significant extension of map length when AFLP markers 

were added between STS loci in barley. 

The AFLP approach is now therefore widely used for developing polymorphic markers. 

The high frequency of identifiable AFLPs coupled with high reproducibility makes this 

technology an attractive tool for detecting polymorphism and determining linkages by 

analysing individuals from a segregating population. However, AFLP are difficult to use 

across pedigrees and have not been used to build a consensus map in barley. Because of 

this attempts have been made to convert AFLP into markers that can more easily be used 

such as SCARs. However, problems have been encountered while converting 

polymorphic AFLP bands into SCARs, because of the presence of a mixture of DNA 

fragments of the same size among individual bands. In a recent study in wheat and barley 

26 chromosome-specific AFLP fragments were sequenced to design sequence-specific 

PCR primers (SCARs/STSs), only six of them gave the expected chromosome-specific 
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products, thus confirming that conversion of AFLP markers into sequence-specific 

SCARs/STSs is not easy (Shan et al.1999). This will limits the utility of AFLP markers in 

barley breeding. 

4.1.1. 3 Diversity array technology (DArT) 

Diversity array technology (DArT) is a microarray-based DNA marker technique for 

genome-wide discovery and genotyping of genetic variation. The proof-of-concept of this 

technique was initially developed in a species with a simple genome (rice) (Jaccoud et al. 

2001). It was advanced to a mature technology in barley, and offers a high multiplexing 

level while being independent of sequence information. 

DArT starts with reducing the complexity of a DNA sample to obtain a 'representation' 

of that sample by a combination of restriction digestion and adapter ligation, followed by 

amplification. Two different fragments are amplified from PCR reactions-constant 

:fragments (found in any 'representation' prepared from a DNA sample from an 

individual belonging to a given species) and variable (polymorphic) fragments (only 

found in some but not all of the 'representations'). The variable fragments are informative 

because they reflect sequence variation that determines the fraction of the original DNA 

sample that is included in the 'representation'. The variable fragments were called DArT 

markers. To create a library for a given species, a mixture of genomic 'representations' 

from a pool of individuals covering the genetic diversity of the species is amplified. 

These fragments are cloned into a vector that is introduced into E.coli to form a library. 

Within the library, each colony contains one of the fragments from the genomic 

'representation'. After library creation, a selection of clones from the library was 

arranged into a plate format (usually 384-well plates). The fragments within the library 

are amplified and spotted onto glass slides using a microarrayer to form a genotyping 

array. The genotyping arrays are hybridized with genomic 'representations' of individual 

DNA samples prepared using the same complexity reduction method. These individual 

'representations' are labeled with one fluorescent label, while the vector fragment is 

labeled with another fluorescent label to act as a reference. Each individual 

'representation' will only hybridise to matching fragments on the genotyping array. The 

slides are then washed and scanned using a scanner to detect fluorescent signals emitted 

from the hybridised fragments. The presence vs. absence of variable fragments was 
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recorded as O and 1 among individuals of a mapping population. 

Diversity array technology (DArT) has been used for genetic map construction in barley 

(Wenzl et al. 2004) and some other crops (Xia et al. 2005). The validation of the quality 

and suitability of DArT for mapping and marker-assisted breeding has been demonstrated 

in the model plant Arabidopsis thaliana by evaluating the reproducibility of DArT scores; 

the consistency of detected genetic differences between parents and their Mendelian 

segregation in the progeny; the robustness of the genetic linkage map; and the colinearity 

of the genetic map with the genome sequence map (Wittenberg et al. 2005). Diversity 

array technology can produce medium-density genome scans comprising several hundred 

loci at a fraction of the cost of alternative technologies. Due to its non-dependence on 

sequencing information, high throughput, low cost, and the ability to easily convert DArT 

markers into other types, this technology could enhance the utility of marker assisted 

selection in barley breeding programs. 

4.1.2 Primary purpose of this chapter 

4.1.2.1 Validate the robustness ofDArTmarker system in a large population 

One of the advantages ofDArT is that it is a high throughput technology. However, 

because all the reported studies using DArT were based on sample size of96 or less (the 

number of wells in a single plate), it is therefore very important to validate this technique 

when it is used to genotype a population with a large number of progenies that need to be 

assayed in multiple batches. Normalization adjusts for a number of technical variations 

between and within single hybridizations, namely quantity of starting DNA and labeling 

and detection efficiencies for each sample. A variety of normalization schemes were used 

during the course ofDArT analysis, including dye swap strategies, error checking and 

quality control, replicates, reference samples, controls, and sensible design of arrays and 

experiments. 

Linkage maps constructed from different sets of genotypes derived from the same cross 

should closely resemble each other if the methods used to produce the genetic markers 

and the statistical methods are sufficiently rigorous (i.e., repeatable). Because the same 

locus order is expected, the comparison of maps from the same individual genotype also 

provides a way to evaluate the repeatability of genome map construction. The comparison 
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of two maps constructed from the same individual provides an opportunity to test the 

reliability of markers and the robustness of the linkage grouping, as well as to screen for 

segregation distortion. Experimental comparison of maps from the same genotype or 

different genotypes within the same species has, however, only been rarely reported 

(Beavis et al. 1991; Plomion et al. 1995). 

To investigate the robustness of the DArT technique when it was used to genotype a 

population with a large number of progenies, genetic linkage maps were generated based 

on different sub-sets of progenies from a single mapping population screened by a 

common set ofDArT markers. The progenies were genotyped in different batches, and 

the co linearity of the linkage maps were compared to each other. 

4.1.2.2 Investigation of marker segregation distortion 

Segregation distortion has been discovered in a large number oftaxa and it is increasingly 

recognized as a potentially powerful evolutionary force (Taylor et al 2003). This was 

first suggested almost fifty years ago, with the discovery of selfish genetic elements that 

distort Mendelian segregation to enhance their own transmission (Sandler and Novitski, 

1957). It is now believed that they may be important for the evolution of many 

fundamental aspects of sexual reproduction including the evolution of sex and 

recombination, the evolution ofheteromorphic sex chromosomes, sex ratio evolution, 

mate choice, and reproductive isolation (Hurst et al. 1996; Werren and Beukeboom 1998; 

Hurst and Werren 2001; Jaenike 2001). 

In plants, segregation distortion was first reported in maize by Mangelsdorf and Jones 

(1926). Now it has been reported in many other crops including rice (Oryza sativa L.; 

Nakagahra 1972; McCouch et al. 1988; Xu et al. 1997), sorghum (Sorghum bicolor L.; 

Pereira et al. 1994), tomato (Lycopersicon sp.; Paterson et al. 1988), alfalfa (Medicago 

sativa L.; Echt et al. 1994), coffee (Coffea sp.; Ky et al. 2000), lentil (Lens sp.; 

Vaillancourt and Slinkard 1992, 1993, Eujayl et al. 1998) and barley (Hordeum vulgare 

L.; Graner et al. 1991; Heun et al. 1991; Devaux et al. 1995). It has been suggested that 

segregation distortion in plants can be due to different biological factors such as 

chromosome loss, viability problems or lethal genes, genetic isolating mechanisms and 

genetic load (Bradshaw and Stettler, 1994) although statistical bias, genotyping and 

scoring errors can not always be ruled out (Plomion et al. 1995) . 
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DArT, together with RFLP markers, have previously been used for whole genome 

mapping in barley (Wenzl et al. 2004). The present chapter aims to show that DArT can 

be used for barley linkage map construction compatibly with SSR and AFLP markers and 

used to efficiently detect segregation distortion since DArT markers can be well spaced 

throughout the barley genome. 

4.1.2.3 Construction of genetic linkage maps for later use in QTL analysis (chapter 6) 

For the purpose of identifying quantitative trait loci controlling barley waterlogging 

tolerance, a genetic linkage map based on DArT and SSR markers was constructed for a 

Franklin I Y erong doubled haploid population comprising 182 progenies, and another 

linkage map based on SSR, AFLP and DArT markers was constructed in a Franklin I 

TX9425 population. 

4.2 Materials and Methods: 

4.2.1 Plant materials and DNA extraction 

Two doubled haploid (DH) barley populations were used in work reported in this chapter. 

The first mapping population consisted of 92 doubled haploid lines from a cross between 

TX9425 and Franklin. TX9425 is a waterlogging tolerant cultivar from China while 

Franklin is an Australian two-rowed variety with high yield and excellent malting quality. 

The two parents are phenotypically different in many physiological and agronomic traits 

(Pang, et al. 2004 ). The second population consisted of 180 doubled haploid lines from a 

cross between Yerong and Franklin. Yerong is a six-rowed Australian barley variety with 

good tolerance to waterlogging stress. The three parents were crossed in Tasmania in 

2002. F 1 seeds of Franklin/TX9425 were sown in spring 2003 in a glasshouse in the South 

Australian Research and Development Institute, with production of dihaploids by Dr Phil 

Davies. F 1 seeds of Franklin/Y erong were sown in a glasshouse in the Western Australian 

Department of Agriculture, with dihaploid production by Dr Sue Broughton. The barley 

plants were grown under a temperature of 20/16 °C ( day/night) and daylengths of 16-17 

hours in order to produce doubled haploid lines using microspore culture. Fluorescent 

lights ( cool white, Grolux) provided light at approximately 350-400µEm-2s-1. Barley 

spikes with microspores at the mid-late uninucleate stage were harvested, outer leaves 

were removed and spikes were sterilised with 70% ethanol. Spikes were then removed 
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from the sheath by hand, and the awns gently pulled off. Spikes were subsequently placed 

into 9 cm petri-dishes and covered with 0.3M mannitol. Dishes were then sealed with 

Parafilm™ and pretreated by storing at 4°C in the dark for 3-5 days. The isolation, 

induction, differentiation and regeneration of haploid plants were carried out using 

Davies' protocol (Davies et al. 1998; Davies 2003). Before transplanting to soil, the 

haploid plants were rinsed in water to remove media, the roots were kept in 0.1 % 

colchicine solution overnight to double the chromosomes. Genomic DNA was isolated 

from fresh leaves of the doubled haploid plants using the CTAB extraction method of 

Saghai-Maroof et al. (1984). DNA concentration was estimated by comparing the 

fluorescence intensities of ethidium bromide-stained samples to those of DNA standards, 

on 1 % agarose gel. Purified DNA was diluted to a working concentration of 20 ng/ µ1 in 

steriled water and the stock stored at -20 °C. 

4.2.2 DArT protocol 

Genomic representations and preparation of the "discovery arrays" and 

"polymorphism-enriched arrays" were the same as explained by Wenzl et al. (2004). The 

preparation was carried out in the DArT laboratory in Canberra by myself in 

collaboration with some members from DArT P/L. Genomic representations of 

individual barley lines were generated by using the same complexity reduction method as 

the one used to generate the respective array. Genomic representations were concentrated 

10-fold by precipitation with 1 vol of isopropanol, denatured and labelled with 1 µL of 

500 µM cy3-labeled random decamers and the exo-Klenow fragment of E. coli DNA 

polymerase I (NEB). Labelled representations (prepared from 92 DH lines) were added 

to 50 µL of a 50:50:1 mixture ofExpressHyb buffer (Clontech), lOg/1 herring sperm 

DNA, and cy5-labelled polylinker fragment of the plasmid used for library preparation. 

The DNAs from the DH lines were denatured and hybridised to microarrays overnight at 

65°C. Slides were rinsed according to J accoud et al (2001) and scanned on an Affymetrix 

428 (Santa Lara, CA) adjusting the PMT voltage as required. Spot signal strengths were 

analysed by DARTSOFT. The software compared the relative intensity values for each 

individual clone across slides by using a combination of fuzzy C-means clustering at a 

"fuzziness" level of 1.5 and ANOV A. If two clusters (alleles) could be distinguished and 

the between cluster variance in relative intensity was at least 80% of the total variance, 

the clone was said to be polymorphic and scored as O or 1. A clone was incorporated into 
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the 0/1 scoring table of a particular experiment if it was scored with a probability of P > 

0.95 in at least 90% of the slides (scoring probabilities were estimated by the clustering 

algorithm). Individual calls with P < 0.95 were scored as missing. Slides with< 90% of 

the identified polymorphic markers scored at P > 0.95 were rejected (typically 5%). A 

quality parameter (variance of the hybridization intensity between allelic states as a 

percentage of the total variance) was calculated for each marker. Markers with a quality 

parameter and a call rate both greater than 80% were selected to construct the linkage 

map. 

To test the robustness of the DArT system for linkage map construction, DArT 

genotyping was performed for 180 doubled haploid lines of the Franklin I Y erong DH 

population in two separate assays (arrays). The first assay (experiment A) was based on 

92 DH lines. The second assay (experiment B) was conducted based on another 88 DH 

lines. Data from the two assays were standardized and normalized to remove some of the 

systematic bias. 

4.2.3 SSR analysis 

142 SSR primers were screened for polymorphism between the two parents and 104 

primers showed polymorphisms, a rate of 73.3%. 28 polymorphic primers were selected 

for genotyping the DH populations, with 4 well-separated primers on each of the seven 

chromosomes (Ramsay et al. 2000). These SSRs were amplified using fluorescent 

dUTPs (Molecular Probes, Eugene, Oregon, USA). Amplification reactions were 

performed in a total volume of 12.5 µL containing lX Buffer, 1.5 mM of MgClz, 0.2 mM 

of dNTPs, 0.2 µM of unlabeled primer, 0.6 µM fluorescent dUTPs, 0.5 U oftaq 

polymerase and 20 ng of template DNA. Amplification conditions were the same as 

those published at the Genetics supplemental data site at 

http:/www.genetics.org/cgi/content/full/156/4/1997 /DC 1. Gel electrophoresis was 

performed on an automated Gel scanner (Gel-Scan 2000, Corbett Research). Samples 

were electrophoresed on 18-cm-long 4% polyacrylamide gel containing 7M urea. Allele 

sizes were calculated by comparison with a 350 (TAMRA) size standard. 

4.2.4 AFLP analysis and marker nomenclature 

AFLP methodology was performed following Vos et al. (1995). AFLPs were used only 
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with the Franklin I TX9425 population. Genomic DNA (250 ng) from the two parents and 

the DH lines was restricted with 2.5 u each of Eco RI and Msel in a 20 µl reaction mixture 

for 2 hours at 37°C. Ligation mixtures of 20 µL containing the Eco RI and Msel adaptors, 

1 U T4 DNA ligase, 0.4 mM ATP in 10 mM Tris-HCl (pH 7.5), 10 mM magnesium 

acetate, and 50 mM potassium acetate were added. Ligation mixtures were incubated at 

16°C overnight. Ten microlitres of a 5-fold-diluted ligation were amplified for a 

pre-selective amplification using a pair of primers based on the sequence of the Eco RI 

and Msel adaptors, including one additional selective nucleotide (T) at the 3' end. This 

was followed by selective amplification reactions which were performed with the EcoRI 

and Msel primers including three additional selective nucleotides at the 3' end (Table 

4.5). The EcoRI primer was labelled at the 5' end with a fluorophore. The PCR reactions 

were performed in a 25 µL reaction mixture containing 5 µL of20-fold-diluted 

pre-amplified DNA, Eco RI and Msel primers, dNTPs, 1 OX PCR buffer (100 mM 

Tris-HCl pH 8.3, 15 mM MgC12, 500 mM KCl), and 0.5 U taq DNA polymerase. 

Amplification was performed using the following profile: one cycle was performed at 

94°C for 30s, 65°C for 30s and 72°C for 60s; followed by 12 cycles in which the annealing 

temperature was lowered by 0.7°C each cycle; and finally 23 cycles of94°C for 30s, 56°C 

for 30s and 72°C for 60s. After the the PCRwas completed, 10 µL ofloading buffer (98% 

v/v formamide, 10 mM EDTA, 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol) 

was mixed with 5 µL of amplification products and denatured at 90°C for 3 min. Two µL 

of each sample was loaded onto 18 cm 6% w/v denaturing polyacrylamide gel with 7.0 M 

urea and electrophoresed in a 1 % v/v TBE buffer at 1400 V for 1.5 hon the Gel-Scan 

2000. Gene Profiler 4.03 {3} software was used to extract data and score the traces. All 

AFLP markers were named using a code for each primer combination (Table 4.5), 

followed by sequential numbers for scored bands. 

4.2.5 Segregation and linkage analysis 

To analyse the scored markers, goodness of fit to expected ratios and linkage analysis 

were performed using JoinMap 3.0 (van Ooijen and Voorrips 2001). Mendelian 

segregation was tested using Chi-square goodness-of-fit to a 1: 1 ratio at a 0.5%, 1 % and 

5% significance level. For linkage analysis, markers were assigned to tentative linkage 

groups by using JoinMap's JMGRP module to test LOD thresholds 3.0-7.0 at 0.5 

increments. Linkage groups were ultimately assigned on the basis of a LOD threshold of 
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65. Markers within the groups were then analysed for pairwise linkages using JMREC. 

For this module, REC and LOD thresholds of0.499 and 0.01, respectively, were used 

according to the JoinMap's recommendations. The linkage groups were then ordered 

with JMMAP using the following parameters: a 0.1 JMMAP LOD threshold, a 0.45 REC 

threshold, 2 jump threshold, 7 triplet threshold, 1 ripple value, and Kosambi's mapping 

function. A second round of analysis was undertaken, where the markers with 

· segregation distortion were removed, to construct a framework. Comparison of marker 

order between maps was done on a chromosome scale. 

4.3 Results 

4.3.1 Validation of the robustness of the DArT marker system in Franklin x Y erong 

population 

4.3.1.1 The individual DArT linkage maps based on the two subsets of progenies from 

Franklin I Yerong population 

The linkage maps based on the two subsets of progenies ( experiment A and B) were 

separately generated. The linkage analysis in experiment A shows that the DArT markers 

were grouped into 13 linkage groups at LOD 6.5, while 14 groups were defined at the 

same LOD level in experiment B (Table 4.1 ). All the groups in the two sub- populations 

were assigned to the seven barley chromosomes by comparing the genetic linkage maps 

of these sub populations with a new barley integrated map based on DArT markers (in 

Chapter 5). The results indicated that although there is one more group in population B 

than in population A, all the 496 markers assayed over the sets of progenies were assigned 

exactly to the same seven different barley chromosomes in each of the two experiments, 

with no marker showing any difference in its assignment to barley chromosomes 

(Fig.4.1). In experiment A, chromosome lH, 2H, 3H and 5H all split into 2 linkage 

groups, chromosome 4H split into three linkage groups (Fig. 4.1; Table 4.1). Whereas in 

experiment B (Fig 1; Table 4.1), chromosome 2H, 3H and 4H split into two linkage 

groups, and chromosome lH and 5H split into three groups (Table 4.1; Table 4.2). The 

genetic distance of the linkage map of population A is 932.3 cM, while that of population 

B is 940.1 cM (Table 4.2). 
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Table 4.1 Comparison of the number ofDArT markers assigned to each chromosome 

between the two experiments (sets of progenies) (Franklin I Yerong cross) analyzed 

separately. The number of groups (if a chromosome was separated into more than one 

group) and the number of markers within each group are indicated. 

Chromosomes 

Experiment lH 2H 3H 4H SH 6H 7H Total 

A 54,26 48,40 39,31 17,6,4 43, 15 72 101 

total 80 88 70 27 58 72 101 496 

B 43,26, 11 48,40 39, 31 21, 6 38, 15,5 72 101 

total 80 88 70 27 58 72 101 496 

Table 4.2 Comparison of chromosomal lengths ( cM) and the total genome length between 

the two experiments (Franklin I Y erong cross) analysed separately. The number of groups 

(if a chromosome was separated into more than one group) and the lengths of each group 

were indicated. 

Chromosomes 

Experiment lH 2H 3H 4H SH 6H 7H Total 

A 56.9, 68.9, 100.5, 22.3, 116.7, 150.4 154.2 
57.9 82.8 40.8 29.2, 30.2 

21.6 
total 114.8 151.7 141.3 73.1 146.9 150.4 154.2 932.3 

B 39.2, 49.5, 92.3, 69.6, 90.2, 134.7 185 
56.0, 88.1 52.1 35.3 21.2, 
4.4 22.6 

total 99.6 137.6 144.4 104.9 134 134.7 185 940.1 
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1H(A) 1H(B) 2H(A) 2H(B) 3H(A) 3H(B) 

0.0 bPb-9681 bPb-5191 bPb-5489 

0.0 bPb-6065 0.1 
bPb-4285bPb-5191 0.0 bPb-9681 bPb-4285 0.0 bPb-0870 

bPtJ..3756bPb-3201 0.1 bPb-8676 bPb-1940 bPb-5489bPb-8959 bPb-8959 7.5 bPb-3689 0.0 bPb-0870 
bPb-8307bPb-8112 1.3 bPb-9552 bPb-0205bPb-6848 bPb-5991 bPb-7354 8.8 bPlr1264 5.1 bPb-3689 

7.0 bPb-05811bPb-0699 5.8 bPb-3756 66 bPb-9757bPb-7354 14.2 bPb-0471 bPb-9757 20.6 bPb-5490 5.4 bPb-1264 
bPb-5201 7.5 bPb-3201 bPb-59!11 bPb-6848 37.5 bPb-9903 25.4 bPlr5490 

9.2 bPb-3116 11.8 bPb-0899bPb-8307 7.7 bPb-0471 14.8 bPb-0205 bPb-6664 bPb-2929 34.1 bPb-4660 
22.8 bPb-6065bPb-9552 13.3 bPb-0589 15.2 bPb-3186 22.4 bPb-3166 bPb-7350 bPb-0433 bPb-2203 bPt>,.3642 
23.8 bPb-8676 13.8 bPb-a112bPb-5201 1'7 bPb-5188 23.4 bPb-5188 bPb-9213 bPb-5289 bPb-1814bPb-0527 
24.8 bPb-1940 15.5 bPb-3116 17.1 bPb-8867 25.6 bPb-8867 38.6 bPb-3642 35.9 bPb-6825 bPb-9878 
42.5 bPb-2240 34.7 bPb-2240 20.4 bPb-0003 29.8 bPb-0003 bPb-2203 bPb-2965 bPb-2965 bPb-5487 
44.3 bPb-7524 37.0 bPb-8935 29.3 bPb-1098 35.6 bPb-4523 bPIHl944 bPb-9878 bPIHl944 bPb-2548 
49.6 bPb-4515 37.6 bPb-8453 29.5 bPb-4523 35.9 bPb-1098 38.7 bPb-6825 bPb-2548 bPb-0433 bPb-2929 
!llO bPb-5014 39.9 bPb-3992bPb-11108 29.6 bPb-8750 38.8 bPb-8750 bPb-0527 bPb-1814 bPb-6664 bPb-9213 
50.4 bPb-5198 40.4 bPb-4515 38.4 bPb-4261 bPb-9682 52.8 bPb-4875 38.8 bPb-5487 38.9 bPb-7350 bPb-5289 
50.5 

bPb-2063bPb-8935 bPb-1078bPb-6770 bPb-4875 53.0 bPb-4261 bPb-9682 
46.3 bPb-4660 bPb-9903 

bPb-8453 41.3 bPb-3473 39.5 
bPb-5629bPb-2501 

54.2 
bPb-7906 bPb-3190 47.2 bPb-2910 bPb-7938 bPb-2910 

53.3 bPb-9106 42.0 bPb-3984 bPb-7906bPb-3190 bPb-2501 47.5 bPb-2993 48.0 bPb-5692 bPb-2993 
53.4 bPb-3992 42.6 bPb-2063 50.0 bPb-6835 55.8 bPb-5629 47.7 bPb-5892 61.8 bPb-0068bPb-8771 
55.5 bPb-1078 bPb-6770 42.9 bPb-5014 56.7 bPb-9925 62.8 bPb-6835 48.4 bPb-7938 63.7 bPb-2433 
55.6 bPb-3984 43.2 bPb-5198 580 

bPb-3572bPb-2013 64.6 bPb-3985 bPb-3572 62.9 bPb-2394 64.0 bPb-4747 
57.9 bPb-3473 

568 S!Si!l! 
bPb-3985 64.8 bPb-2013 83.2 bPb-1301 bPb-1301 bPb-0736 0.0 bPb-8183 

66.1 
bPb-5087bPb-1072 

71.7 
bPb-6970 bPb-1072 63.3 bPb-4747 bPb-0736 64.2 bPb-2394 

9.0 bPb-6133 11.9 bPb-4590 bPb-6970 bPb-9925 bPb-1828 
9.4 bPb-6897 12.0 bPb-8897bPb-5334 66.2 bPb-1628 71.8 bPb-5087 

63.9 bPIHl771 70.1 bPb-8923 

9.7 bPb-5334 13.2 bPb-9360 68.3 bPb-6881 bPb-3056 78.0 bPb-8881 
64.0 bPb-0068 75.2 bPb-8410 

11.2 bPb-4813 14.1 bPb-9717 80.3 bPb-4040 78.1 bPb-3058 
65.2 bPb-2433 77.2 bPb-1183 

11.5 bPb-6408bPb-7231 14.5 bPb-0910bPb-7186 81.7 bPb·9754 ilPb=liffll bPb-6088 
70.7 bPb-6923 77.8 bPb-7872 

12.3 bPb-1150 14.6 bPb-4949 bPb-6621 81.9 bPb-5440 8!! ill'ID--MMI 
75.1 bPb-6410 85.8 bPb-1681 

13.0 bPb-9360 15.1 bPb-7859 82.8 bF'b-6088 8!!:,2 bPMm 78.3 bPb-7872 92.3 bPb-8722 

13.6 bPb-9333bPb-9423 bPb-0249bPb-9475 0.0 bPb-1772 
18.2 bPb-0326 

84.0 bPb-1183 
0.0 bPb-3907 bPb-8021 

13.9 bPb-2175 bPb-5683bPb-2813 0.8 bPb-4577 
19.2 bPb-1086 

89.6 bPb-1681 1.0 bPb-0049 
15.6 bPb-0910 bPb-0468 bPb-6853 10 bPb-3653 

19.3 bPb-4094 
100.5 bPb-6722 12.9 bPb-1062 

15.8 bPb-6621 15.2 
bPb-3835bPb-7325 1.1 bPb-8737 

19.7 bPb-8008 bPb-4788 0.0 bPb-1062 14.6 bPb-9118 
16.5 bPb-5292 bPb-3605bPb-1922 4.7 bPb-0994 

20.1 bPb-6047 1.6 bPb-1809 16.5 bPb-8557 
16.6 bPb-9611 bPb-1922 bPb-5292bPb-9057 6.7 bPb-8274bPb-3870 

20.8 bPb-8204 bPb-9857 3.6 bPb-4830 17.4 bPb-7827 bPb-8383 
17.0 bPb-3605 bPb-6353bPb-4662 7.7 bPb-2481 

21.9 bPb-5755 4.4 bPb-9111 17.8 bPb-0789 bPb-5312 
bPb-3835bPb-2813 bPb-9611 11.6 bPb-925S 

22.2 bPb-8302 6.0 bPb-1481 
20.5 

bPb-8249 bPb-9111 

17.4 
bPb-4662bPb-635S 16.3 1150 bPb-7190 13.5 bPb-8949 

25.3 bPb-9199 6.1 bPb-4564 bPb-7335 bPb-4564 
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Fig. 4.1 Colinearity of the genetic linkage maps based on two different sets of progenies 

( experiment A and B) from Franklin I Y erong population using only DArT markers. The 

linkage groups associated with a barley chromosome were placed one on top of another 

and placed side by side for the two experiments based on the linkage knowledge from the 

overall analysis for this population. Distance between markers is indicated on left side of 

each linkage group in cM. Enlarged version of this figure is in Appendix 1. 
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4.3.1.2 Co-linearity between the two maps 

As already explained, the DArT markers were assigned to exactly the same chromosome 

in the two replicated maps. Comparison of marker order was done between the two maps 

one chromosome at a time. The result shows that marker order is highly similar with some 

minor rearrangements of marker orders at small map intervals of less than 5 cM, but no 

large rearrangement between the two maps was found except one on chromosome 2H and 

one on 3H (Fig. 4.1 ). To ascertain whether this observation was representative for the 

data, a statistical technique called 'bootstrapping' was used to resample the data from the 

experiment and to generate 'new' maps to compare with the original ones. Two new 

different sets of individuals were sampled with replacement from the pool of 182 

individuals. Two new maps were constructed and were compared with the original maps. 

The number of differences in locus order was very similar to the original maps. Thus, 

observation of order differences based on the comparison of two maps appeared to be 

representative of the variation in locus order that can be expected given the effect of 

sample size on.calculation of distance between loci. No large rearrangements between the 

two maps indicated that there is little genotyping error or data variation in the DArT 

marker system when it assays a large number of samples over different assays. 

4.3.2 Construction of an overall linkage map of Franklin I Y erong population based 

on DArT and SSR markers 

4.3.2.1 Segregation distortion analysis 

Marker segregations were tested for deviation from the expected Mendelian segregation 

(1:1) by chi-squared analysis. Among the 518 markers, 32.8% showed segregation 

distortion at the 0.05 level of significance, 20.8% at the 0.01 level and 16.2% at the 0.005 

levels. The segregated markers were not distributed randomly, for example, at the 0.01 

level of significance, 30.3% and 34.3% of the total markers with distorted segregation 

were mapped to chromosome SH and 6H respectively (Table 4.3). At the 0.005 level, 

3 5 .1 % and 40.3 % of the distorted segregation markers were mapped to chromosomes SH 

and 6H, respectively, with a total of75.4%. Because about 75.4% of segregation distorted 

markers were mapped to chromosomes SH and 6H at p ~.005), segregation distortion in 

this cross is most likely to be caused by genetic factors. Chromosomal scale segregation 

distortion analysis showed that 68.4% and 57.3 % of the markers on chromosomes SH 
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and 6H respectively showed segregation distortion at p ~0.05 (Table 4.3; Fig.4.2). 

Table 4.3 Chromosome-scale segregation distortion test calculated as the proportion of 

segregation distorted markers to total markers on each chromosome and as the proportion 

of distorted markers on each chromosome to the total distorted markers at p ~0.05, 0.01 

and 0.005 (Franklin I Y erong cross). 

Percentage of distorted markers to Percentage of distorted markers on 
Linkage total markers on chromosome basis each chromosome to distorted 
group at p :=:;;0.05, 0.01 and 0.005 markers in the whole genome 

p :=:;;0.05 p :=:;;0.01 p :=:;;0.005 p :=:;;0.05 p :=:;;0.01 p :=:;;0.005 

lHl 27.78 3.7 1.85 9.62 2.02 1.3 

1H2 19.16 0 0 3.21 0 0 

2Hl 17 8.5 2.12 5.13 4.04 1.3 

2H2 32.43 24.32 10.81 7.69 9.09 5.19 

3H 20 10.77 3.08 8.33 7.07 2.86 

4H 14.29 3.57 0 2.56 1.01 0 

SH 68.42 52.63 47.37 25 30.3 35.1 

6H 57.35 50 45.59 25 34.3 40.3 

7H 22.34 12.77 11.7 13.5 12.1 14.3 

4.3.2.2 Genome coverage and marker distribution 

For the purpose of identifying the quantitative trait loci (QTLs) controlling barley 

waterlogging tolerance in a later chapter (Chapter 6), a genetic linkage map, based on 182 

progenies from the Franklin I Y erong population, was constructed based on DArT and 

SSR markers. A total of 518 markers ( 496 DArT markers and 22 SSR markers) were used 

in the linkage analysis. 

To construct the linkage map different LOD thresholds (from LOD 3 to LOD 7) were first 

tested to group the markers. A LOD threshold of 5.5 resulted in the optimum number of 

markers in linkage groups in which linkage order and distances were maintained. 

JoinMap3.0 recommends using a JMMAP LOD in the range of0.01 to 1.00 for ordering 

markers and a REC value between 0.45 and 0.49 to create pairwise distances between 
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markers. A stepwise increase in the JMMAP LOD threshold from 0.01 to 0.2 in the 

ordering phase of analysis made little difference in map order and distances, confirming 

integrity of marker data and group results. Analyses were conducted with a JMMAP 

LOD threshold of 0.1. REC thresholds were tested from 0.45 to 0.49 with stepwise 

increments of 0.01. The REC threshold made very little difference in distances for each 

group, and the total distance for the whole genome was stable. A REC threshold value of 

0.45 was finally used. In order to obtain a rigorous marker order, the framework map was 

first optimised using only non-distorted markers. Distorted markers were then added in a 

second step and integrated into the map framework. In most cases, the introduction of 

distorted markers did not affect the statistical confidence of marker order, or just changed 

the order of markers within very small regions with a high density of markers. 

Nine linkage groups were defined at a LOD threshold of 5.5. Markers were mapped to 

476 positions covering a total map distance of 1084.5 cM (Table 4.4) in nine linkage 

groups. Chromosomes lH and 2H were split into two linkage groups. Linkage groups 

were assigned to the seven chromosomes by using SSR markers as anchor markers. The 

average distance between markers is 2.28 cM, but markers were not distributed evenly 

across linkage groups. Linkage group 4H had the lowest density of markers with an 

average interval of 5.0 cM, compared to the highest density of 1.3 cM per interval on 

linkage group lHl (Table 4.4). Markers on each linkage group were distributed fairly 

randomly, except for a few clusters on linkage groups lH, 2H and 7H. However, there 

were several large gaps with distances over 20 cM on chromosomes lH, 3H, 4H and 5H. 

Other large gaps, presumably, resulted in the split of chromosome lH and 2H into two 

linkage groups (Fig.4.2). 
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Fig. 4.2 The overall linkage map based on 180 DH progenies from Franklin I Y erong 

population using DArT and microsatellite markers. Markers with segregation distortion 

were indicated with stars(*), with P < 0.05 = *; P < 0.01 = **; P < 0.005 =***.The 

linkage groups are named and organized by chromosomes, e.g. chromosome lH had two 

linkage groups lHl and 1H2. DArT markers are encoded with the letter bPb followed by 

a number, the other markers are all microsatellites. Enlarged version of this figure is in 

Appendix 2. 
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Table 4.4 Linkage group size, number of markers, and average marker interval per 

linkage group in Franklin I Y erong cross 

Linkage group Size (cM) No. of markers Average marker interval ( cM) 

lHl 70.3 54 1.3 

1H2 65.1 26 2.5 

2Hl 65.6 47 1.4 

2H2 80.6 37 2.18 

3H 166.1 65 2.56 

4H 139.9 28 5 

SH 179.9 57 3.16 

6H 150.6 68 2.21 

7H 166.4 94 1.77 

Whole genome 1084.5 476 2.27 

4.3.3 Construction of genetic linkage maps of Franklin I TX9425 population 

based on SSR, AFLP and DArT markers 

4.3.3.1 Map construction and segregation analysis 

424 DArT markers were obtained in this population. The amount of missing data for any 

one marker varied between O and 20%, and averaged 5.4%. Twelve of these markers had 

very strong segregation distortion (85:7 or worse) and were removed from the data set. 

The remaining 412 markers were scored with an overall call rate of95%. Seventeen 

samples were assayed in duplicate and in these samples only 37 scoring errors were 

obtained in more than 6800 comparisons, an accuracy rate of 99 .5%. A quality parameter 

Q (variance of the hybridization intensity between allelic states as a percentage of the 

total variance) was calculated for each marker. The result shows that markers with Q 
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above 75 were often very consistent. Only markers with a quality parameter and a call 

rate both greater than 80% were selected to construct the linkage map.Using 19 primer 

combinations, a total of 176 polymorphic AFLP markers (Table 4.5) were obtained. All 

these AFLP markers were graded into three categories ( category 1, clearly scorable; 

category 2, scorable; category 3, difficult to score) according to the quality of the 

polymorphic bands. Only 81 markers from category 1 were used for mapping. One SSR 

marker was removed (HVM68) because it suffered from very strong segregation 

distortion (89:3), this left 27 SSR markers for further analysis. 

Marker segregations were tested for deviation from the expected Mendelian segregation 

(1: 1) by chi-squared analysis. Among the 520 markers, 40.9% showed segregation 

distortion at the 0.05 level of significance, 27.2% at the 0.01 level and 20.2% at the 0.005 

levels. More alleles from the under-represented class originated from TX9425 than from 

Franklin (91 for Franklin versus 133 for TX9425; c 2 1ar= 7.9, P < 0.0005). A larger 

proportion of AFLP (50.6%) and SSR (48.0%) than DArT (38.6%) markers showed 

segregation distortion at the 0.05 threshold level. DArT markers from the 

under-represented class were as often from the O (44%) as from the 1 (55%) class (c 21ar= 

1.0, NS). The distorted markers were not distributed evenly through the whole genome. 

For example, about 41 % of the total number of segregation distorted markers at P = 0.005 

were mapped to chromosome 3H (Table 4.6). LOD thresholds (from LOD 3 to LOD 7) 

were tested to group the markers, and a LOD threshold of 3.5 resulted in the optimum 

number of markers in linkage groups in which linkage order and distances were 

maintained. Marker order analyses were conducted with a JMMAP LOD threshold of 0.1 

and a REC threshold value of 0.45. In order to obtain a rigorous marker order, a 

framework map was constructed using only non-distorted markers. Distorted markers 

were then added in a second step and integrated into the map framework. In most cases, 

the introduction of distorted markers did not affect the statistical confidence of marker 

order, or just changed the order of markers within very small regions with a high density 

of markers. But markers with segregation distortion were not dispersed randomly 

between the eight linkage groups (Fig.4.3; Fig 4.4; Table 4.6; c 27ar= 83.3, P < 0.001). It 

is also interesting that the distorted markers on each chromosome were clustered into 

regions where overall marker densities were very high (Fig.4.3; Fig 4.4). 
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Table 4.5 AFLP primer pair combinations and number of polymorphic and recorded 

markers for each primer combination. Recorded markers were those that were clearly 

scorable ( category 1 ). 

Primer Selective polymorphic recorded % of recordable 

combination nucleotides products markers markers 

Eco RI Msel 

1 ATT CGC 16 9 56.3 

2 AAA CCG 15 11 73.3 

3 ATG CTG 9 6 66.7 

4 AAC CTC 10 7 70 

5 ACT CGG 9 6 66.7 

6 ACA CCC 11 8 72.7 

7 ATG CGC 14 11 78.6 

8 AAC CGC 17 13 76.5 

9 ATG CCG 11 7 63.6 

10 AAC CCG 13 10 76.9 

11 ACT CTG 11 6 54.5 

12 AAG CTG 15 11 73.3 

13 ATG CTC 14 10 71.4 

14 ACA CTC 13 10 76.9 

15 AAG CGG 16 9 56.3 

16 ATG CAG 17 13 76.5 

17 ACA CAG 18 11 61.1 

18 ATT CGA 17 10 58.8 

19 ACT CGC 14 8 57.1 

Total 244 176 

Mean 72.1 
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Table 4.6 Chromosome-scale segregation distortion test calculated as the proportion of 

segregation distorted markers to total markers on each chromosome and as the proportion 

of distorted markers on each chromosome to the total distorted markers at p ::;0;05, 0.01 

and 0.005 (Franklin I TX9425 cross). 

Linkage 
groups 

lH 

2H 

3H 

4H 

SH 

6Hl 

6H2 

7H 

Percentage of distorted markers 
mapped to each chromosome to total 
number of distorted markers at p ::;; 

0.05, 0.01 and 0.005. 

p ::;;0.05 p ::;;0.01 p ::;;0.005 

11.5 12.4 10.8 

7.1 7.2 7.2 

37.8 47.4 41.4 

6.4 6.2 2.4 

14.1 11.3 9.6 

6.4 3.1 3.6 

5.1 2.1 1.2 

11.5 10.3 9.6 

Percentage of distorted markers to 
total number of markers on each 

chromosome at p ::;;0.05, 0.01 and 
0.005. 

p ::;;0.05 p ::;;0.01 p ::;;0.005 

39.1 26.1 19.6 

12 7.6 6.5 

74.7 58.2 58.2 

58.8 35.3 11.8 

31.4 15.7 11.4 

27.8 8.3 8.3 

44.4 11.1 5.6 

28.6 14.3 11.1 
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Figure 4.3 Barley genetic linkage map of Franklin I TX9425 population based on DArT, 

AFLP and SSR markers. Markers with segregation distortion were indicated with stars 

(*), with P < 0.05 = *; P < 0.01 = **; P < 0.005 =***.The linkage groups are named and 

organized by chromosomes, e.g. chromosome lH had two linkage groups lHl and 1H2. 

DArT markers are encoded with the letter bPb followed by a number; AFLP markers 

were named using a code for each primer combination followed by sequential numbers 

for scored bands; other markers are microsatellites. Enlarged version of this Figure is in 

appendix 3. 

4.3.3.2 Genome coverage and marker distribution 

The final genetic map comprised of 450 markers organized into 8 linkage groups 

spanning a genetic distance of956 cM (Fig.4.3). Seventy markers were dropped from the 

analysis because they mapped to identical positions as other markers. Linkage groups 

were named using the position of known SSRs (Ramsay et al. 2000). The average 
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distance between two markers across the whole map was 2.12 cM (Table 4.7). Markers 

were not distributed evenly across linkage groups; linkage group 4H had the lowest 

density of markers with an average interval of 5.52 cM, compared to the highest density 

of one marker every 1.34 cM on chromosome 2H. Markers on each linkage group were 

distributed fairly randomly, except for a few clusters on linkage groups lH, 2H and 7H. 

However, there were several large gaps with distance over 20 cM on linkage groups 4H, 

6Hl and 7H. Another large gap, presumably, resulted in the split of chromosome 6 into 

two linkage groups (6Hl and 6H2). 

Table 4.7 Linkage group size, number of markers, and average marker interval per 

linkage group in the population of Franklin I TX9425. 

Linkage groups Size (cM) No. of markers Average marker interval ( cM) 

2H 130 97 1.34 

3H 117 84 1.39 

7H 152 71 2.14 

SH 191 69 2.77 

1H 129 46 2.8 

6Hl 83 40 2.08 

6H2 38 21 1.81 

4H 116 21 5.52 

Total 956 450 

Mean 2.12 
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Figure 4.4 Barley genetic linkage map of Franklin/TX9425 based on DArT, AFLP and 

SSR markers. Adjacent XY (scatter) graphs depict segregation distortion for each marker. 

The Y axis is distance in centimorgans and X axis is the difference between the observed 

minus expected frequency ofTX9425 allele(%) assuming 1 :1 segregation. The solid 

vertical line indicates 0-E of zero, with the adjacent dotted lines indicating plus or minus 

5% distortion 

63 

cM 

cM 



Chapter 4 Construction ofgenetic linkage maps in two different barley crosses 

4.4 Discussion 

4.4.1 Diversity array technology (DArT) 

DArT markers for a given species are discovered by screening a library of several 

thousand fragments from a genomic representation prepared from a pool of DNA samples 

that encompass the diversity of the species. The microarray platform makes the discovery 

process very efficient because all markers on a particular DArT array are scored 

simultaneously (Jaccoud et al. 2001). It can be used to create medium-density genetic 

maps for plants with complex genomes taking only several days (Wenzl et al. 2004). As 

was indicated in the experiment reported here, DArT was very robust when it was used 

for genotyping a large number of individuals assayed in different batches. The nature of 

high-throughput and independence from sequence information enables routine use of 

DArT in plant breeding programs, such as exhaustive fingerprinting of germplasm, 

quantitative trait locus identification, simultaneous marker assisted selection of several 

loci, and accelerated introgression of interesting genome regions. High density maps for 

map-based cloning and chromosome-landing approaches could be rapidly built by 

pyramiding data from a number of independent arrays (Wenzl et al. 2004). 

4.4.2 Map characteristics and genome coverage 

To my knowledge no previous genetic map for barley based on DArT, AFLP and SSR 

markers has been reported. For the purpose of identification of quantitative trait loci 

controlling waterlogging tolerance in barley, two genetic linkage maps were constructed 

in this chapter. The genetic map ofFranklin/TX9425 comprised of 450 markers 

organized into 8 linkage groups, instead of the expected 7 groups, because chromosome 

6H was split into two groups. The linkage map of Franklin/Y erong is based on 496 DArT 

and 22 SSR markers, they were assigned to 9 linkage groups with chromosomes lH and 2 

H split into two linkage groups. Linkage maps covered 956 cM in the Franklin/TX9425 

population and 1084.5 cM in Franklin/Yerong population. The total length of these two 

maps were similar to some AFLP linkage maps with total map lengths of 900-1100 cM 

(Powell et al. 1997; Yin et al. 1999), but was shorter than other barley linkage maps with 

total lengths of 1100-1300 cM (Kleinhofs et al. 1993; Ramsay et al 2000). It has been 

reported that maps constructed using Joinmap are often shorter than those constructed 
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using MAPMAKER (Sewell et al.1999 in loblolly pine and Qi et al.1996 in barley). The 

size difference between these maps and other published maps may also result from the 

lower genome homology between two parents of these crosses, reducing recombination 

frequency in the Fl and map size (Bonierbale et al. 1988; Gebhardt et al. 1991; 

Vaillancourt and Slinkard 1993; Paillard et al. 1996). The clustering of markers observed 

here may be due to either centromere and I or telomere suppression of recombination 

(Tanksley et al. 1992) or to a tendency of some molecular markers to map in clusters (Qi 

et al. 1998; Vuylstecke et al. 1999). 

4.4.3 Segregation distortion 

Marker distortion has been reported in numerous cases in plants. The percentage ofloci 

showing segregation distortion has been highly variable between different studies: 69% 

in Cryptomeriajaponica (Nikaido et al. 1999), 37% in Citrus (Luro et al. 1994), 36% in 

Oryza (Xu et al. 1997; Virk et al. 1998), 33% in Prunus (Foolad et al. 1995), 23% in 

Helianthus (Quillet et al. 1995), 8.4% in Lens sp. (Eujayl et al. 1998) and only 1.4% in 

Hevea spp. (Lespinasse et al. 2000). Distorted segregation has been repeatedly observed 

in anther culture-derived or microspore-derived barley (Thompson et al. 1991; Graner et 

al. 1991; Heun et al. 1991; Zivy et al.1992). Segregation distortion of 41 % of the markers 

in Franklin I TX9425 and 32.8% in Franklin/Y erong reported here was comparable with 

segregation distortion levels found for other androgenetic-derived mapping populations 

in barley ( 44%, Graner et al. 1991; 44.1 %, Manninen 2000), although one of the crosses 

reported here involved two geographically and presumably distantly related varieties of 

barley, TX9425 from China and Franklin from Australia. The other cross was made 

between a six-rowed (Yerong) and a two-rowed (Franklin) barley variety with significant 

differences in stress tolerance. 

Skewed segregation ratios can be detected with almost any kind of genetic marker, 

including morphological, isozymes and DNA markers (Foltz 1986; Zamir and Tadmor 

1986; Vaillancourt and Slinkard 1993; Abe and Tsuda 1987; Wendel et al. 1987; 

Bundock et al. 1990; Konishi et al. 1990). Many types of molecular markers, such as 

RFLP (Graner et al. 1991; Heun et al. 1991; Devaux et al. 1995), RAPD (Manninen, 

2000), AFLP (Qi et al.1996; Becker and Heun, 1995), SSR (Sayed et al. 2002) but so far 

no DArT markers have been used for detection of segregation distortion in barley. 
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Several reasons for distortion of segregation ratios in plants have been put forward, 

including such factors as chromosome loss (Kasha et al. 1970), genetic isolation 

mechanisms (Zarnir et al. 1986), and the presence of viability genes (Hendrick et al. 

1990; Beavis et al. 1991; Liedl et al. 1993; Bradshaw et al. 1994). Nonbiological factors 

such as scoring errors (Devey et al. 1994; Xu et al. 1997; Nikaido et al. 1999) and 

sampling errors (Plomion et al. 1995; Echt et al. 1997) can also lead to distortion in 

segregation ratios. There is no evidence that the segregation distortion in this cross was 

caused by genotyping and scoring errors using the DArT markers, since they suffered a 

rate of distortion that was lower than that of the SSR and AFLP markers. A total of 64.6% 

of segregation distorted markers were mapped to chromosomes 5H and 6H in population 

Franklin I Y erong, and about 4 7.4% of segregation distorted markers in Franklin I 

TX9425 cross were mapped to chromosome 3H at p = 0.01 indicating that segregation 

distortion in these two crosses is most likely to be caused by different genetic factors. 

The genetic control of distorted segregation has previously been studied using 

morphological and isozyrne markers. Distortion has usually been observed to be in 

favour of the allele of the parent showing superior performance in in vitro culture (F oisset 

and Delourme 1996). In the present study, I found that much stronger distortions of 

single locus segregations were observed in the anther/microspore culture-derived barley 

DH populations (Franklin/TX9425 and Franklin/Y erong) than in the Hordeum 

bulbosum-derived populations (Clipper/Sahara and Steptoe/Morex, for the details of the 

latter two populations see Chapter 5 of this thesis). This conclusion was in agreement 

with the previous reported studies (Devaux, et al. 1995). 

Many genes are expressed postmeiosis during microspore and pollen development in 

angiosperms (Mascarenhas 1992), thus if any of these genes are variable there may be 

selection. Alternatively, segregation distortion could have arisen from hybrid sterility 

genes that caused the abortion of specific gamete or zygote genotypes. These partial 

lethal factors may make an androgenetic plant population show an increased rate of 

segregation distortion. Two regions on chromosomes lH and 5H in anther-derived DHs 

from the F1 between Steptoe and Morex showed strong distortion (Devaux et al. 1995). 

Similarly, distorted loci were reported in DH populations from other crosses on 

chromosomes lH (Kintzios et al. 1994), 5H (Steffenson et al. 1995), 4H and 6H 

(Thompson et al. 1991), 2H and 7H (Logue et al. 1995) and 3H (Graner et al.1991; 
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Devaux et al. 1995). The distorted regions were found on almost all chromosomes in the 

Franklin I TX9425 population with a significant portion (47.4%) of the distorted markers 

mapped to chromosome 3H (p::::: 0.01, whereas 75.4% (p::::: 0.005) of distorted markers 

were mapped to chromosomes 5H and 6H in Franklin/Y erong, indicating the complexity 

of determining the factors contributing to segregation distortion. 

To understand the underlying mechanisms that cause segregation distortion, it would be 

useful to map the partial lethal-factor loci on different linkage maps and compare them in 

different crosses, or to develop near isogenic lines containing individual segregation 

distortion loci, so that the effect of these factors could be evaluated systematically in 

different genetic backgrounds and environments 
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Chapter 5 The construction of a new barley consensus map 

and the comparison of chromosomal regions associated with 

segregation distortion in barley 

5.1 Introduction 

Barley is an excellent system for genome mapping and map-based analysis because it is 

diploid. The species has seven cytologically distinct chromosomes containing 

approximately 5.3 x 109 base pairs (bp) of DNA (Bennett and Smith 1976). Although 

barley is an autogamous species, there is sufficient DNA-level diversity for efficient 

linkage map construction in populations derived from crosses between related genotypes 

using RFLP, RAPD, SSR and AFLP markers (Graner et al. 1991; Kleinhofs et al. 1993; 

Kasha et al. 1995; Becker et al. 1995; Hayes et al. 1997; Powell et al. 1996; Russell et al. 

1997; Gamsay et al. 2000). These linkage maps are useful from the standpoint of 

understanding genome organization, establishing synteny, as a platform for map-based 

cloning, and for QTL detection. However, each of these individual genetic maps was 

constructed by different research groups, for their own purposes. The information 

contained within these individual maps could be further enhanced if these maps were to 

be synthesized into a single consensus map to represent this species. 

Integrating independent maps presents a challenge to geneticists because of the inherent 

inconsistencies and ambiguities embodied by each map. No standard procedure for map 

integration has been generally agreed upon. There are four main approaches to integration 

that have been described in the literature. The simplest approach is to visually align 

different maps on the basis of common markers. This visual approach was used to create 

a 'consensus map' of the homeologous groups of wheat (Nelson et al. 1995a, 1995b, 

1995c; Van Deynze et al. 1995; Marino et al. 1996). Kianian and Quiros (1992) also used 

this approach to create a 'composite map' for Brassica oleracea. A second approach was 

used by Beavis and Grant (1992), who generated an integrated map for maize using 

MAPMAKER after pooling all of the marker data from different mapping populations 

with similar size and structure. The third approach is to use software such as J oinmap, 
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which weights the distances between markers by the structure and size of each 

population. This technique was used to produce a consensus map for loblolly pine 

(Sewell et al. 1999) and sugi (Cryptomericajaponica) (Tani et al. 2003) on the basis of 

two pedigrees. The fourth approach was described by Yap et al. (2003). This approach 

integrates maps by modelling maps as graphs. A specific map is designated as the 

primary or standard map, then additional maps are successively projected onto the 

standard. It allows for comparisons purely on the basis of marker order and does not 

require access to the raw mapping data or information about distances between markers. 

It can also be used to integrate maps of different types, such as genetic, physical, or 

sequence based maps (Yap et al. 2003). 

With the development of these approaches for map integration, consensus maps have 

been constructed for a number of plant species ( e.g., Arabidopsis thaliana, Hauge et al. 

1993; Brassica oleracea, Kianian and Quiros 1992; Helianthus annuus, Gentzbittel et al. 

1995). Several barley consensus maps have also been built with gel-based markers, such 

as restriction fragment length polymorphism (RFLP), simple sequence repeats (SSR) and 

amplified fragment length polymorphism (AFLP) (Langridge et al. 1995; Qi et al. 1996; 

Karakousis et al. 2003; Diab 2006; Varshney et al. 2006). These maps have provided an 

important framework for producing and exchanging genetic information among members 

of the barley scientific community. 

Mapping with multiple populations provides several advantages over mapping based on 

a single population. In particular, a larger number ofloci can be placed onto a single map. 

This is especially important when attempting to map specific genes of interest (e.g., 

morphological markers or candidate genes for trait mapping) that are unlikely to 

segregate within a single mapping population. This also provides for better genomic 

coverage. These multi-population mapping studies have provided evidence for 

chromosome rearrangements (Beavis and Grant 1991; Kianian and quiros 1992) and gene 

duplication (Kianian and quiros 1992; Gentzbittel et al. 1995), have assisted in the 

assignment of linkage groups to chromosomes (Beavis and Grant 1991 ), and have 

provided the basis for comparative studies among related species and subspecies (Kianian 

and Quiros 1992; Hauge et al. 1993; Gentzbittel et al. 1995). 

Numerous types of DNA-based genetic marker have been developed over the past two 
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decades. However, most of these genotyping methods are constrained by their 

dependence on gel electrophoresis, resulting in low throughput. Methods based on 

electrophoresis also suffer from difficulties in precisely correlating bands on gel with 

allelic variants. To overcome these restrictions, a high-throughput microarray-based 

DNA marker technique - Diversity Array Technology (DArT} has been developed 

(J accoud et al. 2001 ). It has been used for genetic map construction in barley (Wenzl et al. 

2004) and some other crops (Lezar et al. 2004; Xia et al. 2005; Wittenberg et al. 2005; 

Akbari et al. 2006). 

As an initial step toward synthesizing the genetic information available for barley based 

on DArT markers, the present study integrates the linkage data from four independent 

populations into a single consensus map. This consensus map could serve as a reference 

genetic map for barley, as a basis for studies of genome organization and evolution and a 

tool for molecular breeding in barley based on DArT markers. 

This consensus map was used to study segregation distortion. Marker segregation 

distortion is an interesting phenomenon often encountered during the course of linkage 

map construction and has been defined as a deviation of the observed genotypic 

frequencies from their expected values which violates the Mendelian law of segregation. 

If a gene that causes segregation distortion is segregating in a population, then markers 

close to it would also tend to exhibit distorted ratios (Zamir and Tadmor 1986). If several 

populations have the same gametophyte factors or unknown genes that cause the 

segregation distortion, then these populations will exhibit segregation distortion in the 

same chromosomal regions. Molecular marker analysis in several populations is therefore 

useful for finding common regions with segregation distortion (SDRs) and for future 

identification of yet-unknown genes that cause segregation distortion in these regions (Lu 

et al 2002). There has been no comparative study of segregation distortion in different 

barley populations. The objectives in this study were to assess the frequency of 

occurrence of segregation distortion in barley and identify chromosomal regions 

consistently associated with segregation distortion. 
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5.2 Materials and Methods 

5.2.1 Populations and markers 

The four mapping populations used in this study are described in Table 5.1. The first 

population consisted of 94 doubled haploid lines from a barley cross between TX9425 

and Franklin, as used in Chapter 4. This population was produced by the microspore 

culture technique described by Davies et al. (1998; 2003). 

Table 5.1 Populations and markers assayed (before deleting redundant markers or DH 

lines). 

'bPb' 'bPT' 

Population Type DH method Size DArT DArT Other 

markers markers markers 

Franklin/TX9425 (Fff) DH Anther 94 412 28 

culture 

Franklin/Yerong (F/Y) DH Anther 188 496 22 

culture 

Clipper/Sahara (C/S) DH Hordeum 94 634 301 

bulbosum 

Steptoe/Morex (SIM) DH Hordeum 94 746 539 215 

bulbosum 

The second populations consisted of 188 doubled haploid lines from the barley cross 

between Y erong and Franklin, again described in Chapter 4. This population was 

produced by the microspore culture technique described by Broughton (2002). 

The third population was developed by Adelaide University from a cross between the 

Australian variety Clipper and the Algerian landrace Sahara 3771. The population (150 

DH lines) was produced by the Hordeum bulbosum method described by Islam and 

Shepherd (1981), using embryo culture followed by chromosome doubling through 
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colchicine treatment. Linkage maps based on RFLP and SSR markers have been 

published by Karakousis et al. (2003). 94 DH lines from this population were genotyped 

using DArT technology. The original data for this population was provided by DArT P/L. 

The fourth population was developed by the Oregon State University Barley Breeding 

Program for the North American Barley Genome Mapping Project (NABGMP). The 

parentage of the population is "Steptoe"/ "Morex". A population of310 DH lines was 

developed from the F 1 by the Hordeum bulbosum technique, as described by Chen and 

Hayes (1989). A linkage map of this population has been published by Kleinhofs et al. 

(1993) and Wenzl et al. (2004). 94 DH lines genotyped for DArT markers were made 

available for this project. The original data for this population was provided by DArT 

P/L. 

All four populations were genotyped with an identical set ofDArT markers from a 

PstI!BstNI representation ('bPb' markers). The Steptoe/Morex population was also 

assayed with a second set ofDArT markers from a PstI!TaqI representation ('bPt' 

markers) (Table 5.1). Preparation of the DArT markers was carried out in the laboratory 

atDArTP/L. 

5.2.2 Statistical analysis 

5.2.2.1 Segregation analysis 

Mendelian segregation was tested by Chi-square goodness-of-fit to a 1:1 ratio at a 0.5%, 

1 % and 5% significance level using JoinMap 3.0 (Van Ooijen and Voorrips 2001) .. The 

presence of a segregation distortion region (SDR) was declared where three or more 

closely linked markers exhibited significant segregation distortion in one or more of the 

four populations. 

5.2.2.2 Linkage analysis and map integration 

Construction of component maps 

A total of 18 DArT assays had to be discarded because a subset of DNA samples became 

contaminated (these samples could be identified because of their bias toward "l" scores) 

or because the relative hybridization intensities of non-polymorphic DArT markers were 
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not sufficiently correlated with the corresponding intensities in simultaneously performed 

assays (average correlation coeffiecient < 0.80). The presence vs. absence DArT scores 

(0/1) of the remaining 456 DH lines were converted into genotype codes (A/B/C/D) by 

comparison with the appropriate parental DArT assays (7 in total). Some markers for 

which both parental assays produced unreliable data were arbitrarily assigned to one of 

the two linkage phases. A few redundant DH lines were identified with Joinmap 3.0 using 

a similarity threshold of 95%. They were removed from the datasets, thus reducing the 

total number oflines to 454. The segregation data for DArT markers were merged with 

those of other markers for each population. 

The segregation signatures of each of the four individual datasets were imported into 

JoinMap 3.0 to distribute loci into linkage groups. The LOD threshold used to define 

linkage groups was necessarily dependent on the number of markers and DH lines in the 

datasets. Markers in the wrong linkage phase were identified and flipped into the opposite 

phase. The known chromosomal locations of a subset of the DArT markers (Wenzl et al. 

2004) were used to assign linkage groups to chromosomes in the Clipper/Sahara 

population. For the other three populations, the published SSR or RFLP markers were 

used to assign linkage groups to chromosomes. 

Construction of a consensus map 

A dataset containing 2425 DArT, 205 RFLP, and 346 SSR markers that were mapped in 

at least one of the four populations was used for map integration. The four datasets were 

loaded into the Joinmap 3.0 project (Van Ooijen and Voorrips 2001), pairwise estimates 

of() and corresponding LOD scores were calculated from segregation data for each 

population. When orthologous markers defined an interval for two or more populations, 

Joinmap replaced the individual values of recombination fraction (0) with a weighted 

average value (Stam 1993). The linkage groups that related to the same chromosomes 

across all four populations were combined by applying the Combine Groups for Map 

Integration function. The pairwise recombination frequencies between markers of the 

selected groups were combined into a new combined group node. The order of the 

markers in the combined group was calculated using a weighted average () value one 

chromosome at a time. Map figures were exported using the computer program MapChart 

(Voorrips et al. 2002). 
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5.3 Results 

5.3.1 Linkage map in Clipper/Sahara population 

A genetic linkage map was constructed in population Clipper/Sahara based on 88 

progenies (Fig. 5.1). A total of935 markers (634 DArTs and 301 SSRs) were screened in 

this population (Table 5.1). After removing all redundant markers, 815 markers (522 

DArT and 293 SSR) were used in linkage analysis and ten linkage groups were defined at 

a LOD threshold of 5.5 (Table 5.2). Markers were mapped to 357 positions covering a 

total map distance of 1073 cM. The ten linkage groups were assigned to the seven 

Table 5.2 Various statistics associated with the four component maps. 

C/S SIM FIT F/Y Mean± SD 

Number of DH lines used in 88 94 92 180 454 

each population 

Number of loci 815 1,232 450 476 728 

Number of bins (positionst 357 508 214 262 335 

Inter-bin distance ( cM) 

Average 3.0 ± 2.7 2.2± 5.2 ± 4.6 4.1 ± 3.6 3.7±1.1 

2.7 

Median 2.0 1.2 3.2 1.5 2.0 ± 0.8 

Map length ( cM) 1,073 1,093 970 1,072 1,052 

a Co-segregating loci were collapsed into bins (unique loci) at the population-level, i.e. 

without concatenating segregation signatures across populations. 

chromosomes by using a subset of the DArT markers with known chromosomal locations 

(Wenzl et al. 2004). Chromosome SH, 6H and 7H each split into two segments. The 

distribution of the markers over the map was good except for several gaps on 

chromosome 4H and SH. The average distance between bins was 3.0 cM and the largest 

gap between two bins was 19 .3 cM. 
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Fig. 5.1 Linkage map of the Clipper/Sahara population, showing the markers with 

segregation distortion. Enlarged version of this Figure is in appendix 4. 
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Fig. 5.1 continued 

5.3.2 Linkage map in Steptoe/Morex population 

A genetic linkage map was constructed in the Steptoe/Morex population based on 94 

progenies (Fig. 5.2). A total of 1500 markers (1285 DArTs, 205 RFLPs and 10 SSRs) 

were screened in this population (Table 5.1 ). After removing the redundant markers, 1234 

markers (1022 DArT, 202 RFLP and 10 SSR markers were used in the linkage analysis, 

and eight linkage groups were defined at a LOD threshold of 5.5 (Table 5.2). Markers 

were mapped to 508 positions covering a total map distance of 1093 cM. The eight 

linkage groups were assigned to the seven chromosomes by using RFLP and SSR 

markers as the anchor markers, with chromosome SH split into two linkage groups. The 

distribution of the markers over the map was good except for several gaps on 

chromosome 2H, 4H and SH. The average distance between bins was 2.2 cM and the 

largest gap between two bins was 17 .1 cM. 
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Fig. 5.2 Linkage map of the Steptoe/Morex population, showing the markers with 

segregation distortion. Enlarged version of this Figure is in appendix 5. 
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5.3.3 Co-linearity between each individual map 

All the maps used the 'bPb' set ofDArT markers and some of these markers were 

polymorphic in more than one population. These orthologous markers were compared for 

their colinearity among linkage group homologues (Fig.5.3). With minor exceptions, a 

high level of co linearity was observed among the orthologous markers of these linkage 

groups. The minor exceptions included some groups such as in the top parts of 

chromosomes lH and 7H between C/S and S/M population, for which, although markers 

mapped to the same general area as those from other linkage group homologues, the 

marker order was slightly different. These regions contained a relatively high frequency 

of double crossovers that made conclusive ordering of markers difficult. 

2H 

FxT FxY CxS SxM 

6H 

FxT FxY CxS SxM 

3H 

FxT FxY CxS SxM 

7H 

FxT FxY CxS SxM 

4H 

FxT FxY CxS SxM 

F. T: Franklin/TX9425 
F xY: Franklin/yerong 
CxS: Clipper/Sahara 
SxM: Steptoe/ Morex 

Fig.5.3. Colinearity oflocus order in each component maps. Loci in component maps 

were displayed schematically by horizontal lines across the bars representing each 

chromosome. Loci that were common between adjacent pairs of populations are depicted 

by dots and connected by lines. The scale on left side is in cM. 

79 



Chapter 5 The construction o(a new barley consensus map 

5.3.4 A consensus map from the combined datasets 

A consensus map was built (Fig.5.4) with JoinMap using a set of quality-filtered markers 

under conditions that were likely to minimize the number of misplaced loci (Table 5.2). A 

set of 2425 DArT, 205 RFLP, 346 SSR markers was selected for this purpose. Among 

these markers, the set of 'bPb' DArT markers was assayed across all populations and 

contained many good-quality anchor markers that bridged the four populations. RFLP, 

SSR and a second set of 'bPt' DArT markers were predominantly assayed in one or two 

populations only. However, nearly a quarter of the 'bPb' DArT markers segregated in two 

or more crosses and a significant number of them in three or more. Within the populations 

in which they were polymorphic, the vast majority of the markers were scored with less 

than 10 missing data. 
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Fig. 5.4 A new barley consensus map based on mapping populations ofFranklin/Tx9425, 

Franklin/Y erong, Clipper/Sahara, and Steptoe/Morex. Enlarged version of this Figure is 

in appendix 6. 
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Chapter 5 The construction of a new barley consensus map 
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Chapter 5 The construction of a new barley consensus map 

Table 5.3 Statistics of consensus map by chromosome. 

IH 2H 3H 4H 5H 6H 7H Genome 

Number of loci of each type 

All 302 403 309 162 294 266 375 2,111 

DArT 259 313 271 108 238 217 321 1727 

'bPb' DArT 180 233 190 66 175 175 241 1260 

Others 43 90 38 54 56 49 54 384 

Map length ( cM) 

All 150.0 159.4 180.8 142.7 210.2 147.7 145.5 1,136 

DArT 150.0 158.6 180.8 142.7 210.2 145.6 145.5 1,133 

'bPb' DArT 150.0 158.6 180.8 134.4 210.2 145.6 145.5 1,125 

Others 121.4 156.8 157.1 128.9 194.6 127.9 137.1 1,024 

Average/median inter-loci distance (cM) 

All 0.5/0.3 0.4/0.3 0.6/0.3 0.9/0.4 0.7/0.5 0.6/0.3 0.4/0.3 0.5/0.3 

DArT 0.6/0.4 0.5/0.3 0.7/0.3 1.3/1.0 0.9/0.6 0.7/0.4 0.5/0.3 0.7/0.4 

'bPb' DArT 0.8/0.4 0.7/0.4 1.0/0.3 2.0/1.3 1.2/0.7 0.8/0.4 0.6/0.3 0.9/0.4 

Others 2.8/1.3 1.7/1.0 4.1/2.6 2.4/1.0 3.5/1.9 2.6/1.7 2.5/1.4 2.7/1.6 

* Map features were calculated for the whole dataset and various subsets obtained by removing 

selected types ofloci while maintaining the locus order of the consensus map. 

The final consensus map comprised of2,111 markers arranged into seven linkage groups, 

corresponding to the seven chromosomes. This number is considerably larger than the 

number of markers in previously published consensus maps ( 587-1,536) (Langridge et 

al. 1995; Qi et al. 1996; Karakousis et al. 2003; Diab et al. 2006). On average, each 

chromosome contained 246 DArT and 55 non-DArT loci. The number ofDArT loci per 

chromosome ranged from 108 (4H) to 321 (7H). The number ofnon-DArT loci ranged 
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Chapter 5 The construction ofa new barley consensus map 

from 38 (6H) to 90 (2H) (Table 5.3). The consensus map spanned a total length of 1,136 

cM. Chromosome sizes ranged from 142.7cM (6H) to 210.2 cM (SH) (Table 5.3; 

Fig.5.3). The 'bPb' DArT markers alone spanned 99.0% of the total length of the 

consensus map. Addition of a second set of DArT markers ('bPt' markers) increased 

coverage to 99.7%. The combination of all non-DArT markers resulted in a coverage of 

90.1 % (Table 5.3). The DArT subset of markers generated a consensus map with a single 

gap between 15 and 20 cM (3H) and three gaps between 10 and 15 cM on chromosomes 

3H and 4H. The DArT markers were a good complement to the other markers since they 

added the map length and filled many gaps. The map had only a single gap larger than 10 

cM (3H) and ten other gaps between 5 and 10 cM (lH, 3H, 4H, SH, and 6H). 

The average resolution of the consensus map was evaluated by calculating the average 

distances between adjacent markers. The 2, 111 markers of the whole dataset were 

distributed through the barley genome with an average inter-marker distance of 0.54 ± 

0.81 cM (median= 0.34 cM). This resolution was only moderately greater than the 

resolution obtained with DArT loci alone (0.66 ± 1.1 cM; median = 0.43 cM). The set of 

'bPb' DArT markers, which were simultaneously assayed in a single reaction, provided a 

resolution of 0.89 ± 1.40 cM (median= 0.44 cM). Non-DArT markers on their own 

produced a map with a resolution of2.66 ± 3.03 cM (median= 1.57 cM; Table 5.4). 

5.3.5 Comparison with component maps 

An alternative way to evaluate the quality of a consensus map is to compare the locus 

arrangement of the consensus map (optimized at the multi-population level) with the 

arrangement of loci in the component maps ( each one optimized separately). 

To quantify the consistency of locus order between the two different types of maps, 

unique loci of each of the four datasets were alternatively arranged according to the 

consensus or the component map to compute two alternative sets oflocus positions per 

dataset. The Pearson correlation coefficients for the alternative sets of locus positions 

ranged from 0.9998 ± 0.0003 (lH) to 0.99996 ± 0.00006 (3H) (means± SD across four 

populations). The order ofloci in the consensus map therefore can be concluded to 

properly reflect the arrangement of loci in the individual component maps. 

As a separate indicator of the quality of the consensus locus order, the degree to which 
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component maps expanded if their loci were arranged according to their order in the 

consensus map could be quantified. Chromosome lengths computed with the algorithm of 

JoinMap 3.0 hardly showed any expansion: 0.34 ± 0.43% (mean± SD across 

populations). The sum of adjacent recombination fractions (SARF), a more sensitive 

indicator of map expansion caused by suboptimal marker positioning, revealed a minor 

degree of expansion of 5.2 ± 2.9% (mean± SD across populations). This is not surprising 

because some residual genotyping errors can cause an incorrect locus order to appear 

superior to the correct order, which can happen more easily if only the segregation data of 

a single population are taken into account. 

Both the indicator of locus order consistency and the degree of map expansion were 

closely associated with the fraction ofDArT loci in the component datasets. Datasets 

dominated by DArT markers showed more favourable values. This trend probably 

reflects the fact that non-DArT markers were, on the average, assayed in fewer 

populations than the DArT markers. Their positions on the consensus map, therefore, 

were more ambiguous, particularly if they were located in regions where component 

maps differed in length. Any (hypothetical) error in DNA sample tracking between DArT 

and non-DArT marker assays would have introduced artificial crossovers which may 

have differentially impacted on the accuracy of locus ordering in component maps and 

the consensus map. 

5.3.6 Detection of marker segregation distortion and comparison of segregation 

distortion regions (SDRs) based on the consensus map. 

Marker segregations were tested for deviation from the expected Mendelian segregation 

(1: 1) by chi-squared analysis. The statistics of marker segregation distortion for the four 

mapping populations used in this study were described in Table 5.4 and Table 5.5. 

Among the 815 markers in the Clipper/Sahara population, 16.6% showed segregation 

distortion at the 0.05 level of significance, 7.36% at the 0.01 level and 5.94% at the 0.005 

levels (Table 5.4). The markers with segregation distortion were not distributed 

randomly, for example, at 0.01 significance level, the distorted markers were mainly 

mapped to chromosome lH, 3H, 4H and 7H, the other three chromosomes having only 

14.9% of the distorted markers (Table 5.5). While in the population of Steptoe/Morex, 

among the 1234 markers, 12.17% showed segregation distortion at the 0.05 level of 
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significance, 3.37% at the 0.01 level and 1.48% at the 0.005 levels {Table 5.4). The 

markers with segregation distortion were not distributed randomly, for example, at the 

0.01 level of significance, 20.0% and 41.4% of the distorted markers were mapped to 

chromosome lH and 2H respectively {Table 5.5). 

Averaged across all markers, the frequency of the maternal allele (50.4%) in the 

Steptoe/Morex cross was very similar to that of the paternal allele (49.6%). However, in 

the Clipper/Sahara cross, the maternal allele (54.07%) is significantly higher that in other 

three populations. Out of the 297 5 markers used across all four populations, 63 5 (21.1 % ), 

329 (10.9%), and 239 (7.9%) exhibited segregation distortion at 0.05, 0.01, and 0.005 

respectively {Table 5.4). The lowest frequency of distorted markers was found in 

Steptoe/Morex population. 

Table 5.4 Percentage of distorted markers in the four mapping populations tested at p < 

0.05, 0.01 and 0.005. FIT= Franklin/TX9425, FN = FranklinNerong, C/S = 

Clipper/Sahara, SIM = Steptoe/Morex. 

Populations Rate of marker distortion Number of distorted markers Markers 
on each 
component 

p ::;;Q.05 E ::;;o.o I :e ::;;Q.005 p ::;;D.05 e ::;;o.01 e ::;;o.oos map 

FIT 0.409 0.272 0.202 184 122 91 450 
F/Y 0.328 0.208 0.162 156 99 77 476 
C/S 0.166 0.074 0.059 135 60 48 815 
SIM 0.122 0.034 O.Q15 150 42 18 1234 

Total 0.211 0.109 0.079 635 329 239 2975 

Among the 635 markers showing aberrant segregation in the four populations, 459 (72%) 

markers were located in putative SD Rs. Sixteen SDRs were identified (Fig. 5.4), and 10 

of them were found in at least two populations. SDR 1.1 was detected in all four 

populations. The SD Rs were identified on all seven chromosomes of barley, but they 

were unevenly distributed over the seven chromosomes. Most of the SDRs had consistent 

map locations over the four populations. SDRl .1, SDR2.1, SDR4.1, SDR5.1, SDR 6.2 

and SDR7.1 had nearly identical map location for their most-severely distorted marker 

among the different populations. On the other hand, the size of SD Rs varied from 4 cM in 

SDR3.3 to 46 cM in SDR5.3 {Table 5.5; Fig. 4) and between populations. Some of these 

SD Rs, for example SDR 2.1 comprised three and SDR 5.2 and SDR 6.2 comprised two 
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smaller SD Rs each. Further studies are needed to determine whether or not all these large 

SD Rs comprise two or more smaller SD Rs. 

Table 5.5 Genome locations of segregation distortion regions (SD Rs) identified in 

individual populations based on an integrated barley consensus map. 

Chr. FIT . FIY C/S S/M 

1H 88.0 - 108.0 98.8 - 105.0 83.8 - 87.5; 104.5 - 108.7; 
92.4 - 92.7; 111.6 - 119.8 

104.5 - 105.2 
2H 58.6 - 59.4; 56.9 - 64.7; 61.8 - 63.7; 

74.1 - 74.7; 73.8 - 74.7 65.2 - 69.8; 
114.0 - 121.8 75.7 - 78.0; 

144.6 - 155.4 

3H 39.9 - 78.3; 162.7 - 166.7 34.6 - 38.2; 

124.0 - 157.5 47.7 - 52.2 
4H 54.8 - 74.6 51.0 - 71.9; 

112.0 - 134.0 
5H 75.6 - 99.6; 62.5 - 97.2; 109.1-117.9; 

180.3 - 199.6 153.2 - 199.6 128.3 - 129.9 
6H 101.1 - 136.0 4.4 - 11.8; 60.6 - 81.4; 

35.4 - 76.4 85.4 - 87.2 

7H 44.4 - 76.4 68.5 - 76.4 

1H 2H 3H 4H 5H 6H 7H 
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Fig. 5.5 Segregation distortion regions (SDRs) in four barley populations: Pl = 

Franklin/TX9425; P2 = Franklin/Y erong; P3 = Clipper/Sahara; P4 = Steptoe/Morex. 

Markers with segregation distortion in each individual population were re-located on the 

barley consensus map. The direction of each chromosome is the same as in Fig. 5.4. 
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5.4 Discussion 

5.4.1 Construction of the consensus map 

Mapping with multiple populations should provide several advantages over mapping 

based on a single population. In particular, a larger number ofloci can be placed onto a 

single map, hence reducing the gaps between markers, and in particular avoiding 

separation of parts of chromosomes. This is especially important when attempting to map 

specific genes of interest ( e.g., morphological markers or candidate genes for trait 

mapping) that are unlikely to segregate within a single mapping population. This also 

provides for great genomic coverage. These multi-population mapping studies have 

provided evidence for chromosome rearrangements (Beavis and Grant 1991; Kianian and 

Quiros 1992) and gene duplication (Kianian and Quiros 1992; Gentzbittel et al. 1995), 

have assisted in the assignment of linkage groups to chromosomes (Beavis and Grant 

1991), and have provided the basis for comparative studies among related species and 

subspecies (Kianian and Quiros 1992; Hauge et al. 1993; Gentzbittel et al. 1995). 

The present study integrates the linkage data from four independent populations into a 

single consensus map. Because the primary goal for the construction of this consensus 

map was to place, relative to one another, as many molecular markers as possible onto a 

single map, the concern in this study was more towards obtaining a general order among 

these markers rather than the fine resolution of order. Some changes in marker order 

( other than those due to translocation) were observed during construction of other 

consensus maps (Sewell et al. 1999; Lespinasse et al. 2000; Sebastian et al. 2000; Cervera 

et al. 2001; Jeuken et al. 2001; Lombard and Delourme 2001). It is believed that small 

discrepancies in marker ordering may be due to mapping imprecision rather than real 

rearrangements (Lombard and Delourme 2001). Some small differences in marker order 

were observed in the present work between the four individual linkage maps and the 

consensus map. One of the reasons for the discrepancies might be due to chance, because 

LOD score criteria may not be stringent. 

The consensus map built in this study co-locates DArT markers with previously mapped 

SSR and RFLP markers. It provides a framework for transferring genetic information 

between different marker systems and for deploying DArT markers in molecular 

breeding schemes. It is not practical or necessary to construct very high density genetic 

89 



Chapter 5 The construction of a new barley consensus map 

maps to identify the genomic locations of QTLs for an individual trait (Sewell et al. 

1999). Thus QTL studies may be done in 2 phases, one where marker density is low, and 

the second where marker density is increased around putative QTL based on knowledge 

from consensus maps such as the one constructed here. In this study, QTLs relating to 

waterlogging tolerance in barley will be mapped in the two different mapping populations 

(see Chapter 6). It should be possible to summarize QTLs from different pedigrees on the 

consensus map and obtain knowledge of how many QTLs exist and which QTLs are 

expressed through the pedigrees in future analysis. 

This study has also highlighted an increasing mismatch between our ability to rapidly 

genotype a large number of mapping populations and the performance of available 

software tools to construct a consensus map. Although Joinmap software was widely used 

for building genetic linkage maps and constructing consensus maps (Stam 1993; Van 

Ooijen et al. 2001), problems with using this program to analyze high-density datasets 

have been encountered (Isidore et al. 2003; Van Os et al. 2005; Wenzl et al. 2006). The 

problem encountered in this study is the huge computing time taken to work with 

high-density datasets. It took thousands of hours to construct the consensus map reported 

here. While from a statistical point of view it is preferable to build a consensus maps de 

nova from the integrated set of segregation data, it currently appears preferable to build a 

synthetic map from separately constructed component maps instead due to a lack of 

powerful programs (Wenzl et al. 2006), at least until improved or alternative software 

options become available. 

5.4.2 Segregation distortion 

As has been demonstrated in Chapter 4, there is no evidence that the segregation 

distortion was caused by genotyping and scoring errors using the DArT markers, since 

they suffered a rate of distortion that was lower than the SSR and AFLP markers. 

A significant proportion of distorted markers, however, were mapped to particular 

chromosomal regions. Even in populations with a low segregation distortion rate, the 

distorted markers were not evenly distributed across chromosomes, for example, at the 

0.01 significance level, 3.4% of the total markers showed distorted segregation in the 

Steptoe/Morex population, but 61.4% of these distorted markers were mapped to 

chromosomes lH and 2H. This phenomenon indicates that segregation distortion in 
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barley is most likely to be caused by genetic factors. 

Comparison of the rate of segregation distortion among the four populations showed that 

populations developed by androgenesis (microspore culture technique) had a much 

higher distortion rate than those developed by intergeneric hybridization (Hordeum 

bulbosum method in this study). A major limitation of androgenesis is the effect of the 

barley genotype on haploid plant production, this being in agreement with the previous 

reported studies (Devaux, et al. 1995). 

Many genes are expressed postmeiosis during microspore and pollen development in 

angiosperms (Mascarenhas 1992), thus if any of these genes are variable there may be 

selection. Alternatively, segregation distortion could have arisen from hybrid sterility 

genes that caused the abortion of specific gamete or zygote genotypes. These partial 

lethal factors may make an androgenetic plant population show an increased rate of 

segregation distortion. Two regions on chromosomes lH and SH in anther-derived DHs 

from the F 1 between Steptoe and Morex showed strong distortion (Devaux et al. 1995). 

Similarly, distorted loci were reported in DH populations from other crosses on 

chromosomes lH (Kintzios et al. 1994), SH (Steffenson et al. 1995), 4H and 6H 

(Thompson et al. 1991), 2H and 7H (Logue et al. 1995) and 3H (Graner et al.1991; 

Devaux et al. 1995). 

Mukai et al. (1995) speculated that distorted segregation of these markers was caused by 

putative "embryonic lethal gene(s)" (or viability genes), because clustering of genetic 

markers showing distorted segregation ratios is consistent with the idea that they may be 

closely linked to a viability gene. It is necessary to compare segregation distortion among 

several populations that are segregating for the same gametophyte factors or other 

unknown genes that cause segregation distortion, as these populations will exhibit 

segregation distortion at the same chromosomal regions. Molecular-marker analysis in 

several populations is therefore useful for finding common regions with segregation 

distortion (i.e., segregation distortion regions or SDRs) and for future identification of 

yet-unknown genes that cause segregation distortion in these populations. 

The segregation distortion regions (SDRs) in barley might be linked to a group of genes 

involved in the process of haploid production. For example, there may be differences in 

barley genotypes responding to microspore culture and the frequencies of green haploid 
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plant production. Likewise the crossability of barley x H bulbosum may depend on the 

barley allelic composition for the genes with functions like those of Kr genes in wheat 

(Snape et al. 1979; Falk and Kasha 1983). Some common genes are expressed in all the 

populations, while others are just expressed in some specific crosses. 
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Chapter 6 Identification and characterization of 

quantitative trait loci (QTLs) associated with 

waterlogging tolerance in barley 

6.1 Introduction 

Quantitative trait loci (QTL) represent regions of the genome that have a measurable 

effect on variation in a particular trait. QTL analysis essentially calculates a statistical 

association between the phenotypic trait of interest and segregating genetic markers. The 

core idea of QTL mapping is no different to Mendelian recombination mapping, except 

that multiple loci, none of which is solely responsible for the trait, can be mapped 

simultaneously. Instead of looking for perfect association between a marker and the 

phenotype, the genome is scanned for statistically significant associations between 

markers and the phenotype (Members of the Complex Trait Consortium 2003). 

The key features of successful QTL mapping designs are the ability to control the starting 

genetic variance; to reduce the environmental variance (in order to increase the 

proportion of overall phenotypic variance that is due to each QTL); and to increase the 

number of meiosis divisions as desired. It is a powerful method of studying the effects of 

individual loci that contribute to the expression of a quantitative trait. Such loci cannot be 

investigated individually using classical Mendelian genetics as their effects are usually 

individually small and get lost in the background of other variation (Falconer and Mackay 

1996). 

Relatively high-resolution QTL mapping was enabled in the 1990s by the development of 

new techniques for marker genotyping (Asins 2002). Initially, significance was judged by 

t-test for the difference between the mean phenotypes of the two allele classes at each 

marker. However, this procedure underestimated the magnitude of QTL effects, was 

unable to separate closely linked QTLs and had low precision. The development of novel 

statistical methods for QTL detection has accelerated the progress of QTL mapping. The 

interval mapping (IM) procedure (Lander and Botstein 1989) improved resolution and 

power by estimating marker genotypes and association at each position in the interval 
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between adjacent pair of markers. Subsequent modifications included conditioning of a 

marker's effects on other significant markers in the genome (CIM-composite interval 

mapping; Zeng 1993; 1994) and simultaneous fitting of multiple QTL effects 

(MQM-multiple QTL model; Jansen 1993; 1994). Other alternative methods for 

identification of QTLs such as transposable element insertional mutagenesis and 

mapping the haploid sufficient effects of small deletions (also known as deficiency 

complementation mapping; Long et al. 1996) are likely to merge with interval mapping 

methods and functional genomics in the coming years to resolve the molecular basis for 

quantitative traits to levels that could barely be imagined in the pre-genomic era. 

Conventional QTL detection depends on the segregation of a marker allele with trait 

values above (or below) the average trait value. However across a number of 

environments, QTLs with strong environmental interaction may not be detected using 

this method. Where there are two or more QTLs detected for a trait, two-way interactions 

among the QTLs identified for each trait cannot be detected in IM and CIM methods. In 

IM and CIM methods, all regression effects are fixed, they cannot handle complex effects 

by regression model, for example, they do not include random effects of E & Q E 

(environment and QTL by environment interaction). A mixed-model-based composite 

interval mapping (MCIM) has been developed (Zhu 1999; Wang et al. 1999) which can 

handle both fixed and random effects. For example it can estimate fixed QTL effects and 

random QE effects with no bias and map QTLs with additive or epistatic effects (additive 

x additive), as well as their interactions with the environment. Recently, this model has 

been updated by adding dominance effects, epistatic effects of additive x dominance and 

dominance x dominance as well as their interaction with the environment (Yang et al. 

2005; Gao et al. 2006). QTL analysis has proven to be very useful in identifying the 

genetic components of the genetic variation for important economic traits (Mazur et al. 

1995). For example, numerous genes of economic importance, such as those for disease 

and insect resistance, are repeatedly transferred ( or backcrossed) from one varietal 

background to another by plant breeders (Hayward et al. 1993). Most genes behave in a 

dominant and recessive manner and require time-consuming efforts to transfer. 

Sometimes the screening procedures are cumbersome and expensive and require large 

field space. If such genes can be tagged by tight linkage with molecular markers, time and 

money can be saved when transferring them from one varietal background to another. A 
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molecular marker very closely linked to the target gene can act as a "tag" which can be 

used for indirect selection of the gene(s) in a breeding programme (Khush et al. 2004). 

Due to the availability of a large number of genetic stocks and its considerable economic 

importance, barley has been proposed as a model for the entire Triticeae on genome 

mapping (Linde-laursen et al. 1997) and great progress has been made in QTL mapping 

economically important traits in barley, including malting quality (Thomas et al. 1996; 

Han et al. 1997; Bezant et al. 1997; Swanston et al. 1999; Marquez-Cedillo et al. 2000), 

agronomic traits (Backes et al. 1995; Thomas et al. 1995; Laurie et al. 1995; Bezant et al. 

1996; Tinker et al. 1996; Borem et al. 1999; Marquez-Cedillo etal. 2000; Bomer et al. 

2002), development patterns (Karsai et al. 1997), yield and yield components (Kjar et al. 

1996; Bezant et al. 1997; Yin et al. 2002), germination (Mano et al. 1997), seed dormancy 

(Romagosa et al. 1999), water stress related traits (Teulat et al. 1997), 

osmotic-adjustment (Teulat et al. 1998), enzyme activities (Han et al. 1995; Borem et al. 

1999), starch granule trait (Borem et al. 1999), salt tolerance (Mano et al. 1997), boron 

toxicity tolerance (Jefferies et al. 1999), shoot differentiation ability (hackett et al. 1992; 

Komatssuda et al. 1993), head shattering (Kandemir et al. 2000), crossability with wheat 

(Taketa et al. 1998), winterhardiness (Hayes et al. 1992, Pan et al. 1994), and resistance to 

cereal aphids (Moharramipour et al. 1997), leaf stripe (Pecchioni et al. 1996; Pecchioni et 

al. 1999; Arru et al. 2002), leaf rust (Spaner et al. 1998; Graner et al. 2000; Park et al. 

2002), stem rust (Spaner et al. 1998), stripe rust (Chen et al. 1994), net blotch (Steffenson 

et al. 1996; Spaner et al. 1998), powdery mildew (Heun et al. 1992; Backes et al. 1996; 

Spaner et al. 1998), spot blotch (Steffenson et al. 1996), Scald (Spaner et al. 1998; Garvin 

et al. 2000; Jensen et al. 2002), bacterial leaf streak (El Attari et al. 1998), barley yellow 

dwarf virus (Crasta et al. 2000), and fusarium head blight (Zhu et al. 1999; de la Pena et 

al. 1999). 

Little progress has been made, however, in mapping waterlogging tolerance in barley 

because it is affected by many confounding factors such as temperature, plant 

development stage, nutrient levels, timing and duration ofwaterlogging, soil type and 

sub-topography (Setter et al. 2003). It is difficult to measure reliably in field experiments, 

and hence a lack of efficient screening methods makes it very hard to bring waterlogging 

tolerance into commercial barley varieties. The availability of a large numbers of 

molecular marker systems and many powerful computer programs for QTL analysis 

95 



Chapter 6 QTLs associated with barley waterlogging tolerance 

should make screening easier. With recent research showing that leaf yellowing and 

chlorophyll fluorescence may be simple traits to use in the evaluation ofwaterlogging 

tolerance in barley (Pang et al. 2004), QTL identification has become possible for 

waterlogging tolerance in barley by mapping physiological traits associated with 

waterlogging tolerance (Qian et al. 2005). The characterization of QTLs for barley 

waterlogging tolerance is an important step in the genetic dissection of this trait. In order 

to achieve this target, characterization of QTLs controlling barley waterlogging tolerance 

related traits is the focus of this chapter. 

6.2 Materials and Methods 

6.2.1 Generation of phenotypic data 

6.2.1.1 Populations used for QTL analysis 

The first population consisted of 92 doubled haploid lines from the barley cross between 

TX9425 and Franklin, as discussed in Chapters 4 and 5. TX9425 is a feed barley with 

waterlogging tolerance introduced from China while Franklin is an Australian malting 

barley. The two parents are different in not only waterlogging tolerance but also many 

other traits, including malting quality, resistance to some diseases and agronomic traits 

(Dr Meixue Zhou, unpublished data). A linkage map based on 92 lines from this 

population was constructed using DArT, AFLP and microsatellite markers (Chapter 4 of 

this thesis). 

The second population consisted of 182 doubled haploid lines from the barley cross 

between Y erong and Franklin. Y erong is an Australian six-rowed variety with good 

tolerance to waterlogging stress. A genetic linkage map was constructed using DArT and 

microsatellite markers, as discussed in chapters 4 and 5 of this thesis. 

6.2.1.2 Evaluation of waterlogging tolerance of the DH lines 

Germination trial 

The germination experiment was performed with six replicates of fifty seeds for each DH 

line, three as control and three for waterlogging. For the control, in each replicate, fifty 

seeds were submerged in 50 ml of deionized water in tubes (25 x 120 mm) overnight (Fig. 

6.1 ), and the seeds were then moved to a moist filter paper in 9 cm Petri dishes and 
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incubated at 25 °C for 8 days, then the seeds with emerging radicle or plumule were 

recorded. In the waterlogged treatment, three replicates of fifty seeds were submerged in 

50 ml of deionized water in tubes (25 x 120 mm) for 6 days in an incubator at 25 °C 

(Takeda and Fukuyama 1987). After the flooding treatment, the seeds were rinsed with 

distilled water for 30 minutes. The seeds from each replicate were then placed on a moist 

filter paper in 9 cm Petri dishes at 25 °C. The number of seeds with emerging radicle or 

plumule was recorded after four days ' incubation. A trait called seed germination (Table 

6.1) was calculated by substracting the germination rate in waterlogging conditions from 

that in the control, then divided by germination rate in the control. Seeds used in this 

experiment have already had stored a long time after harvesting to overcome the 

dormancy problem. 

Fig.6.1 The trials for phenotyping the doubled haploid populations were carried out in an 

incubator (left) and glasshouse (right). 

Glasshouse trial 

Four replicates of ten seeds for each DH and parental lines were sown in soil in 3.5 L pots 

(one pot per replicate) filled with soil from a frequently waterlogged site (Cressy 

Research Station) in Tasmania. After germination, five plants were kept in each pot and 

grown in a glasshouse, with natural daylength but temperature controlled to less than 

24°C. Waterlogging treatments were conducted in children' s paddling pools (Fig. 6.1). 

Each replicate was put into a different pool and the two populations were placed in pools 

of different size. A randomised design was used for each pool. Three replicates were 

subjected to waterlogging treatment and one replicate was grown under no-waterlogged 

conditions as a control in all the experiments. Waterlogging was started at the 3-leaf 
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stage, and lasted three to eight weeks depending on the trait measured. 

The first trait measured was the proportion of each leaf which had lost its green colour 

(was yellow), this trait was called leaf yellowing proportion. Leaf yellowing proportion 

was chosen as the main indicator for waterlogging tolerance because other studies have 

found it to be correlated with yield reduction resulted from waterlogging stress (Van 

1992). This trait was measured three times for each population. In Franklin/TX9425 

population, the first recording was made in 2004 after two weeks waterlogging, and the 

second recording after four weeks treatment in the same experiment. The third 

measurement ofleaf yellowing proportion in this population was taken after two weeks of 

waterlogging when the experiment was repeated in 2005. In population Franklin/Y erong, 

the first recording of leaf yellowing proportion was made in 2004 after two weeks 

waterlogging, whereas the second and third recordings were made in the repeated 

experiment carried out in 2005 after two weeks and four weeks ofwaterlogging stress, 

respectively. In both the populations, the plants in the control were growing well with no 

yellow leaf when this trait was measured in the waterlogging treatment. The proportion of 

leaf yellowing was estimated for each leaf. The length of each leaf was measured to 

weight the overall average proportion of yellow leaf in each plant. Then an average was 

calculated for all the plants in each pot. 

The second trait measured was plant biomass reduction. This trait was measured in 2004 

for DH lines from Franklin/Y erong population and in 2005 for DH lines from 

Franklin/TX9425 population. After three weeks waterlogging treatments, barley plants 

were cut at ground level and dried at 60 °C for four days in an electric oven. The average 

plant dry weight was measured for each replicate in control and in waterlogging 

treatments. Plant biomass reduction was calculated by subtracting the average dry weight 

of plants grown in waterlogging conditions from that in the control, then dividing by the 

average dry weight in the control. 

The third measured trait was plant survival. After eight weeks of waterlogging, dead 

plants in each pot were counted after the water was drained. The measurement was 

carried out in 2004 for Franklin/TX9425 DH lines and in 2005 for Franklin/Yerong 

population. Plant survival was calculated as the numbers of surviving plants divided by 

the initial number of plants in each pot. All the traits measured in this study are listed in 
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Table 6.1. 

Table 6.1 Traits measured in the two mapping populations. 

Time when the 
traits were Waterlogging Brief names for 

Names of traits measured stress QTL 

2004 2005 

Franklin/TX9425 
Leaf yellowing proportion 1.1 x two weeks tfyl.1 

Leaf yellowing proportion 1.2 x four weeks tfyl.2 

Leaf yellowing proportion 2.1 x two weeks tfy2.1 

Plant survival x eight weeks tfsur 
Plant biomass reduction x three weeks ttbio 
Seed germination x six days tfgerm 

Franklin/Y erong 
Leaf yellowing proportion 1.1 x two weeks yfyl.1 
Leaf yellowing proportion 2.1 x two weeks yfy2.1 
Leaf yellowing proportion 2.2 x four weeks yfy2.2 

Plant survival x eight weeks yfsur 

Plant biomass reduction x three weeks ytbio 

Seed germination x six days yfgerm 

6.2.1.3 Statistical analysis of phenotypic data 

Statistical analysis was undertaken to detect significance of genetic effects for each trait 

in each population and also to calculate broad-sense heritability. For each experiment, the 

following mixed-effects model was used: Yii = µ + ri + gj + Wj!. Where: Yt1 = observation 

on the jth genotype planted in the ith replication; µ = general mean; ri = effect due to ith 

replication; gj = effect due to the jth progeny; wii = error or genotype by replication 

interaction, where genotype was random and replicate treated as a fixed effect in analysis 

conducted using PROC MIXED of SAS. As part of the model checking procedure, SAS 

PROC UNIV ARIA TE was used to verify that the residuals were normally distributed. 

The broad-sense heritability was calculated as the ratio of the genetic variation 

(genotype) divided by phenotypic variation ( due to genotype and residual). In order to 

calculate least square means for each genotype by trait by population by experiment 

combinations, PROC GLM was used with the same model as above, except that genotype 

was treated as a fixed effect. The normality of the least square means was checked using 
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SAS PROC UNIV ARIA TE for skewness and kurtosis. 

6.2.2 QTL analysis 

6.2.2.1 QTL detection by one-dimensional analysis 

Using the software package MapQTL5.0 (Van Ooijen, 2004), quantitative traits were first 

analysed by interval mapping (IM), followed by composite interval mapping (CIM). The 

closest marker at each putative QTL identified using interval mapping was selected as a 

cofactor and the selected markers were used as genetic background controls in the 

approximate multiple QTL model (MQM) ofMapQTL5.0. Log of the odds (LOD) 

threshold values applied to declare the presence of a QTL were estimated by performing 

the permutation tests implemented in MapQTL version 5.0 using at least 1000 

permutations of the original data set for each trait, resulting in a 95% LOD threshold 

between 2.7 and 3.0. 

To obtain 95% confidence intervals around the estimated point, a two-LOD support 

interval was established, by taking the two positions, left and right of the peak, that had a 

LOD value of two less than the maximum (Van Ooijen, 2004). The estimated additive 

genetic effect and the percentage of variance explained by each QTL and the total 

variance explained by all the QTLs affecting a trait, were obtained using restricted MQM 

mapping implemented with MapQTL5.0. 

6.2.2.2 Analysis of QTL by digenic epistatic effects and QE interaction effects 

In each of the two populations, leaf yellowing proportion measured in 2004 and 2005 

after two weeks ofwaterlogging was used in this analysis. The DH lines in the 2004 

experiments were planted in spring (mid November 2004) and the experiment terminated 

by the end of January 2005, while the 2005 experiments started in early May and ended 

by mid-July. The difference in planting time (season) provided different environmental 

conditions such as temperature, and day length between the two experiments. 

A mixed-model-based composite interval mapping method (MCIM) was used for 

analysis of QTL by digenic epistatic effects and QE interaction effects implemented with 

QTLNetwork 2.0 (Yang et al. 2005). This included estimating and mapping main effect 

QTLs for additive effects at individual loci, interaction between two different loci, and 
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interactions between QTLs and environments. For ease of description, the QTLs with 

main effects that corresponded to QTLs detected by single-locus or interval analysis will 

be referred to as main-effect QTLs, and QTLs involved in digenic interactions as epistatic 

QTLs. Because DH populations that were homologous at all loci were used in this study, 

additive and dominance effect could not be separated. 

In the analysis, the likelihood ratio (LR) and the t-test were combined to test the 

hypothesis on both genetic effects (including single locus effects and digenic epistatic 

effects) and QE effects. Estimates ofQTL main effects were obtained by the 

maximum-likelihood estimation method, while QE effects were predicted by the 

best-linear-unbiased prediction (BLUP) method, with the environmental effect regarded 

as random. Thus the significance test for the predicted QE effects by BLUP has lower 

power. As a remedy, a Bayesian test was used for the significance test. In this study, the 

LR value corresponding to P = 0.005 was used as the threshold for claiming the presence 

of putative main or epistatic QTLs as recommended by Xing et al. (2002). The peak 

points of the LR and the t-test statistics in the linkage map were taken as the putative 

positions of the QTLs. When a QTL was involved in more than one epistasis, its position 

and effect were presented as the arithmetic mean of the values obtained from the different 

calculations. The relative contribution of a genetic component was calculated as the 

proportion of phenotypic variance explained by that component. 

6.3 Results and analysis 

6.3.1 Quantitative trait values in two barley DH populations 

6.3.1.1 Phenotypic and genetic variation among the DH lines of the two populations 

Leaf yellowing proportion, plant survival and plant biomass reduction following 

waterlogging stress showed normal distributions for both populations (Fig. 6.2). 

Summary statistics for each trait are presented in Table 6.2 for the Franklin/TX9425 

population and Table 6.3 for the Franklin/Y erong population. Transgression beyond the 

parental values was observed for all traits including those for which parental values 

hardly differed. Variance estimates for the components are presented in Table 6.4 and 

6.5. There was significant variation between DH lines (genetic variation) in each 
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population for all the measured traits. The effect of replication was not significant for 

traits measured early in the experiments, but was significant for most traits measured 

later. For all the traits analyzed, significant variation was observed between the DH lines 

within population as indicated by the broad sense heritabilities ranging from 0. 71 to 0.11 

in the Franklin/TX9425 population (Table 6.4) and ranging from 0.57 to 0.20 in of the 

Franklin/Y erong population (Table 6.5), respectively. This amount of genetic variation 

indicated that QTL mapping was likely to reveal QTLs for most of the traits. 

a. Seed germination of the Franklin/TX9425 population 
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0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 

Fig.6.2 Frequency distribution of the waterlogging tolerance related traits measured in the 

two mapping populations. For each graph, the X axis represents the trait values, while the 

Y axis represents the number of DH lines whose mean values were between the related 

figures on the X axis. The graphs were named serially by a, b, c, d, e, f, g, h, i, j, and k. 

Figures in the definition of some traits denote the experimental conditions i.e. 1.1 = 2 

weeks stress in 2004; 1.2 = 4 weeks stress in 2004; 2.1 = 2 weeks stress in 2005; 2.2 = 4 

weeks stress in 2005. 
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b. Leaf yellowing proportion 1.1 ofFranklin/TX9425 population 
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c. Leaf yellowing proportion 1.2 ofFranklin/TX9425 population 
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d. Plant survival ofFranklin/TX9425 population 

Fig. 6.2 Continued 
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f. Plant biomass reduction ofFranklin/TX9425 population 
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g. Leaf yellowing proportion 1.1 of Franklin/Y erong population 

Fig. 6.2 Continued 
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h. Plant survival ofFranklin/Y erong population 
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k. Plant biomass reduction ofFranklin/Y erong population 

Fig 6.2 Continued 

Table 6.2 Descriptive statistics of the investigated traits in the Franklin/TX9425 

population, with means of each parent, and minimum/maximum/mean values of DH lines 

and standard deviation (SD). 

Mean for :earents DH lines 
Traits TX9425 Franklin Minimum Maximum Mean SD 
Leaf yellowing proportion I .1 0.1 0.34 0.04 0.4 0.19 0.08 
Leaf yellowing proportion I .2 0.21 0.34 0.1 0.54 0.3 0.09 
Plant survival 0.93 0.74 0 1 0.55 0.28 
Leaf yellowing proportion2 .1 0.05 0.34 0.02 0.35 0.16 0.09 
Plant biomass reduction 0.37 0.51 0.18 0.71 0.43 0.11 

Table 6.3 Descriptive statistics of the investigated traits in the Franklin/Yerong 

population, with means of each parent, and minimum/maximum/mean values of DH lines 

and standard deviation. 

Traits 

leaf yellowing proportion I .1 
Plant biomass reduction 
Leaf yellowing proportion 2.1 
Leaf yellowing proportion 2.2 
Plant survival 

Mean for parents 

Y erong Franklin 

0.13 0.19 
0.28 0.44 
0.05 0.24 
0.28 0.38 
0.22 0.2 

Minimum 

0.04 
-0.05 
0 
0.15 

0 

DH lines 

Maximum Mean SD 

0.27 0.14 0.05 
1.05 0.39 0.19 
0.27 0.09 0.06 
0.65 0.34 0.08 

0.3 0.23 
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Table 6.4 Variance component estimates and broad-sense heritability (H2) for traits 

measured in waterlogging experiment in the populations ofFranklin/TX9425 DH lines. 

Variance component 
(estimate) DH line Replication 

Variable DH line residual Hz z ProbZ F ProbF 
Leaf yellowing 0.005 0.004 0.563 4.72 <.0001 0.51 0.6026 
proportionl .1 
Leaf yellowing 0.001 0.009 0.105 3.48 0.0003 4.06 0.0193 
proportionl .2 
Plant survival 0.044 0.1 0.306 3.27 0.0005 24.04 <.0001 

Leaf yellowing 0.006 0.003 0.712 4.92 <.0001 5.11 0.0268 
proportion 2.1 
Plant biomass 0.006 0.014 0.299 2.43 0.0075 17.03 <.0001 
reduction 

Table 6.5 Variance component estimates and broad-sense heritability (H2) for traits 

measured in waterlogging experiment in the populations ofFranklin/Yerong DH lines. 

Variance component 
(estimate) DH line Replication 

DH 
Variable line residual Hz z ProbZ ·F ProbF 
Leaf yellowing 0.002 0.004 0.336 5.43 <.0001 0.35 0.7082 
proportionl .1 
Leaf yellowing 0.003 0.012 0.198 3.69 <.0001 2.9 0.0565 
proportion 2.1 

Plant survival 0.027 0.081 0.251 4.43 <.0001 3.38 0.0352 

Leaf yellowing 0.003 0.002 0.574 6.58 <.0001 15.59 0.0001 
proportion 2.2 
Plant biomass 0.013 0.048 0.216 2.79 0.003 31.89 <.0001 
reduction 

6.3.1.2 Phenotypic correlations between traits in each population 

The Pearson correlation coefficients for correlations among the traits investigated in the 

greenhouse experiment are listed in Table 6.6 for the population of Franklin/TX9425 and 

Table 6. 7 for population of Franklin/Y erong. Among the investigated traits, significant 

positive correlations were found between all the leaf yellowing measurement, including 
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that between the different years (experiments). Significant positive correlations were 

found between all leaf chlorosis measurements and biomass reduction in the 

Frank:lin/TX9425 population, but not in the Franklin/Y erong population. Plant survival 

was poorly correlated with leaf chlorosis and only one of the correlations was significant. 

Plant biomass reduction and survival were not correlated with each other. 

Table 6.6 Correlations between trait values used in QTL analysis in Frank:lin/TX9425 

population. 1.1 = 2 weeks waterlogging stress in 2004; 1.2 = 4 weeks stress in 2004; 2.1 = 

2 weeks stress in 2005; *** = p < 0.005, ** = p < 0.01, * = p < 0.05; p = probability. 

Leaf 
yellowing Leaf yellowing Plant biomass 
proportion! .2 Plant survival proportion2.1 reduction 

Leaf yellowing 
proportionl.1 0.70*** 

Leaf yellowing 
proportion! .2 

Plant survival 

Leaf yellowing 
proportion2.1 

-0.07 

-0.34** 

0.67*** 0.47*** 

0.51 *** 0.28* 

0.06 0.20 

0.43*** 

Table 6. 7 Correlations between trait values used in QTL analysis in the population of 

Frank:lin/Y erong. 1.1 = 2 weeks waterlogging stress in 2004; 2.1 = 2 weeks stress in 

2005; 2.2 = 4 weeks stress in 2005; *** = p < 0.005, * = p < 0.05; p = probability. 

Leaf yellowing 
proportion 1.1 

Leaf yellowing 
proportion 2.1 

Leaf yellowing 
proportion 2.2 

Plant survival 

Leaf yellowing Leaf yellowing Plant 
proportion 2.1 proportion 2.2 survival 

0.32*** 0.29*** 0.20 

0.78*** -0.04 

0.00 

Plant biomass 
reduction 

-0.02 

OJ5* 

0.17* 

-0.11 

108 



Chapter 6 OTLs associated with barley waterlogging tolerance 

6.3.2 Identification of QTLs in the Franklin/TX9425 population 

Seed germination 

Only one QTL (tfgerm) for waterlogging tolerance of barley seeds at the germination 

stage was identified on chromosome lH (Table 6.8; Fig.6.3). This QTL explained 18.4% 

of the genetic variation. The Franklin allele at this locus increased the germination 

reduction rate under waterlogging stress. 

Leaf yellowing proportion 

Four QTLs (tjj;l.1-1, tfj;l.1-2, tfj;l.1-3 and tfj;l.1-4) controlling leaf yellowing after 

two-weeks waterlogging stress (2004) were identified (Table 6.8, Fig.6.3). The four 

QTLs explained 23.3%, 33.4%, 5.3% and 7.1 % of the genetic variation ofleaf chlorosis, 

respectively. A total of 69 .1 % of the variation for leaf chlorosis was explained by these 

QTLs. The QTL tfj;l.1-1 was located on chromosome 2H, both tfj;l.1-2 and tfj;l.1-3 were 

mapped to chromosome 3H, with a 65 cM distance between them, whereas tfj;l.1-4 was 

located on chromosome lH. For all the detected QTLs, the Franklin alleles increased leaf 

chlorosis while the TX9425 alleles decreased it.. 

Table 6.8 Characteristics of the detected QTLs explaining waterlogging related traits in 

Franklin/TX9425 population. 

Trait QTL Chr. Map LOD %of Parent 
position score variance allele 

Seed germination under if germ lH 30 3.13 18.4 Franklin 
flooding 
Leaf yellowing proportion 1.1 tfyl.1-1 2H 82-92 9.21 23.3 Franklin 
(two weeks stress, 2004) tfyl.1-2 3H 67-69 7.59 33.4 Franklin 

tfyl.1-3 3H 1 3.22 5.3 Franklin 
tfyl.1-4 lH 32-36 2.72 7.1 Franklin 

Leaf yellowing proportion 1.2 tfyl.2-1 3H 69 7.31 36 Franklin 
(four weeks stress, 2004) 
Leaf yellowing proportion 2.1 tfy2.1-1 3H 69-74 9.28 34.1 Franklin 
(two weeks stress, 2005) tfy2.1-2 7H 78-104 3.62 16 Franklin 

Plant survival tfsur-1 2H 49-67 3.29 19 Franklin 
tfsur-2 2H 95 2.7 13.2 TX9425 

Plant biomass reduction if mas 4H 45-49 2.75 16.3 Franklin 
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One QTL (tfj;l.2-1) was identified for leaf yellowing rate after four-weeks waterlogging 

(2004) treatment. It is mapped on chromosome 3H, explaining 36% of the genetic 

variation. The Franklin allele increased the yellowing leaf proportion. This is likely to be 

the same QTL as tfyl .1-2 as both located at a similar position on chromosome 3H and 

because it basically is a repeated measurement. 
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Fig.6.3 The Franklin/TX9425 linkage map showing the locations of QTLs for the traits 

analyzed. Each linkage group consists of a vertical bar on which the map positions and 

names ofloci are indicated. On the right, QTL intervals and QTL LOD graphs are shown. 

QTL intervals are specified by their start and end point, for each QTL, and an inner and an 

outer interval was specified. QTL graphs exported from MapChart software were 

specified by a reference to a text file containing the map positions and functional values 

(e.g., LOD values) of graph points. The Y axis of the graph corresponds to the linkage 

map with LOD scores on X axis. 
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Fig. 6.3 Continued 

Two QTLs (tfy2.1-1 and tfy2.1-2) were found for leaf yellowing rate in the experiment 

carried out in 2005. QTL tfy2.1-1 was located on chromosome 3H and another one 

(tfy 2.1-2) was mapped on chromosome 7H. These QTLs explained a total of 50.1 % of the 

genetic variation of leaf yellowing rate, with an individual effect of explaining 34.1 %, 

and 16% of the genetic variation, respectively. The Franklin allele increased the 

yellowing leaf proportion at both loci. QTL tfy2.1-1 is likely to be the same as tfyl.1-2 

and tfyl.2-1. 

Plant survival 

Two QTLs (tfsur-1 and tfsur-2) were found for plant survival rate after eight weeks 

continuous waterlogging stress. Both of them were located on chromosome 2H, 

explaining 19% and 13.2% of the genetic variation for this trait, respectively. These QTL 

were located onto different regions of chromosome 2H compare with the QTLs for leaf 

chlorosis. This confirms the statistical analysis results of no significant correlation 

between these two traits (Table 6.6). For the detected QTLs, the Franklin allele increased 

the survival rate of the plant at tfsur-J locus, whereas TX9425 allele increased plant 
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survival at the locus of tfsur-2. This may explain the strong transgressive segregation 

found for this trait. 
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Fig. 6.3 Continued 
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Reduction of plant biomass 

Although the difference in the reduction of plant biomass due to waterlogging stress 

between TX9425 and Franklin was small, one QTL (tfmas) was identified for plant dry 

weight reduction after two-weeks waterlogging stress. This QTL was mapped to 

chromosome 4H and explained 16.3% of the genetic variation ofthis trait. Compared to 

the TX9425 allele, the Franklin allele increased reduction of plant biomass. 

6.3.3 Identification of QTLs in the population of Franklin/Y erong 

Leaf yellowing proportion 

Three QTLs (yfy 1.1-1, yfy 1.1-2 and yfy 1.1-3) controlling leaf yellowing after two-weeks 

waterlogging stress (2004) were found on chromosome 3H, 2H and 5H, explaining 10%, 

8.9% and 8.6% of the genetic variation, respectively. For the detected QTLs, the Franklin 

alleles increased the yellowing rate at two QTLs (yfy 1.1-1 and yfy 1.1-2), whereas at the 

yfyl.1-3 locus the Yerong allele increased leaf yellowing proportion (Table 6.9, Fig.6.4). 

Table 6.9 Characteristics of the detected QTLs explaining waterlogging related traits in 

Franklin/Y erong population. 

Trait QTL Chr. Map LOD %of Parental 
position score variance allele 

(cM) 
Leaf yellowing yfyl.1-1 3H 28-31 2.74 10 Franklin 
proportion 1.1 (two yfyl.1-2 2H2 46-55 3.96 8.9 Franklin 
weeks stress, 2004) yfyl.1-3 SH 59 3.97 8.6 Yerong 

Leaf yellowing yfy2.l-l 7H 93-99 3.72 6.7 Franklin 
proportion 2.1 (two yfy2.l-2 3H 33-36 6.41 11.9 Franklin 
weeks stress, 2005) yfy2.l-l 4H 26-36 9.25 18.5 Franklin 
Leaf yellowing yfy2.2-l 3H 33-36 5.03 9.5 Franklin 
proportion 2.2 (four yfy2.2-2 lH 54 2.77 5 Yerong 

~eeks stress, 2005) yfy2.2-3 4H 26-36 10.37 22.4 Franklin 
Plant survival yfsur-1 2H2 44-46 3.15 7.1 Franklin 

yfsur-2 SH 46-58 5.05 13.1 Yerong 

Reduction of plant biomass yfbio 4H 25-31 3.03 8.2 Franklin 
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Fig.6.4 The Franklin/Y erong linkage map showing the locations of QTLs for the traits 

analyzed. Each linkage group consists of a vertical bar on which the map positions and 

names ofloci are indicated. On the right, QTL intervals and QTL LOD graphs are shown. 

QTL intervals are specified by their start and end point, for each QTL, and inner and an 

outer interval was specified. QTL graphs exported from MapChart software were 

specified by a reference to a text file containing the map positions and functional values 

(e.g., LOD values) of graph points. The Y axis of the graph corresponds to the linkage 

map and LOD scores on X axis. 
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Fig. 6.4 Continued 

Three QTLs (yjj; 2. 1-1, yjj; 2_ l-2 and yjj; 2. 1-3) were found forleaf yellowing rate after two 

weeks ofwaterlogging in the experiment carried out in 2005, these QTLs were located on 

chromosome 7H, 3H and 4H, explaining 6.7%, 11.9% and 18_5% of the genetic variation, 

respectively. The Franklin alleles increased the leaf yellowing proportion in all three 
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cases. QTLyfa2.1-2 may be the same asyfal.1-1 as they located at a similar position on 

chromosome 3H. 

Three QTLs (yfa2.2-1, yfa2.2-2 and yfa2.2-3) were found for leaf yellowing rate after four 

weeks waterlogging stress in the experiment carried out in 2005, these QTLs were located 

on chromosome 3H, lH and 4H, explaining 9.5%, 5.0% and 22.4% of the genetic 

variation, respectively. The Franklin allele increased leaf yellowing proportion at yf2.2'-1 

andyfl.2-3 loci, whereas the Yerong allele did so at the locus ofyj2.2-2. QTLyfa2.2-1 is 

likely to be the same as yfa2.1-2 as it is in an identical position on chromosome 3H. The 

same applies to QTLyfa2.1-1 andyfa2.2-3 on chromosome 4H. 
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Fig. 6.4 Continued 

Plant survival rate 

Chapter 6 OTLs associated with barley waterlogging tolerance 

Two QTLs (yfsur-1 and yfsur-2) were identified for plant survival rate after 8 weeks 

continuous waterlogging stress. They were located on chromosome 2H and 5H, 

explaining 7 .1 % and 13 .1 % of the genetic variation for this trait, respectively. The 

Franklin allele increased plant survival rate at. the yfsur-1 Iocus, and the Y erong allele 

increased plant survival rate at the yfsur-2 Iocus. 

Reduction of plant biomass 

Although the difference in the reduction of plant biomass between Y erong and Franklin 

was small after three weeks ofwaterlogging stress, one QTL (yfmas) was identified. This 

QTL was mapped on chromosome 4H, and it explained 16.3% of the genetic variation of 

this trait. It was mapped onto the same chromosome region with QTLs identified for leaf 

yellowing. This confirmed the statistical analysis results of significant correlation 

between these two traits (Table 6. 7). 
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Fig. 6.4 Continued 

6.3.4 Analysis of main effects, digenic epistatic effects and QE interaction effects for 

QTLs controlling leaf yellowing proportion. 

In this study, for the purpose of estimating and mapping QTLs for main effects at an 

individual locus, interaction between two different loci, and interactions between QTLs 

and environments, the marker genotype data and trait phenotypic data were analysed 
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using a two-dimensional QTL analysis method (QTLNetwork 2.0) (Yang et al. 2005). 

Four QTLs and one digenic epistatic interaction were identified for leaf yellowing 

proportion in the Franklin/TX9425 (P<0.005) population. The QTLs were named as "tf' 

along with the chromosomal number followed by the serial number. The genetic 

architecture information identified in this population was summarized to an informative 

QTL network map with the effect magnitudes being ignored (Fig. 6.5). These QTLs were 

located on chromosomes lH, 2H, 3H and 7H (Table 6.10, Fig 6.5), respectively. The 

QTL located on chromosome 3H has comparatively higher effect (Table 6.10), this is in 

accordance with the one-dimensional analysis by MapQTL5.0. An epistatic interaction 

was identified between a locus on chromosome 3H and a locus on chromosome 7H 

(Table 6.11). 

Table 6.10 Mapping results of single-locus effect QTLs significant at 0.005 level in 

Franklin/TX9425 population. QTLs are named with the relevant chromosome and the 

marker intervals. For example, the first QTL is named as 1-51, which means that this 

QTL was located at the 51 st marker interval of the group 1. A: the estimated additive 

effect; AEl: the predicted additive by environment interaction effect in 2004; AE2: the 

predicted additive by environment interaction effect in 2005 

Position 
QTL Chr. Interval (cM) A AEl AE2 
tfl-51 2H bPb-6088-bPb-4040 86-92 -0.013 -0.012 0.013 
tfl-27 3H bPb-2394-bPb-1301 60-61 -0.044 0.011 -0.011 
tf3-50 7H bPb-6821-bPb-8660 104-119 -0.026 0.009 -0.009 
tf5-26 lH bPb-8183-bPb-l 133 34-39 -0.013 -0.005 0.005 

Table 6.11 The two loci involved in epistatic interaction. AA: the estimated additive by 

additive effect; AAE 1: the predicted aa by environment interaction effect in 2004 

experiment; AAE2: the predicted aa by environment interaction effect in 2005 

experiment. 

Epistatic Position 
locus Chr. Interval (cM) AA AAEl AAE2 
tfl-39 3H bPb-0079-bPb-67 65 68-73 
tf3-2 7H bPb-3226-bPb-7628 0-7 0.023 0 0 
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Fig.6.5 ID visualization of the test statistics of genome scan for QTL and epistasis in 

FranklinffX9425 population. X axis is the different linkage groups starting with one on 

the left; Y axis is the F value for each detected QTL. 

Six QTLs were identified for leaf yellowing proportion in the population of 

Franklin/Yerong using two-dimensional QTL analysis (P < 0.005) (Table 6.12, Fig 6.6). 

The QTLs were named as "yf' along with the chromosomal number followed by the 

serial number. The whole genetic architecture information identified in this population 

was summarized to an informative QTL network map with the effect magnitudes being 

ignored (Fig.6.6). These QTLs were located on chromosomes 2Hl, 2H2, 3H, 4H, 5H and 

7H. The QTLs located on chromosomes 3H and 4H have comparatively higher effect 

(Table 6.12). The results are in accordance with the one-dimensional analysis by 

MapQTL 5.0. No epistatic interaction was identified in this population. 

Table 6.12 Mapping results of single-locus effect QTLs in Franklin/Yerong population. 

QTL is named with the relevant chromosome and the marker intervals. For example, the 

first QTL is named as 1-46, it means that this QTL was located at the 461h marker interval 

of group 1. A represents the estimated additive effect; AEl : the predicted additive by 
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environment interaction effect in 2004; AE2: the predicted additive by environment 

interaction effect in 2005 

Position 
QTL Chr. Interval (cM) A AEl AE2 
yfl-46 7H bPb-1952-bPb-42 l 9 98-112 0.011 -0.0045 0.0045 
yf2-22 3H bPb-6771-bPb-1822 33-37 0.017 -0.0042 0.0042 
yf5-25 2Hl bPb-9857-bPb-8204 33-42 0.011 0.0001 -0.0001 
yf6-21 2H2 bPb-5629-bPb-6835 40-55 0.006 0.0078 -0.0077 
yf7-ll 5H bPb-9476-bPb-7015 55-63 -0.009 -0.0056 0.0055 
yf8-6 4H bPb-8 l 64-Ebmac0679 26-35 0.020 -0.0072 0.0079 
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171.9 95.2 89.4 110.8 84.9 84.5 125. 1 129.~ 83.4 

Fig.6.6 lD visualization for the test statistics of genome scan for QTL and epistasis in 

population of Franklin/Y erong. X axis is the different linkage groups starting with one on 

the left; Y axis is the F value for each detected QTL. 

6.3.5 Comparison of QTLs associated with waterlogging tolerance in the two barley 

populations. 

Table 6.13 shows that in the population of Franklin/Y erong, most of the QTLs located on 
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a specific chromosome were mapped to the same or a very similar region. For example, 

on chromosome 3H, QTLyfyl.1-1, yfy2.l-l, yfy2.2-l are the same QTL controlling leaf 

yellowing proportion. QTLyfy2.l-l, yfy2.2-3 andyfinas were collocated on chromosome 

4H. Similarly, a QTL controlling leaf yellowing proportion were collocated with a QTL 

controlling plant survival on both of the chromosomes SH (yfy 1.1-3 and yfsur-2) and 2H 

(yfy 1.1-2 and yfsur-1). In Franklin/TX9425 population, some QTLs were also mapped to 

the same or a very similar region in each specific chromosome which has more than one 

QTL, For example, QTL tfyl.1-2, tfyl.2-1 and tfy2.l-l were co-located on chromosome 

3H, QTL tfyl.1-4 and tfgerm were co-located on chromosome lH, and QTL tfyl.1-1 and 

tfsur-2 were also mapped closely ort chromosome 2H. QTL tfsur-1, however, seems to be 

a different locus to other QTLs identified on chromosome 2H. 

Table 6.13 Comparison of QTLs identified in the two populations on a chromosome 

scale. The location in this table is based on each individual map. 

Chromosome Franklin/Y erong Franklin/TX9425 
QTLs location Effect QT Ls Location Effect 

lH 

2H 

3H 

4H 

SH 

7H 

(cM) (%) 
yfy2.2-2 54 5 

yfyl.1-2 
yfsur-1 

yfyl.1-1 
yfy2.l-2 
yfy2.2-l 

yfy2.l-l 
yfy2.2-3 
yfinas 

yfyl.1-3 
yfsur-2 

yfy2.l-l 

46-55 

44-46 

28-31 

33-36 
33-36 

26-36 
26-36 

25-31 

59 
46-58 

93-99 

8.9 
7.1 

10 

11.9 
9.5 

18.6 
22.4 

8.2 

8.6 
13.2 

6.7 

(cM) (%) 
tfyl.1-4 32-36 7.1 

tfgerm 30 18.4 

tfyl.1-1 82-92 23.3 

tfsur -1 49-67 19.1 

tfsur-2 95 13.2 

tfyl.1-2 67-69 33.4 

tfyl.1-3 1 5.3 

tfyl.2-1 68-69 36 

tfy2.l-l 69-74 34.1 

tfmas 45-49 16.3 

tfy2.l-2 78-104 16 
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In order to compare the QTLs identified in different populations or QTLs identified using 

different QTL analysis methods, the flanking markers of each QTL were relocated on the 

consensus map constructed using four different barley DH populations (Chapter 5). All 

the QTLs identified in this study are presented in Table 6.14. QTL tfyl.1-2, tfy2.1-1, 

yfy2.l-2 and yfy2.2-1, however, were not included in this table since, as explained 

earlier, they were likely to be the same as other QTLs. 

Table 6.14 Comparison of QTLs identified in the two mapping population by using 

different QTL analysis methods. This table shows the position of each QTL in the 

consensus map. 

Franklin/TX9425 Franklin/Y erong 
QTL Chr. interval QTL Chr. interval 
MapQTL MapQTL 
5.0 5.0 
tfgerm lH 88.8-92.2 yfy2.2-2 lH 46.6-58.8 
tfyl.1-4 lH 68.2 yfyl.1-2 2H 39.2-47.3 
tfyl.1-1 2H 74.2-85.3 yfsur-1 2H 37.1-38.5 
tfsur-1 2H 97.8 yfyl.1-1 3H 109.1-113.9 
tfsur-2 2H 71.0-79.7 yfy2.l-3 4H 108.1-118.4 
tfyl.1-3 3H 170.7 yfbio 4H 112.0-131.1 
tfyl.2-1 3H 102.5 yfyl.1-3 SH 103.7-103.8 
tfmas 4H 66.8 yfsur-2 SH 103.8-116.5 
tfy2.1-2 7H 44.9-68.6 yfy2.1-1 7H 63.6-69.2 

QTLN etwork2.0 QTLNetwork 2.0 
tf5-26 lH 65.0-68.2 yf5-25 2H 136.3-136. 7 
tfl-51 2H 74.2-74.7 y/6-21. 2H 39.2-47.3 
tfl-27 3H 114.4 yfl-22 3H 112.9 
tfl-39 3H 93.4-102.5 yf8-6 4H 108.1-112.0 
tf3-50 7H 31.0-44.4 yj7-11 SH 97.5-103.6 
tf3-2 7H 132.5-136.8 yfl-46 7H 63.6-63.7 

Table 6.14 shows that in the population ofFranklin/TX9425, QTLs identified using 

MapQTL 5.0 and QTLNetwork 2.0 were quite similar. For example, tfl-51 was the same 

QTL as tfyl.1-1; tfl-39 same as tfyl.2-1. tf3-50 same as tfy2.l-2; tf5-26 same as tfyl.1-4; 

However, no counterparts were identified for tf2-27 (located on chromosome 3H) and 

tf3-2 (located on 7H), this may due to the one-dimentional analysis failing to detect the 
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epistatic interactions between these two loci. While in the population of FranklinN erong, 

yfl-46was the same QTL asyfy2.1-l;yj2-22 co-located withyfyl.l-l;y/6-21 was the 

same QTL asyfyl.1-2;yj7-11 was the same QTL asyfyl.1-3; andyj8-6was the same 

QTL as yfy2.l-3. Among the QTLs identified in the FranklinN erong population, QTL 

yj5-25 was a different locus from other QTLs located on chromosome 2H. 

Table 6.15 Characterisation of QTLs or epistatic loci identified in this study, showing 

some SSR or RFLP markers closely linked to the QTLs based on a consensus map. 

QTL Consensus map 

Chr. interval Markers closely linked 

Franklin/TX9425 
tfgerm lH 88.8-92.2 WG789B 

t/5-26 lH 65.0-68.2 ABG464 
tfsur-1 2H 97.8 EBmatc39 
tfsur-2 2H 79.7 Bmag381 
tfl-51 2H 74.2-74.7 bBE54D 
tfyl.1-3 3H 170.7 ABG319B 
tfl-27 3H 114.4 CD0113 
tfl-39 3H 93.4-102.5 WG940;Myb 
tfmas 4H 66.8 CD0795; ABC321; WG232 
tf3-50 7H 31.0-44.4 ABC158; SSSl; KsuAlA 
tf3-2 7H 132.5-136.8 MWG635B; EBmac755 

Franklin/Yerong 
yfy2.2-2 lH 46.6-58.8 cMWG706A; ABC307 A 
yfsur-1 2H 37.1-38.5 MWG858 
y/5-25 2H 136.3-136.7 BCD266; ABG317B 
y/6-21 2H 39.2-47.3 MWG858; ABG358; ABG459 
yfl-22 3H 112.9 CD0113 
yjbio 4H . 112.0-131.1 HvMLOHl ;CD063; HVM67 
yf8-6 4H 108.1-112.0 Ebmac0679; WG 114; iHxk2; 
yfsur-2 SH 103.8-116.5 WG364; mSrh; KSUAl 
yf7-11 SH 97.5-103.6 WG364 

yfl-46 7H 63.6-63.7 MWG911 

In order to compare the QTLs identified in different populations, the flanking markers of 

each QTL were relocated on the consensus map constructed using four barley DH 

127 



Chapter 6 OTLs associated with barley waterlogging tolerance 

populations (in Chapter 5) including the two populations used in this study. Comparison 

of the identified QTLs between the two populations (Table 6. 13; Table 6.14; Figure 6.7) 

showed that many of the QTLs identified in Franklin/TX9425 mapped to similar 

chromosomal regions compared to those identified in Franklin/Y erong (such as QTLs 

identified on chromosome lH, 3H, and 7H), or were mapped to a very close location 

(QTLs identified on chromosome 2H and 4H) with distances ofless than 10 cM between 

QTL maxima (Figure 4). Some SSR and RFLP markers closely linked to the identified 

QTLs were selected from the consensus map and listed in Table 6.15. QTLs tfyl .1-4, 

tfyl.1-1, tfyl.2-1, tfy2.1-2; yfyl.1-2, yfyl.1-1, yfy2.1-3, and yfyl.1-3 were not included 

in this table because they are same as other QTLs. 
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Figure 6. 7 Comparison of quantitative trait loci (QTLs) identified for waterlogging 

tolerance in two different barley doubled haploid populations: tf = Franklin/TX9425; yf= 

Franklin/Y erong. Flanking markers of each QTL identified in the individual population 

were re-located on a barley composite map. A general name (such as Qwtl-1) was given 

to each chromosome region that was associated with different waterlogging tolerance 

related traits, the first number is the chromosome number, the second number is the serial 

number of regions identified on that chromosome. 
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6.4 Discussion 

6.4.1 Comparison of QTLs identified for waterlogging tolerance related traits 

in barley. 

Leaf yellowing proportion has been found to be high negatively correlated with grain 

yield which was regarded as the final criterion for waterlogging tolerance in wheat (van 

Ginkel 1992). Most of the early studies on waterlogging tolerance in wheat were based on 

leaf chlorosis or leaf/plant death (Cao et al. 1992, 1994, 1995; Cai et al. 1996). In barley, 

Hamachi et al (1989) found that screening for waterlogging tolerance by the amount of 

dead leaves was a useful criterion and the tolerance was under polygenic control, while 

Setter (1999) concluded that severity ofleaf chlorosis was not a good criterion. However, 

preliminary yield trials using the same genetic material as used in our crosses 

(unpublished data), showed that under waterlogging conditions, the yield reductions of 

Franklin (high yellow leaf proportion under waterlogging) and TX9425 (low yellow leaf 

proportion under waterlogging) were 86% and 28% in a pot experiment and 61 % and 

39% in a controlled field experiment. Since leaf chlorosis after waterlogging treatment 

showed high heritability (Chapter 3), this trait was used as the major criterion to test for 

waterlogging tolerance along with plant survival, plant biomass reduction and seed 

germination under waterlogging stress in the current study. 

The results of one-dimensional QTL analysis (MapQTL 5.0, Van Ooijen et al. 2001) 

showed that a total of 6 distinct QTLs were identified in the population from 

Franklin/TX9425, and 6 distinct QTLs were detected in the population of 

Franklin/Y erong. This conclusion was confirmed by the results of two-dimensional 

analysis (QTLNetwork 2.0, Yang et al. 2005) by relocating the flanking markers of each 

QTL on the consensus map constructed in chapter 5 of this thesis. It has also been 

demonstrated that the QTLs controlling leaf yellowing were very stable under different 

stress duration and between different experiments, some QTLs controlling leaf chlorosis 

were co-located with QTLs for other waterlogging related traits such as plant biomass, 

plant survival, and even with QTLs controlling waterlogging tolerance in barley seed. 

This result suggested that leaf yellowing proportion ( or leaf chlorosis) is an important 

stable selection criterion for barley waterlogging tolerance (Hamachi et al. 1989) which 

can be used practically in a barley breeding program. 
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The QTL analysis of two doubled haploid populations (Figure 6. 7) found at least seven 

distinct QTLs for waterlogging tolerance. It was also demonstrated that some QTLs 

controlling leaf chlorosis were very stable and were validated under different stress 

duration, between different experiments and different populations (Qwtl-1, Qwt3-l, and 

Qwt 7-1 ). Some QTLs affected multiple waterlogging tolerance related traits, for example, 

QTL Qwt4-1 contributed not only to reducing barley leaf chlorosis, but also increasing 

plant biomass under waterlogging stress, whereas other QTLs such as Qwt2-1, Qwt2-2 and 

Qwt5-1 controlled both leaf chlorosis and plant survival. This result suggested that leaf 

chlorosis is an important stable selection criterion for barley waterlogging tolerance 

which can be used practically in a barley breeding program. 

Accuracy of QTL mapping is important in implementing marker-assisted selection 

(MAS) for polygenic traits, and exact confidence intervals for QTL positions are not 

easily obtained (Visscher et al. 1996), although typical approximate confidence intervals 

for QTL positions are of the order of20 cM (Kearsey et al. 1998; Dekkers et al. 2002). 

The size of confidence intervals cannot continue to be reduced indefinitely by increasing 

marker density, so improvement of accuracy of location of QTL positions requires 

increased mapping population size (Stuber 1998). The results of this study shows that the 

positions of QTLs identified in the Franklin/Y erong population were more accurate and 

repeatable than those in the Franklin/TX9425 population by relocating the flanking 

marker of each QTL in a consensus map. Given the difference in the size of the 

populations, the effect of QTLs identified in the Franklin/TX9425 population could be 

overestimated compared to that in the Franklin/Y erong population. However, the high 

heritability ofwaterlogging tolerance related traits [14] may alleviate the overestimation 

of the QTLs identified in Franklin/TX9425. 

There is only one published report ofQTL for waterlogging tolerance in barley. Qian et 

al. (2005) found one SSR marker (WMC1E8) correlated with waterlogging tolerance 

based on content of chlorophyll in the second top leaf developed in a barley F2 population 

by constructing two DNA (tolerant and susceptible) bulks. The identified marker 

explained 29.9% of the total variation (Qian et al. 2005), and the authors deduced that this 

QTL was located on chromosome lH based on the published barley linkage maps 

(Scottish Crop Research Institute Barley, 1995). In our study we identified QTLs 

controlling leaf yellowing proportion in both populations on chromosome lH. However, 
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it is difficult to compare the position of the loci between the two studies because there are 

few shared markers between our map and that of Scottish Crop Research Institute. 

6.4.2 Comparison of QTLs controlling waterlogging tolerance in barley with that in 

other cereal crops. 

As has been reviewed in Chapter 2, genetic maps have allowed the identification of 

chromosomal regions that control some traits related to waterlogging stress response in 

several cereal species. Different segregating populations of rice, maize, wheat, and 

barnyard grass have been studied for diverse waterlogging related characteristics or 

criteria, such as plant survival, leaf senescence, and the extent of stimulation of shoot 

elongation caused by stress (Toojinda et al. 2003), waterlogged shoot growth and 

waterlogged root growth (Cakir et al. 2005), adventitious root formation and leaf injury 

(Mano et al. 2005; Mano et al. 2006). Quantitative trait loci (QTLs) controlling flooding 

or waterlogging have been identified in these species based on many different traits. 

Comparison of genetic mechanisms ofwaterlogging or flooding tolerance among 

different crops remains difficult because different waterlogging related traits were used 

for QTL analysis in these studies. Another difficulty for comparing QTLs identified for 

waterlogging tolerance in different species is the lack of common markers among 

different genetic linkage maps, sometimes even among different populations within the 

same species. Different marker nomenclature among researchers also contributed to the 

reduced value of these comparative mapping studies. 

Comparison of some major QTLs controlling waterlogging or flooding tolerance based 

on the same sub-traits, however, has provided some interesting information. For example, 

a major QTL controlling waterlogging tolerance based on dry matter production in maize 

was located on chromosome 1 (Mano et al. 2006). In our experiment, a QTL controlling 

plant biomass under waterlogging stress was identified on chromosome 4H. Comparative 

mapping showed that maize chromosome 1 had a highly homoeologous relationship with 

chromosome 4 in wheat (Ahn et al. 1993) and 4H in barley (Linde-Laursen et al. 1997). 

The QTLs controlling rice percent plant survival under submergence stress were mapped 

to chromosome 7, 9, and 10, and the QTL located on chromosome 9 was the most 

significant one. In barley, the QTLs contributing to plant survival were located on 
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chromosomes 2H and 5H. According to comparative mapping in the grass family, rice 

chromosome 2 had a homologous relationship with wheat chromosome 5L and 

chromosome 2 in maize (Ahn et al. 1993). Comparison of homologous relations between 

wheat and maize showed that maize chromosome 2 also corresponds to chromosome 2 in 

wheat (Ahn et al. 1993), so it can be deduced that rice chromosome 9 is homologous with 

barley chromosome 2H and 5H (Linde-Laursen et al. 1997). 

The major QTLs controlling leaf senescence have been identified in rice and maize, they 

were located on chromosome 9 and chromosome 1 in the rice and maize genome, 

respectively. The QTLs controlling barley flooding tolerance based on leaf chlorosis have 

also been identified in this study, two major QTLs were located on chromosome 3H and 

4H. The maize chromosome 1 corresponded to chromosome 4 and 3L in wheat (Ahn et al. 

1993), hence corresponding to chromosome 4H and 3H. However, no homologous 

relationship between rice chromosome 9 and barley chromosome 3H and 4H can be 

deduced from the comparative mapping. 

These comparisons demonstrated that QTLs controlling leaf senescence and dry matter 

production in maize and barley could be homoalleles in different genetic backgrounds. 

Similarly, the QTLs controlling plant survival in barley could also be the corresponding 

allele controlling plant survival in rice. However, the QTLs controlling leaf senescence in 

barley are different from that in rice because that were mapped to chromosomes with no 

known homologous relationships. 

6.4.3 Comparison of genetic mechanisms of barley waterlogging tolerance with 

some other abiotic stress tolerances in barley. 

Comparison of genetic mechanisms of barley responding to different soil-based abiotic 

stresses, such as drought, salinity, and metal toxicity with that to waterlogging stress may 

provide us with fundamental knowledge on how to improve waterlogging tolerance in 

barley. These abiotic stresses are often occurring simultaneously or sequentially (Ashraf 

et al. 2004). 

QTL analysis of physiological traits and agronomic traits related to drought tolerance 

have been reported from controlled environment and field data (Teulat et al. 1997a, 1998, 

2001a,b, 2002; Teulat-Merah et al. 2000, 2003; This et al. 2000). The results of these 
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studies showed that four hot spots for physiological traits overlapping with agronomic 

traits were on chromosome 2H (centromeric region), 4H (long arm), 6H (long arm) and 

7H ( centromeric region). The hot spot on 4H showed an association with grain yield, but 

the others were associated with important yield components such as number of grain per 

spike, number of fertile tillers, dry aerial biomass and harvest index. Most associations of 

physiological QTLs were with agronomic QTLs for thousand grain weight. Other 

interesting physiological/agronomic associations were found on chromosome 5H 

between carbon isotope discrimination and thousand grain weight, and on chromosome 

6H between carbon isotope discrimination and several yield components, including 

thousand grain weight. Foster et al (2004) identified significant QTLs for each drought 

tolerance related trait. For plant height, twelve different chromosome regions were 

identified. The largest effect, which was common across environments, was on 

chromosome 3H in a region containing the semi-dwarf gene, sdw 1. Four QTLs for 

relative water content were located on chromosome 2H and 7H. Two QTLs influencing 

heading date were detected on chromosome 3H and 7H. A large number of QTLs were 

found for grain yield, the positive alleles for increasing yield were mainly contributed by 

H vulgare, but in five cases, the positive alleles originated from H spontaneum. Two of 

these H spontaneum QTLs were detected across the environments and located on 

chromosome 2H and 5H (Foster et al. 2004). 

Sixteen primary QTLs controlling salt tolerance were revealed in a barley doubled 

haploid population (Ellis et al. 2002). Twelve QTLs were identified for seedling traits and 

four were for mature plant traits and plot yield. The largest individual QTL effects were 

associated with the chromosomal regions around the two dwarfing genes sdwl (3H) and 

ari-e.GP (5H) that were segregating in the DHs. Among the 16 QTLs identified, 7 QTLs 

were co-located with the dwarfing genes sdwl, on chromosome 3H, and ari-e.GP, on 

chromosome 5H, including seedling leaf response to gibberellic acid (GA3). QTLs 

controlling the growth ofleaves on chromosome 2H and 3H and emergence of tillers and 

grain yield were independent of the dwarfing genes (Ellis et al. 2002). Dadshani et al. 

(2004) recently evaluated the Oregon Wolfe Barley (OWB) mapping population for 

identification of QTLs for salt tolerance traits. Germination and early seedling growth 

were used to evaluate the salinity tolerance expression in the mapping population. Three 

chromosome regions were found to correlate with salinity evaluation scores of the OWB 
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population. Two were located on chromosome SH and one on chromosome 7H (Dadshani 

et al. 2004). The QTLs for salt tolerance at germination have also been described for the 

Harrington I TR306 population on chromosomes lH and SH and for the Steptoe I Morex 

population on chromosomes 4H, SH and 6H (Mano et al. 1997). 

QTL studies have shown that the Al tolerance gene (Alp2) in Yambla/WB229 population 

is located on the long arm of chromosome 4H (Raman et al. 2001) and a similar genomic 

region is involved for tolerance (Alp) in Dayton/Harlan Hybrid population (Minella and 

Sorrells, 1997; Tang et al. 2000). The results of an F2 population of Harrington I 

Brindabella indicated that a major QTL, controlled by the Al tolerant parent Brindabella, 

was identified on 4H. Microsatellite markers Bmacl86 and Bmac310 showed a highly 

significant association with the Al tolerance gene and therefore can be used as markers 

for selection of the Al tolerance gene from Brindabella (Alp3) (Raman et al. 2003 ). It 

appears that homologous genomic regions may be involved in aluminium tolerance in 

barley. 

Comparison of the QTLs previously identified in barley for the tolerance to drought, 

salinity, and aluminium with the QTLs identified for tolerance to waterlogging stress in 

this study gives some interesting information. Among the seven barley chromosomes, 

chromosomes 3H, 4H and SH carry QTLs for tolerance to all of the four abiotic stresses 

mentioned above, and chromosome 2H only carries QTLs for waterlogging and drought 

tolerance. Chromosomes lH, 6H, and 7H carry QTLs for three of the above stresses, no 

QTLs for waterlogging tolerance were mapped on barley chromosome 6H, and no QTLs 

for aluminium tolerance were mapped on chromosome lH and 7H. However, in respect 

of QTL effects, chromosomes 2H, 3H, 4H, SH and 7H often carry QTLs with large 

effects of tolerance, chromosomes 1 H and 6H seem less important for abiotic stress 

tolerance. The comparison also showed that QTLs on chromosome 3H for drought 

tolerance (Forster et al. 2004) and that for salt tolerance (Ellis et al. 2002) were collated 

with the dwarfing gene sdw 1. Compare to other chromosomes, 3H also carries the largest 

number of QTLs for waterlogging tolerance in barley, and most QTLs on this 

chromosome were co-located in the same region. It seems that chromosome 3H contains 

genes or QTLs with multi-effects for different abiotic stresses. 
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6.4.4 Identification of molecular markers with high potential in barley breeding 

programs by integration of genetic information gained from individual mapping 

studies. 

As it has been demonstrated in this study, and in other previously published studies 

(Jaccoud et al. 2001), diversity array technology (DArT) is very efficient for 

whole-genome profiling (Wenzl et al. 2004). Due to its non-dependence on sequencing 

information, high throughput, low cost, and the ability to easily convert them into other 

types of markers, DArT could enhance the utility of marker assisted selection in plant 

breeding programs (Wenzl et al 2006). However, this technique is still limited to only a 

few labs at this stage, and most plant breeders can not access this marker system. In order 

to provide plant breeders with practically useful molecular markers in improving barley 

waterlogging tolerance, a barley consensus map was constructed to link DArT markers 

with some SSR and RFLP markers which have been previously developed and applied 

widely in barley mapping studies. 

QTLs controlling waterlogging tolerance in barley have been identified in this study, and 

the flanking markers of each QTL were relocated on a consensus map constructed using 

four different barley DH populations (Chapter 5). Some SSR or RFLP markers closely 

linked to these QTLs were selected. If barley breeders can access the SSR and RFLP 

markers that are associated with the genes or QTLs identified in this study, then these 

genes or QTLs would allow for marker assisted selection (MAS). In the future it is 

expected that DArT will be more widely applied, given its ease of use compare to other 

types of markers (Jaccoud et al 2001; Wenzl et al. 2004, 2006). 

Improving waterlogging tolerance in barley is at an early stage compared with other 

traits, but could benefit more from MAS efficiencies. The potential to use MAS in 

combination with traditional field selection will significantly enhance the progress in 

improving barley waterlogging tolerance in barley. 
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Chapter 7 General discussions and conclusions 

7.1 Quantitative inheritance of waterlogging tolerance in barley 

A 6 X 6 half diallel analysis was conducted in barley from crosses of three waterlogging 

tolerant Chinese cultivars and three susceptible Australian or Japanese cultivars to 

investigate the genetic control of waterlogging. Leaf chlorosis (leaf yellowing 

proportion) was used as the indicator of waterlogging tolerance. High heritability (h28 = 

h2N = 0.73) of waterlogging tolerance indicated that selection in early generations could 

be very efficient. However, results from chapter 6 suggested that waterlogging tolerance 

was complicated since the heritability for this trait varied between populations and 

experiments. The continuous distribution of waterlogging tolerance in a doubled haploid 

(DH) population generated from a cross between TX9425 (tolerant) and Naso Nijo 

(susceptible) in chapter 3 and other two populations in chapter 6 indicated that the 

tolerance was likely to be controlled by multiple genes, which is consistent with the 

earlier report by Hamachi et al (1989) but different from the results in wheat (Cao et al. 

1992, 1995), in which a single gene was involved in waterlogging tolerance based on leaf 

chlorosis. The complicated characteristics of waterlogging tolerance in barley have made 

QTL identification and marker-assisted selection more valuable in barley breeding 

programs. 

7.2 Validation of the robustness of DArT in a large mapping population 

DArT is a new high throughput microarray-based marker system. The microarray 

platform makes genotyping very efficient because all markers on a particular DArT array 

are scored simultaneously (Jaccoud et al. 2001; Wenzl et al. 2004). However, due to the 

fact that all the reported experiments using DArT have been based on studies with a 

sample size of less than 96 ( one microtiter plate), validation of the robustness of the 

marker system was undertaken by DArT genotyping individuals of the same DH 

population in two separate batches, constructing separate linkage maps and comparing 

the co-linearity of the markers in each map. The result showed that although one more 

linkage group was obtained in the smaller batch (88 compared to 92 individuals), all of 

the 496 common markers assayed over the two sets of progenies were assigned to exactly 
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the same barley chromosomes. The marker order was highly similar between the two 

maps with only minor rearrangements of marker orders at intervals of less than 5 cM. 

These comparisons demonstrated that DArT was very robust when it was used for 

genotyping a large number of individuals across different assays. The feature of 

high-throughput and independence from sequence information (Wenzl 2006), together 

with robustness should enable routine use of DArT markers in plant breeding programs. 

7.3 Construction of linkage maps in two barley mapping population 

For the purpose of identification of quantitative trait loci controlling waterlogging 

tolerance in barley, two linkage maps were constructed using two different DH 

populations. The linkage map constructed using 92 DH lines from the cross between 

TX9425/Franklin comprised of 412 DArT, 27 SSR and 81 AFLP markers which were 

organized into 8 linkage groups, instead of the expected 7 groups, because chromosome 

6H was split into two groups. The linkage map constructed using 180 DH lines from 

Y erong/Franklin was based on 496 DArT and 22 SSR markers, which were assigned to 9 

linkage groups with chromosomes lH and 2 H split into two fragments. The total length 

of these linkage maps was similar to some AFLP linkage maps with total map lengths of 

900-1100 cM (Powell et al. 1997; Yin et al. 1999), but was shorter than other barley 

linkage maps mainly based on RFLP or SSR markers with total lengths of 1100-1300 cM 

(Kleinhofs et al. 1993; Ramsay et al 2000). It has been reported that maps constructed 

using Joinmap are often shorter than those constructed using MAPMAKER (Sewell et 

al.1999 in loblolly pine and Qi et al.1996 in barley). The size difference between this 

map and other published maps may also result from lower genome homology between the 

two parents of this cross, reducing recombination frequency in the Fl and map size 

(Bonierbale et al. 1988; Gebhardt et al. 1991; Vaillancourt and Slinkard 1993; Paillard et 

al. 1996). 

7.4 Construction of a new barley consensus map 

For the purpose of integrating the genetic information contained in different linkage maps 

constructed using DArT, SSR and RFLP markers, a consensus map was constructed 

using four barley crosses. The consensus map comprised 2, 111 markers arranged into 

seven linkage groups. It spanned a total length of 1,136 cM. The marker density of this 

map was considerably higher than that in previously published barley consensus maps 
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(Langridge et al. 1995; Qi et al. 1996; Karakousis et al. 2003; Diab et al. 2006). Such a 

consensus map could serve as a useful tool for molecular breeding in barley and as a basis 

for studies of genome organization and evolution. For example, many more markers 

showed segregation distortion than expected. Out of the 2975 markers used across all 

four populations 21.1 %, 10.9%, and 7 .9% exhibited segregation distortion at 5%, 1 %, and 

0.5% probability threshold respectively. DArT markers were not more likely to show 

segregation distortion than other marker types. Of the 635 markers showing aberrant 

segregation in the four populations, 459 markers were located in 16 putative segregation 

distortion regions (SDR). The SDRs were identified on all seven barley chromosomes, 

but they were unevenly distributed over the seven chromosomes and their size varied 

from 4 to 46 cM. Ten of the SDRs were found in at least two populations and several at a 

consistent map location over the four populations. Further studies are needed to 

determine the molecular basis of segregation distortion. 

7.5 Characterization of quantitative trait loci (QTLs) associated with waterlogging 

tolerance in barley 

In chapter 6 of this thesis, the identification and validation of QTLs controlling 

waterlogging tolerance in barley was reported. QTL analysis showed that a total of 6 

distinct QTLs were identified for the waterlogging related traits in the Franklin/TX9425 

population, and 6 QTLs were detected in the population of Franklin/Y erong. In addition, 

another QTL was detected which operated through the interactions between two different 

loci. By relocating the flanking markers of each QTL onto the consensus map, 

comparative mapping of QTLs between two doubled haploid populations (Figure 6.7) 

found at least seven distinct QTLs for waterlogging tolerance. It was also demonstrated 

that some QTLs controlling leaf chlorosis were very stable and were validated under 

different stress duration, between different experiments and different populations 

(Qw1l-l, Qw13-1, and Qw17-1). Some QTLs affected multiple waterlogging tolerance 

related traits, for example, QTL Qw14-1 contributed not only to reducing barley leaf 

chlorosis, but also increasing plant biomass under waterlogging stress, whereas other 

QTLs such as Qw12-1, Qw12-2 and Qw15-1 controlled both leaf chlorosis and plant survival. 

This result suggested that leaf chlorosis is an important stable selection criterion for 

barley waterlogging tolerance which can be used practically in a barley breeding 

program. Further experiments are needed to identify other and validate the waterlogging 
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tolerance QTLs we discovered and explore the stability and yield benefits of these QTLs 

in field experiments. However, it is clear that marker-assisted selection could be a very 

valuable tool for improving waterlogging tolerance in barley. 

139 



References 

References 

Abe J, and Tsuda C, 1988: Distorted segregation in the backcross progeny between Beta 

vulgaris L. and B. macrocarpa Guss. Jpn J Breeding 3 8: 309-318. 

Ahn S, Anderson J A, Sorrells ME, Tanksley SD 1993: Homoeologous relationships of 

rice, wheat and maize chromosomes. Mo/ Gen Genet 241: 483-490. 

Akbari M, Wenzl P, Vanessa C, Carling J, Xia L, Yang S, Uszynski G, Mohler V, 

Lehmensiek A, Kuchel H, Hayden MJ, Howes N, Sharp P, Rathmell B, Vaughan P, 

Huttner E, Kilian A, 2006: Diversity Arrays Technology (DArT) for 

high-throughput profiling of the hexaploid wheat genome. Theor Appl Genet. 113 

(8): 1409-1420. 

Akkaya MG, Bhawat A and Cregan PB, 1992: Length polymorphisms of simple 

sequence repeat DNA in soybean. Genetics 132:1131-1139. 

Allard RW, 1988: Genetic changes associated with the evolution of adaptedness in 

cultivated plants and their wild progenitors. Heredity 79: 225-238. 

Alpert K, Tanksley S, 1996: High resolution mapping and isolation of a yeast artificial 

chromosome containing.fw2.2-a major fruit weight quantitative trait locus in 

tomato. Proc Natl Acad Sci 93: 15503-15507. 

Areshchenkova T and Ganal MW, 1999: Long tomato microsatellites are predominantly 

associated with centromeric regions. Genome 42:536-544. 

Armstrong J: Pathways and mechanisms of aeration in Phragmites australis. PhD thesis. 

University of Hull, Hull, UK; 1992. 

Armstrong J, Afreen-Zobayed F, and Beckett PM, 1992: Phragmites australis: Venturi

and humidity-induced convections enhance rhizome aeration and rhizosphere 

oxidation. New Physiol 120: 197-207 .. 

Armstrong J, Afreen-Zobayed F, and Van der Putten WH, 1996: Phragmites die-back: 

bud and root death, blockages within the aeration and vascular systems and the 

possible role ofphytotoxins. New Physiol 133: 399-414. 

Armstrong J, Afreen-Zobayed F, Wu Z, Afreen-Zobayed F, 1996: A role for phytotoxins 

in the Phragmites die-back syndrome? Folia Geobotanica et Phytotaxonomica 31: 

127-142. 

Armstrong W, 1967: The relationship between oxidation-reduction potentials and oxygen 

diffusion levels in some waterlogged organic coils. J Soil Sci 18: 27-34. 

140 



References 

Armstrong W: Aeration in higher plants. In Advances in Botanical Research. Edited by 

Woolhouse HW, Academic Press, London; 1979: 225-332, 

Armstrong Wand Beckett PM, 1987: Internal aeration and the development of stellar 

anoxia in submerged roots: A multishelled mathematical model conbining axial 

diffusion of oxygen in the cortex with radial losses to the stele, the wall layers and 

the rhizophere. New phytol 105: 221-245. 

Armstrong W, Justin S, Beckett PM and Lythe S: Root adaptation to soil waterlogging. 

Aquat Bot 39: 57-73. 

Armstrong W, Beckett PM, Justin SHFW, Lythe S, 1991: Modeling and other aspects of 

root aeration by diffusion. In Plant life under oxygen deprivation, Edtied by 

Jackson MB and Davies DD. The Hague, The Netherlands. SPB Academic 

Publishing; 1991: 267- 282. 

Armstrong W, Brandle Rand Jackson MB, 1994~ Mechanisims of flood tolerance in 

plants. Acta Botanica Neerlandia 43: 307-358. 

Armstrong W: Polarographic oxygen electrodes and their-use in plant aeration studies. 

Proceedings of the Royal Society of Edinburgh; 1028: 511- 528; 1994. 

Armstrong JV and Sell PD. 1996: A revision of the British elms (Ulmus L., Ulmaceae): 

the historical background. Bot J Linn Socl20: 39- 50. 

Arru L, Niks RE, Lindhout P, Vale G, Francia E, and Pecchioni N, 2002: Genomic 

regions determing resistance to leaf stripe (Pyrenophora graminea) in barley. 

Genome 45: 460-466. 

AshrafM, Harris PJC: Abiotic stresses: plant resistance through breeding and molecular 

approaches. Food Products Press, an imprint of The Haworth Press, Inc., 10 Alice 

Street, Binghamton, NY; 2004. 

Asins MJ, Mestre P, Garcia JE, Dicenta F, and Carbonell EA, 1994: Genotype and 

environment interaction in QTL analysis of an intervarietal almond cross by means 

of genetic markers. Theor Appl Genet 89: 358-364. 

Asins MJ, 2002: Present and future of quantitative trait locus analysis in plant breeding. 

Plant Breeding 121: 281-291. 

Attari EL, Rebai A, Hayes PM, Barrault G, Dechamp-Guillaume G, and Sarrafi A, 1998: 

Potential of doubled haploid lines and localization of quantitative trait loci (QTL) 

for partial resistance to bacterial leaf streak (Xanthomonas campestris pv. hordei) in 

barley. Theor Appl Genet 96: 95-100. 

141 

' ~ -' 

CJ; ~ 
&,,=.:: 
LI.,. 
C J 



References 

Backes G, Graner A, Foroughi-Wehr B, Fischbeck G, Wenzel G, Jahoor A, 1995: 

Localization of quantitative trait loci (QTL) for agronomically important characters 

by the use of a RFLP map in barley (Hordeum vulgare L.). Theor Appl Genet 90: 

294-302. 

Backes G, Schwarz G, Wenzel G, and Jahoor A, 1996: Comparison between QTL 

analysis of powdery mildew resistance in barley based on detached primary leaves 

and on field data. Plant Breeding 115: 419-421. 

Ball BC, Robertson EAG, 1990: Straw incorporation and tillage methods: straw 

decomposition, denitrification and growth and yield of winter barley. Journal of 

Agricultural Engineering Research 46 (4): 223-243. 

Bandyopadhyay BK, Sen HS, 1992: Effects of excess soil water conditions for a short 

period on growth and nutrition of crops on coastal saline soil. Journal of the Indian 

Society of Soil Science 40 (4): 823-827. 

Bao XM, 1997. Study on identification stage and index ofwaterlogging tolerance in 

various wheat genotypes (Triticum aestivum L.). Acta Agriculturae Shanghai 13: 

32-38. 

Barr A, Eglinton J, Langridge P, Warner P, and Chalmers K: Marker assisted selection -

where to now? Proceedings of the 10th Australian Barley Technical Symposium. 

Gelong, Australia.; 2001. 

Barrett BA and Kidwell KK, 1998: AFLP-based genetic diversity assessment among 

wheat cultivars from the Pacific Northwest. Crop Sci 38: 1261-1271. 

Barrett-Lennard EG, 2003: The interaction between waterlogging and salinity in higher 

plants: causes, consequences and implications. Plant Soil 253: 35-54. 

Beavis WD, Grant D, 1991: A linkage map based on information from four F2 

populations of Maize (Zea mays L.). Theor Appl Genet 82: 636-644. 

Beavis WD, 1998: In Molecular Dissection of Complex Traits. Edited by Paterson AH. 

CRC Press, Boca Raton, FL; 1998: 145-162. 

Becker J, and Heun M, 1995: Barley microsatellites: allele variation and mapping. Plant 

Mo! Bio 27: 835-845. 

Becker J, Vos P, Kuiper M, Salamini F, Heun M, 1995: Combined mapping of AFLP and 

RFLP markers in Barley. Mo! Gen Genet 249: 65-73. 

Beecher B, Smidansky ED, See D, Blake TK, Giroux MJ, 2001: Mapping and sequence 

analysis of barley hordoindolines. Theor Appl Genet 102: 833-840. 

142 



References 

Beecher B, Bowman J, Martin JM, Bettge AD, Morris CF, Blake TK, and Giroux MJ, 

2002: Hordoindolines are associated with a major endosperm-texture QTL in 

barley (Hordeum vulgare). Genome 45: 584-591. 

Belay G, Tesemma T, Bechere E, Mitiku D, 1995: Natural and human selection for 

purple-grain tetraploid wheats in the Ethiopian highlands. Genet Resour Crop Ev 

42 (4): 387-391. 

Belford R K, Dracup M and Tennant D, 1992: Limitations to growth and yield of cereal 

and lupin crops on duplex soils. Aust J Exp Agric 32, 929-45. 

Belford RK: In The Barley Book. Edited by Young K,Dept. of Agriculture, Western 

Australia; 1995: 17-22. 

Benjamin LR, Green H, 1979: Effects of a range of 0 2 concentration on porosity of barley 

roots and on their sugar and protein concentrations. Ann Bot 43: 383-391. 

Bennett MD and Smith JB, 1976: Nuclear DNA amounts in angiosperms. Philos Trans R. 

Soc Lond Ser B 274: 227-274. 

Bernacchi D, Tanksley SD, 1997: An interspecific backcross of Lycopersicon esculentum 

X L.hirsutum: linkage analysis and a QTL study of sexual compatibility factors and 

floral traits. Genetics 147: 861-877. 

Bezant J, Laurie D, Pratchett N, Chojecki J, and Kearsey M, 1996: Marker regression 

mapping of QTL controlling flowering time and plant height in a spring barley 

(Hordeum vulgare L.) cross. Heredity 77: 64-73. 

Bezant JH, Laurie DA, Pratchett N, Chojecki J, and Kearsey MJ, 1997: Mapping of 

QTLcontrolling NIR predicted hot water extract and grain nitrogen content in a 

spring barley cross using marker-regression. Plant Breeding 116: 141-145. 

Bezant JH, Laurie DA, Pratchett N, Chojecki J, and Kearsey MJ, 1997: Mapping QTL 

controlling yield and yield components in a spring barley (Hordeum vulgare L.) 

cross using marker-regression. Mol Breeding 3: 29-38. 

Bohn M, Utz HF and Melchinger AE, 1999: Genetic similarities among winter wheat 

cultivars determined on the basis ofRFLPs, AFLPs, and SSRs and their use for 

predicting progeny variance. Crop Sci 39: 228-237. 

Bohuon EJR, Ramsay LD, Craft JA, Arthur AE, Marshall DF, Lydiate DJ, and Kearsey 

MJ, 1998: The association of flowering time QTL with duplicated regions and 

candidate loci inBrassica oleracea. Genetics 150: 393-401. 

Boivin K, Deu M, Rami JF, Trouche G, and Hamon P, 1999: Towards a saturated 

143 



References 

sorghum map using RFLP and AFLP markers. Theor Appl Genet 98: 320-328. 

Bonierbale MW, Plaisted RL, Tanksley SD, 1988: RFLP maps based on a common set of 

clones reveal modes of chromosomal evolution in potato and tomato. Genetics 120: 

1095-1103. 

Borem A, Mather DE, Rasmusson DC, Fulcher RG, and Hayes PM, 1999: Mapping 

quantitative trait loci for starch granule traits in barley. J Cereal Sci 29: 153-160. 

Bomer A, Buck-Sorlin GH, Hayes PM, Malyshev S, Korzun V, 2002: Molecular 

mapping of major genes and quantitative trait loci determining flowering time in 

response to photoperiod in barley. Plant Breeding 121: 129-134. 

Boru G: Expression and Inheritance of Tolerance to Waterlogging Stresses in Wheat 

(Triticum aestivum L.). PhD Thesis. Oregon State University, Corvallis, OR; 1996. 

Boru G, Van Ginkel M, Kronstad WE, Boersma L, 2001: Expression and inheritance of 

tolerance to waterlogging stress in wheat. Euphytica 117: 91-98. 

Botstein D, White R, Skolnick M, Davis R, 1980: Construction of a genetic linkage map 

in man using restriction fragment length polymorphisms. Am J Hum Genet 32: 314-331. 

Bourget SJ, Finn BJ, Dow BK, 1996: Effects of different soil moisture tensions on flax 

and cereals. Can J Soil Sci 46, 213-216. 

Bradshaw HD, stettler RF, 1994: Molecular genetics of growth and development in 

Populus II: Segregation distortion due to genetic load. Theor Appl Genet 89: 

551-558. 

Brummer EC, Graef GL, Orf J, Wilcox JR, and Shoemaker RC, 1997: Mapping QTL for 

seed proteins and oil content in eight soybean populations. Crop Sci. 37: 370-378. 

Brzustowicz LM, Merette C, Xie X, Towsend L, Gillian TC, and Ott J, 1993: Molecular 

and statistical approaches to the detection and correction of errors in genotyping 

database. Am J Hum Genet 53: 1137-1145. 

Bundock PC, Hayden M, Vaillancourt RE, 2000: Linkage maps of Eucalyptus globulus 

using RAPD and microsatellite markers. Silvae Genet 49: 223-232. 

Burgos ST, Stam P, Schmid JE, 2001: Agronomic and physiological study of cold and 

flooding tolerance of spelt (Triticum spelta L.) and wheat (Triticum aestivum L.). J 

Agronomy & Crop Sci 187: 195-202. 

Burrows WJ and Carr DJ, 1969: Effects of flooding the root system of sunflower plants on 

the cytokinin content in the xylem sap. Physiologica Plantarum 22: 1105-1109. 

Cai SB, Cao Y, Fang XW. 1996. Studies on the variability and combining ability of 

144 



References 

waterlogging tolerance in common wheat. Jiangsu Journal of Agricultural 

Sciencel2:l-5. 

Cakir M, Appels R, Waters I, Verbyla A, Drake-Bjockman F, Carter M, Setter T: 

Mapping QTLs for waterlogging tolerance in wheat. Plant & Animal Genomes XIII 

Conference, January 15-19, 2005, San Diego, CA, USA; 2005. 

Calinski T, Kaczmarek Z, Krajewski P, Frovas C, Sari-Gorla M, 2000: A multivariate 

approach to the problem of QTL localization. Heredity 84: 303-310. 

Campbell DJ, Dickson JW, Ball BC, Hunter R, 1986: Controlled seedbed traffic after 

ploughing or direct drilling under winter barley in Scotland. Soil and Tillage Res 8: 

3-28. 

Cannell RQ, Belford RK, Gales K, Thomson RJ and Webster CP, 1984: Effects of 

waterlogging at different stages of development on the growth and yield of winter 

wheat. J Sci Food Agric 31: 117-132. 

Cao Y, Cai SB, Zhu Wand Fang XW. 1992. Genetic evaluation ofwaterlogging 

resistance in the wheat variety Nonglin 46. Crop Genetic Resources 4: 31-32. 

Cao Y, Cai SB, Zhu W, Xiong EH and Fang XW, 1994: Combining ability analysis of 

waterlogging tolerance and main agronomic traits in common wheat. Scientia 

Agricultura Sinica 27: 50-55. 

Cao Y, Cai SB, Wu ZS, Zhu W, Fang XW an.d Xiong EH, 1995: Studies on genetic 

features ofwaterlogging tolerance in wheat. Jiangsu J Agr Sci 11: 11-15. 

Carbonell EA, and Asins MJ, 1996: Statistical models for the detection of genes 

controlling quantitative trait loci (QTL) expression. In In Vitro Haploid production 

in higher plants. Edited by Jain SM and Sopory SK. Springer;Vol.2, 255-285; 

1996. 

Carbonell EA, Greig TM, Balansard E, and Asins MJ, 1992: Interval mapping in the 

analysis of non-additive quantitative trait loci. Biometrics 48: 305-315. 

Carbonell EA, Asins MJ, Baselga M, Balansard E, and Gerig TM, 1993: Power studies in 

the estimation of genetic parameters of quantitative trait loci for backcross and 

doubled haploid populations. Theor Appl Genet 86: 411-416. 

Carlborg 0, Andersson L, and Kinghoen B, 2000: The use of a genetic algorithm for 

simultaneous mapping of multiple interacting QTL. Genetics 155: 2003-2010. 

Carter CE, 1980: Redox potential and sugarcane yield relationship. Trans ASAE 23: 

924-927. 

145 



References 

Casa AM, Brouwer C, Nagel A, Wang L, Zhang Q, Kresovich S, Wessler SR, 2000: The 

MITE family Heartbreaker (Hbr): molecular markers in maize. Proc Natl Acad Sci 

97: 10083-10089. 

Castiglioni P, Pozzi C, Heun M, Terzi V, Muller KJ, Rohde W, and Salamini F, 1998: An 

AFLP based procedure for the efficient mapping of mutations and DNA probes in 

barley. Genetics 149: 2039-2056. 

Cervera MT, Storme V, Ivens B, Gusmao J, and Liu BH, Hostyn V, Van Slycken J, Van 

Montagu M, Boerjan W, 2001: Dense genetic linkage maps of three Populus 

species (Populus deltoides, P. nigra and P. trichocarpa) based on AFLP and 

microsatellite markers. Genetics 158:787-809. 

Chai YR, He LR, Li ZW, Zeng JG, Guan J, Yu JQ, 1993: A study of the mechanism of 

wetness stress injury in barley. J Southwest Agricultural University 15 (2): 95-100. 

Chalmers KJ, Barna UM, Hackett CA, Thomas WTB, Waugh R, and Powell W, 1993: 

Identification of RAPD markers linked to genetic factors controlling the milling 

energy requirement of barley. Theor appl Genet 87: 314-320. 

Chaudhry AD, Baker CJ, 1988: Barley seedling establishment by direct drilling in a wet 

soil. 1. Effects of openers under simulated rainfall and high water-table conditions. 

Soil and Tillage Res 11 (1): 43-61. 

Chen F, Prehn D, Hayes PM, Mulrooney D, Corey A, and Vivar H, 1994: Mapping genes 

for resistance to barley stripe rust (Puccinia striiformis f sp. Hordei). Theor Appl 

Genet 88: 215-219. 

Churchill G, Doerge R, 1994: Empirical threshold values for quantitative trait mapping. 

Genetics 138: 963-971. 

Churchill GA, Giovannoni JJ, and Tanksley SD, 1993: Pooled-sampling makes 

high-resolution mapping practical with DNA markers. Proc Natl Acad Sci 90: 

16-20. 

Cockerham CC, 1954: An extension of the concept of partitioning heredity variance for 

analysis of covariance among relatives when epistasis is present. Genetics 39: 

859-882. 

Collaku A and Harrison SA. 2005. Heritability ofwaterlogging tolerance in wheat. Crop 

Sci 45: 722-727. 

Conner PJ, Brown SK, and Weeden NF, 1998: Molecular marker analysis of quantitative 

traits for growth and development in juvenile apple trees. Theor Appl Genet 96: 

146 



References 

1027-1035. 

Cookson C and Osborne DJ, 1978: The stimulation of cell extension by ethylene and 

auxin in aquatic plants. Planta 144:39-47. 

Crasta OR, Francki MG, Buchoitz DB, Sharma HC, Zhang J, Wang RC, Ohm HW, 

Anderson JM, 2000: Identification and characterization ofwheat-wheatgrass 

translocation lines and localization of barley yellow dwarf virus resistance. 

Genome 43: 698-706. 

Crawford RMM., 1967: Alcohol dehydrogenase activity in relation to flooding tolerance 

in roots. J Exp Bot 18: 458-464. 

Crawford RMM: Metabolic adaptations to anoxia. In Plant life in anaerobic 

environments. Edited by Hook DD and Crawford RMM. Ann Arbor Sci Pub!, Ann 

Arbor, Michigan; 1978: 119-136. 

Crawford RMM, 1982: The anaerobic retreat as a survival strategy for aerobic plants and 

animals. Trans Bot Soc 44:57-63. 

Crawford RMM: Plant Life in Aquatic and Amphibious Habitats. Blackwell Puhl. 

Oxford; 1987. 

Crawford RMM, 1993: Plant survival without oxygen. Biologist 40: 110-114. 

Crawford RMM and Braendle R, 1996: Oxygen deprivation stress in a changing 

environment. J Exp Bot 47: 145-159. 

Cregan PB, Bhagwat AA, Akkaya MS, and Rongwen J, 1994: Microsatellite 

fingerprinting and mapping of soybean. Methods Cell Mo! Bio/5:49-61. 

Crosson P and Anderson JR: Resources and global food prospects: supply and demand 

for cereals to 2030. In World Bank Technical Paper No. 184. The World Bank; 

1992. 

Dadshani SAW, Weidner A, Buck-Sorlin GH, Bomer A, Asch F: QTL analysis for salt 

tolerance in barley. Deutscher Tropentag, 5-7 October 2004, in Berlin; 2004. 

Davies MS and Hillman GC, 1988: Effects of soil flooding on growth and grain yield of 

populations oftetraploid and hexaploid species of wheat. Annals of Botany 62: 

597-604. 

Davis PJ, Simko I, Mueller SM, Yencho GC, Lewis C, McMurry S, Taylor MA, and 

Ewing EE, 1999: QTL of polyamine content in an RFLP-mapped potato population 

and their relationship to tuberization. Physiologia Plantarum 106: 210-218. 

Debaeke P, Cabelguenne M, Borin M, Sattin M, 1994: Proceedings of the 3rd Congress 

147 



References 

of the European Society for Agronomy, 18-22 September 1994, Padova University, 

Abano- Padova, Italy: 1994: 682-683. 

Debener T, Mattiesch L, 1999: Construction of a genetic linkage map for roses using 

RA.PD and AFLP markers. Theor Appl Genet 99: 891-899. 

Dekkers JCM, Hospital F, 2002: The use of molecular genetics in the improvement of 

agricultural populations. Nat Rev Genet 3, 22-32. 

De la Pena RC, Smith KP, Capettini F, Muelbauer GJ, Gallo-Meagher M, Dill-Macky R, 

Somers DA, and Rasmusson DC, 1999: Quantitative trait loci associated with 

resistance to Fusariurn head blight and kernel discoluration in barley. Theor Appl 

Genet 99: 561-569. 

DeLaune RD, Lindau CW, Knox RS and Smith CJ, 1990: Fate of nitrogen and 

phosphorus entering a Gulf Coast freshwater lake: A case study. Water Res Bull 

26(4): 621-631. 

Dennis ES, Dolferus R, Ellis M, Rahman M, Wu Y, Hoeren FU, Grover A, Ismond KP, 

Good AG, Peacock WJ, 2000: Molecular strategies for improving waterlogging 

tolerance in plants. J Exp Bot 51:89-97. 

Devaux P, Kilian A, Kleinhofs A, 1995: Comparative mapping of the barley genome with 

male and female recombination-derived, doubled haploid populations. Mo/ Gen 

Genet 249: 600-608. 

Devey ME, Fiddler TA, Liu BH and Knapp SJ, 1994: An RFLP linkage map for loblolly 

pine based on a three-generation outbred pedigree. Theor Appl Genet 88: 273-278. 

Devos KM, Gale MD, 2000: Genome relationship: The grass model in current research. 

Plant Cell 12: 637-646. 

Diab A, 2006: Construction of barley consensus map showing chromosomal regions 

associated with economically important traits. Afr J Biotech 5(3): 235-248. 

Ding N and Musgrave ME, 1995: Relationship between mineral coating on roots and 

yield performance of wheat under waterlogging stress. J Exp Bot 46: 939-945. 

Doebley J, Stec A, and Gustus C, 1995: Teosinte branched] and the origin of maize: 

evidence for epitasis and the evolution of dominance. Genetics 141: 333-346. 

Doebley J, Stec A, and Hubbard L, 1997: The evolution of apical dominance in maize. 

Nature 386: 485-488. 

Dorweiler J, Stec A, Kermicle J, Doebley J, 1993: Teosinte glume architecture-I: a 

genetic locus controlling a key step in maize evolution. Science 262: 233-240. 

148 



References 

Dorweiler J, Doebley J, 1997: Development analysis of Teosinte glume architecture-I: a 

genetic locus controlling a key step in maize evolution. Am J Bot 84: 1313-1322. 

Drew MC, Sisworo EJ, 1977: Early effects of flooding on nitrogen deficiency and leaf 

chlorosis in barley. New Phytol 79: 567-571. 

Drew MC, Sisworo EJ, 1979: The development ofwaterlogging damage in young barley 

plants in relation to plant nutrient status and changes in soil properties. New Phytol 

82: 301-314. 

Drew MC, 1983: Plant injury and adaptation to oxygen deficiency in the root 

environment: a review. Plant Soil 75: 179-199. 

Drew MC, 1990: Sensing soil oxygen. Plant Cell Environ. 13:681-693. 

Drew MC, 1992: Soil aeration and plant root metabolism. Soil Sci. 154, 259-68. 

Drew MC, 1997: Oxygen deficiency and root metabolism: Injury and acclimation under 

hypoxia and anoxia. Ann Rev Plant Physiol Plant Mo! Bio 48: 223-250. 

Dubcovsky J, Iluo MC, Zhong GY, Bransteitter R, Desai A, Kilian A, Kleinhofs A, and 

Dvorak J, 1996: Genetic map of diploid wheat, Triticum monococcum L., and its 

comparison with maps of Hordeum vulgare L. Genetics 143: 983-999. 

Dufour P, Deu M, Grivet L, D'Hont A, Paulet F, Bouet A, Lanaud C, Glaszmann JC, 

Hamon P, 1997: Construction of a composite sorghum genome map and 

comparison with sugarcane, a related complex polyploid. Theor Appl Genet 94: 

409-418. 

Dunford RP, Yano M, KurataN, Sasaki T, Huestis G, Rocheford T, and Laurie DA, 2002: 

Comparative mapping of the barley Ppd-Hl photoperiod response gene region, 

which lies close to a junction between two rice linkage segments. Genetics 161: 

825-834. 

Echt CS, Kidwell KK, Knapp SJ, Osborn TC, and McCoy TJ, 1994: Linkage mapping in 

diploid alfalfa (Medicago sativa). Genome 37:61-71. 

Echt CS, Nelson CD, 1997: Linkage mapping and genome length in eastern white pine 

(Pinus strobes L.). Theor Appl Genet. 94: 1031-1037. 

Edwards KJ, Barker JHA, Daly A, Jones C, and Karp A, 1996: Microsatellite libraries 

enriched for several microsatellite sequences in plants. Biotechniques 20:758-760. 

Ellis RP, Foster BP, Waugh R, Bonar N, Handley LL, Robinson D, Gordon DC, Powell 

W, 1997: Mapping physiological traits in barley. New Phytol 137: 149-157. 

Ellis RP, Forster BP, Gordon DC, Handley LL, Keith RP, Lawrence P, Meyer R, Powell 

149 



References 

W, Robinson D, Crimgeour CM, Young G and Thomas WTB, 2002: 

Phenotype/ genotype associations for yield and salt tolerance in a barley mapping 

population segregating for two dwarfing genes. J ExpBot 53 (371): 1163-1176. 

Emebiri LC, Devey ME, Matheson AC, and Slee MU, 1998: Age related changes in the 

expression of QTLs for growth in radiata pine seedlings. Theor Appl Genet 97: 

1053-1061. 

Engler RM and Patrick WH, 1975: Stability of Sulfides of Manganese, Iron, Zinc, Copper 

and Mercury in Flooded and Nonflooded Soil. Soil Sci 119: 217-221. 

Eshed Y, Zamir D, 1995: An introgression line population of Lycopersicon pennellii in 

the cultivated tomato enables the identification and fine-mapping of 

yield-associated QTL. Genetics 141: 1147-1155. 

Eshed Y, Zamir D, 1996: Less-than-additive epistatic interactions of quantitative trait loci 

in tomato. Genetics 143: 1807-1817. 

Eujayl I, Baum M, Powell W, Erskine W, Pehu E, 1998: A genetic linkage map oflentil 

(Lens sp.L) based on RAPD and AFLP markers using recombinant inbred lines. 

Theor Appl Genet 97: 83-89. 

Faccioli P, Pecchioni N, Cattivelli L, StancaAM, and Terzi V, 2001: Expressed sequence 

tags from cold-acclimatized barley can identify novel plant genes. Plant Breeding 

120: 497-502. 

Falconer DS, Mackay TFC: Introduction to Quantitative Genetics, 4th edn. 

Addison-Wesley Longman: Harlow, UK; 1996. 

Falk DE and Kasha KJ, 1983: Genetic studies on the crossability ofhexaploid wheat with 

rye and Hordeum bulbosum. Theor Appl Genet 64:303-307. 

Fang XW, Cao Y, Cai SB, Xiong EH and Zhu W, 1997: Genetic evaluation of 

waterlogging tolerance in Triticum macha. Jiangsu J Agr Sci 13: 73-75. 

Flint J, and Mott R, 2001: Finding the molecular basis of quantitative traits: successes and 

pitfalls. Nature Rev 2: 437-445. 

Flowers TJ, 2004: Improving crop salt tolerance. J Exp Bot 55 (396): 307-319. 

Foisset N, and Delourme R, 1996: Segregation distortion in androgenic plants. Inln Vitro 

Haploid production in higher plants, vol. 2: Applications. Edited by Jain SM, 

Sopory SK and Veilleux RE. Kluwer Academic Publishers, Dordrecht, The 

Netherlands; 1996: 189-201. 

Foltz DW, 1986: Segregation and linkage studies of allozyme loci in pair crosses of the 

150 



References 

oyster Crassostrea virginica. Biochem Genet 24: 941-956. 

Foolad MR, Arulsekar S, Becerra V, Bliss Fan, 1995: A genetic linkage map of Prunus 

based on an interspecific cross between peach and almond. Theor Appl Genet 91 : 

262-269. 

Forster BP, Ellis RP, Moir J, Talame V, Sanguineti MC, Tuberosa R, This D, 

Teulat-Berah B, Ahmed I, Marly SAEE, Bahri H, El-Ouahabi M, Zoumarou-Wallis 

N, El-Fellah M, Ben-Salem M, 2004: Genotype and Phenotype associations with 

drought tolerance in barley tested in North Africa. Ann Appl Biol 144: 157-168. 

Frary A, Nesbitt T, Grandillo S, VanderKnaap E, Cong B, Liu J, Meller J, Elber R, Alpert 

K, Tanksley S, 2000:fiv2.2: a quantitative trait locus key to the evolution of tomato 

fruit size. Science 289: 85-88. 

Fufa F, Assefa A, 1995: Response of barley to waterlogging: improved varieties versus 

local cultivars. JAR Newsletter of Agri Res 10 (4): 6-7. 

Fukao T, Paterson AH, Hussey MA, Yamasue Y, Kennedy RA, Rumpho ME, 2004: 

Construction of a comparative RFLP map of echinochloa crus-galli toward QTL 

analysis of flooding tolerance. Theor Appl Genet 108: 993-1001. 

Fulton TM, Grandillo S, Beck-Bunn T, Fridman E, Frampton J, Lopez V, Petiard V, 

Uhlig J, Zamir D, and Tanksley SD, 2000: Advanced backcross QTL analysis of a 

Lycopersicon esculentum X L.parviflorum cross. Theor Appl Genet 100: 

1025-1042. 

Gale MD, Devos KM, Moore G: Rice as the pivotal genome in the era of grass 

comparative genetics. In Proc 3rd Int Rice Genet Symp. Edited by Khush GS. 

International Rice Research Institute, Manila; 1996: 77-84. 

Gao YM, Zhu J, Song YS, He CX, Shi CH, Xing YZ, 2004: Analysis of digenic epistatic 

effects and QE interaction effects: QTL controlling grain weight in rice. Journal of 

Zhejiang University Science 5(4): 371-377. 

Garthwaite AJ, Bothmer R, Colmer TD, 2003: Diversity in root aeration traits associated 

with waterlogging tolerance in the genus Hordeum. Funct Plant Biol 30: 875-889. 

Garvin DF, Brown AHD, Raman Hand Read BJ, 2000: Genetic mapping of the barley 

Rrs 14 scald resistance gene with RFLP, isozyme and seed storage protein markers. 

Plant Breeding 119: 193-196. 

Garcia MR, Asins MJ and Carbonell EA, 2000: QTL analysis of yield and seed number in 

Citrus. Theor Appl Genet 101: 487-493. 

151 



References 

Gebhardt C, Ritter E, Barone A, Debener T, Walkemeier B, Schachtschabel U, 

Kaufmann H, Thompson RD, Bonierbale MW, Ganal MW, Tanksley SD, 1991: 

RFLP maps of potato and their alignment with the homologous tomato genome. 

Theor Appl Genet 83: 49-57. 

Geigenberger P, 2003: Responses of plant metabolism to too little oxygen. Curr Opin 

Plant Bio 6: 247-256. 

Gentzbittel L, Vear F, Zhang YX, Berville A, and Nicolas P, 1995: Development of a 

consensus linkage RFLP map of cultivated sunflower (Helianthus annus L.). Theor 

Appl Genet 90: 1079-1086. 

Ghassemi F, Jakeman AJ and Nix HA: Salinisation ofland and water resources-human 

causes, extent, management and case studies. University ofNew South Wales Press 

Ltd, Sydney; 1995. 

Gilbert JE, Lewis RV, Wilkinson MJ, and Caligari PDS, 1999: Developing an 

appropriate strategy to assess genetic variability in plant germplasm collections. 

Theor Appl Genet 98: 1125-1131. 

Giovanoni JJ, Wing RA, Ganal MW, and Tanksley SD, 1991: Isolation of molecular 

markers from specific chromosomal intervals using DNA pools from existing 

mapping populations. Nucl Acids Res 19: 6553-6558. 

Glinski J and Stepniewski W: Soil aeration and its role for plants. CRC Press, Boca 

Raton, FL; 1985. 

Glinski J and Stepniewski W: Soil aeration and its role for plants. 2 ed. Florida: CRC 

Press Inc; 1986. 

Glinski J, Stepniewski W, Stepniewska Z, Wlodarczyk T, Brzezinska M, 2000: 

Characteristics of aeration soils properties from Central Europe. Internat 

Agrophysics 14: 17-31 

Glinski J, Stepniewska Z, Ostrowski J, Stepniewski W: Mapping of soil aeration 

properties. In Soil-Plant-Atmosphere Aeration and Environmental Problems. 

Edited by Glinski J, Jozefaciuk G and Stahr K. Lublin-Stuttgart; 2004: 60-65. 

Good AG, Crosby WL, 1989: Anaerobic induction of alanine aminotransferase in barley 

root tissue. Plant Physiol 90: 1305-1306. 

Goodnight CJ, 2000: QTL and gene interaction: the quantitative genetics of 

metapopulations. Heredity 84: 587-598. 

Goodwin SB, Hu X, and Shaner G: An AFLP marker linked to a gene for resistance to 

152 



References 

Septoria tritici blotch in wheat, pp. 108-110. In Proceedings of the 9th 

International Wheat Genetics Symposium. volume 3, Saskatoon, Saskatchewan, 

Canada; 1998. 

Grandillo S, Ku HM, Tanksley SD, 1999: Identification the loci responsible for natural 

variation in fruit size and shape in tomato. Theor Appl Genet 99: 978-987. 

Graner A, Jahoor A, Schondelmaier J, Siedler H, Pillen K, Fischbeck G, Wenzel G and 

Herrmann RG, 1991: Construction of a RFLP map of Barley. Theor Appl Genet 83: 

250-256. 

GranerA, Streng S, Drescher A, Jin Y, Borovkova I and Steffenson BJ, 2000: Molecular 

mapping of the leaf rust resistance gene Rph7 in barley. Plant Breeding 119: 

389-392. 

Grattapaglia D, Bertolucci FL, and SederoffRR, 1995: Genetic mapping of quantitative 

trait loci controlling vegetative propagation in Eucalyptus grandis and E. urophylla 

using a pseudo-testcross mapping strategy and RAPD markers. Theor Appl Genet 

90: 933-947. 

Grattapaglia D, and SederoffRR, 1994: Genetic linkage maps of Eucalyptus grandis and 

E. urophylla using a pseudo-testcross mapping strategy and RAPD markers. 

Genetics 137: 1121-1137. 

Green MS and Etherington JR, 1977: Oxidation of ferrous iron by rice ( Oryza sativa L.) 

roots: A mechanism for waterlogging tolerance. J Exp Bot 28, 678-690. 

Gregory PJ, 1998: Alternative crops for duplex soils: growth and water use of some 

cereal, legume, and oilseed crops, and pastures. Aust J Agr Resh 49 (1): 21-32. 

Grieve AM, Dunford E, Marston D, Martin RE, Slavich P, 1986: Effects ofwaterlogging 

and soil salinity on irrigated agriculture in the Murray Valley: a Review. Aust J Exp 

Agr 26 (6): 761-777. 

Griffing B, 1956: Concept of general and specific combining ability in relation to diallel 

crossing systems. Aust J Bio Sci 9: 453-467. 

Guglielminetti L, Perata P, Alpi A, 1995: Effect of anoxia on carbohydrate metabolism 

in rice seedlings. Plant Physiol 108: 735-741 

Gunawardena ARLAN, Pearce DME, Jackson MB, Hawes CR and Evans DE, 2001: 

Characterization of programmed cell death during aerenchyrna formation induced 

by ethylene or hypoxia in roots of maize Zea mays L. Planta 212: 205-214. 

Gunawardena ARLAN, Pearce DME, Jackson MB, Hawes CR and Evans DE, 2001: 

153 



References 

Rapid changes in cell wall pectic polysaccharides are closely associated with early 

stages of aerenchyma formation, a spatially localised form of programmed cell 

death in roots of maize Zea mays L. Plant Cell Environ 24 (12): 1369-1375. 

Guo SW, and Thompson EA, 1992: A Monte Carlo method for combined segregation and 

linkage analysis. Am J Hum Genet 51: 1111-1126. 

Gupta PK, Varshney RK, Sharma PC and Ramesh B, 1999: Molecular markers and their 

applications in wheat breeding. Plant Breeding 118: 369-390. 

Hackett CA, Ellis RP, Foster BP, Mcnicol JW, and Macaulay M, 1992: Statistical 

analysis oflinkage experiment in barley involving quantitative trait loci for height 

and ear-emergence time and two genetic markers on chromosome 4. Theor Appl 

Genet 85: 120-126. 

Hackett CA, Broadfoot LB, 2003: Effects of genotyping errors, missing values and 

segregation distortion in molecular marker data on the construction of linkage 

maps. Heredity 90: 33-38. 

Hamachi Y, Furusho M, Yoshida T, Ito M, 1988: Selection of high wet endurance cross 

parents for malting barley breeding program. Jpn J Crop Sci 57 (4): 715-721. 

Hamachi Y, Furusho M, Yoshida T, 1989: Heritability of wet tolerance in barley. Jpn J 

Breeding 39(2): 195-202. 

Hamachi Y, Yoshino M, Furusho Mand Yoshida T, 1990: Index of screening for wet 

endurance in malting barley. Jpn J Breeding 40: 361-366. 

Han F, Ullrich SE, Chirar S, Menteur S, Jestin L, Kleinhofs A, and Kilian A, 1995: 

Mapping ofB-glucan content and B-glucanase activity loci in barley grain and 

malt. Theor Appl Genet 91: 921-927. 

Han F, Ullrich SE, Clancy JA, Jitkov V, Killian A, and Romagosa I, 1996: Verification of 

barley seed dormancy loci via linked molecular markers. Theor Appl Genet 92: 

87-91. 

Han F, Romagosa I, Ullrich SE, Joones BL, Hayes PM, and Wesemberg DM, 1997(a): 

Molecular marker assisted selection for malting quality traits in barley. Mo/ 

Breeding 3: 427-437. 

Han F, Ullrich SE, Kleinhofs A, Jones BL, Hayes PM, and Wesemberg DM, 1997(b): 

Fine structure mapping of the barley chromosome- I centromere region containing 

malting-quality QTLs. Theor Appl Genet 95: 903-910. 

Hansen JI, and Andersen FO: Effects of Phragmites australis roots and rhizomes on 

154 



References 

redox potentials, nitrification and bacterial numbers in the sediment. In 9th Nordic 

Symposium on sediments. Edited by Broberg A and Tiren T. Nordiska 

sedimentsymposiet; 1981: 72-88. 

Hansen M, Kraft T, Christiansson M, Nilsson NO: Evaluation of AFLP in sugar beet 

(Beta vulgaris L.). Plant and Animal Genome Vlth Conference January. San Diego, 

USA; 1998: 18-22 

Piepho HP, 2000: A mixed-model approach to mapping quantitative trait loci in barley on 

the basis of multiple environment data. Genetics 156: 2043-2050. 

Harberd NP, Edwards KJR, 1982: The effects of a mutation causing alcohol 

dehydrogenase deficiency on flooding tolerance of barley. New Phytol 90: 

631-644. 

Hauge BM, Hanley SM, Cartinhour S, Cherry JM and Goodman HM, 1993: An 

integrated genetic/RFLP map oftheArabidopsis thaliana genome. Plant J. 3, 

745-754. 

Hayes PM, Chen THH, Blake TK: Marker-assisted genetic analysis of cold tolerance in 

winter barley. In Advances in Plant Cold Hardiness. Edited by Li PH and 

Christersson L. CRC Press, Boca Raton, USA; 1992. 

Hayes PM, Blake T, Chen THH, Tragoonrung S, Chen F, Pan A, and Liu BH, 1993(a): 

Quantitative trait loci on barley (Hordeum vulgare L.) chromosome 7 associated 

with components of winterhardiness. Genome 36: 66-71. 

Hayes PM, Liu BH, Knapp SJ, Chen F, Jones B, Blake T, Franckowiak J, Rasmusson D, 

Sorrells M, Ullrich SE, Wesenberg D, and Kleinhofs A, 1993(b): Quantitative trait 

locus effects and environmental interaction in a simple of North American barley 

germplasm. Theor Appl Genet 87: 392-401. 

Hayes PM, Cerono J, Witsenhoer H, Kuiper M, Zabeau M, Sato K, Kleinhofs A, Kudrna 

D, Kilian A, Saighai MaroofM, Hoffinan D, 1997: Characterizing and exploiting 

genetic diversity and quantitative traits in barley. J Agric Genomics, Volume 3, 

Article 2 (online: http://www.ncgr.org/research/jag/). 

Hayward MD, Romagosa I, Bosemark N: Plant breeding: principles and prospects. 

Chapman and Hall, London; 1993. 

He DY, 1992: A review of studies on liming of paddy soil. Acta Pedologica Sinica 29 (1 ): 

87-93. 

Hemamalini GS, Shashidhar HES, and Hittalmani S, 2000: Molecular marker assisted 

155 



References 

tagging of morphological and physiological traits under two contrasting moisture 

regimes at peak vegetative stage in rice (Oryza sativa L.). Euphytica 112: 69-78. 

Hendrick PW and Muona 0, 1990: Linkage of viability genes to marker loci in selfing 

organisms. Heredity 64:67-72. 

Hesse PR, 1971: A textbook of soil analysis, Chemical Publishing Co. Inc., New York; 

1971: 91-105. 

Heun M, Kennedy AE, Anderson JA, Lapitan NLV, Sorrells ME, Tanksley SD, 1991: 

Construction of a restriction fragment length polymorphism map for barley 

(Hordeum Vulgare L.). Genome 34: 437-447. 

Heun M. 1992: Mapping quantitative powdery mildew resistance of barley using a 

restriction :fragment length polymorphisms map. Genome 32: 1019-1025. 

Heun M, Kennedy AE, Anderson JA, Lapitan NLV, Sorrells ME et al. 1996: 

Construction of a restriction fragment length polymorphism map of barley 

(Hordeum vulgare L.). Genome 34: 437-447. 

Hiatt AJ, Lowe RH, 1967: Loss of organic acids, amino-acids, Kand Cl from barley roots 

treated anaerobically and with metabolic inhibitors. Plant Physiol 42: 1731-1736. 

Hiron RWP and Wright STC, 1973: The role of endogenous abscisic acid in the response 

of plants to stress. J Exp Bot 25: 769-781. 

Hodgson DR, Whiteley GM, Bradnam AE, 1989: Effects ofwaterlogging in the spring on 

soil conditions and the growth and yield of spring barley in three cultivation 

system. J Agri Sci, UK, 112 (2): 265-276. 

Hoeschele I, Uimari P, Grignola FE, Zhang Q, and Gage KM, 1997: Advances in 

statistical method to map QTL in outbred populations. Genetics 147: 1445-1457. 

Hoffinan NE, Bent AF, Hanson AD, 1986: Induction oflactate dehydrogenase isozymes 

by oxygen deficit in barley root tissue. Plant Physiol 82: 658-663. 

Hofinann K, 1990: Use of Phragmites in sewage sludge treatment. In Constructed 

Wetlands in Water Pollution Control, Edited by Cooper PF and Findlater BC. 

Pergamon Press, Oxford, UK; 1990: 269-277. 

Hopkins MS, Casa AM, Wang T, Mitchell SE, Dean RE, Kochert GD, Kresovich S, 

1999: Discovery and characterization of polymorphic simple sequence repeats 

(SSR) in peanut. Crop Sci 39: 1243-1247. 

Horton RF, 1987: Ethylene-induced growth in amphibious plants. In Plant Hormone 

Receptors, Vol. HlO. Edited by Klambt D. Springer-Verlag, Berlin, Germany; 

156 



References 

1987: 249-256. 

Huang BR, Johnson JW, Nesmith Sand Bridges DC, 1994: Growth, physiological and 

anatomical responses of two wheat genotypes to waterlogging and nutrient supply. 

J Exp Bot 45: 193-202. 

Huang BR, Johnson JW, Nesmith Sand Bridges DC, 1994: Root and shoot growth of 

wheat genotypes in response to hypoxia and subsequent resumption of aeration. 

Crop Scie 34: 1538-1544. 

Hunt PW, Watts RA, Trevaskis B, Llewelyn DJ, Burnell J, Dennis ES, Peacock WJ 2001 

Expression and evolution of functionally distinct haemoglobin genes in plants. 

Plant Mo/ Biol 47: 677-692. 

Hurst LD, Atlan A, Bengtsson BO, 1996: Genetic conflicts. Q Rev Biol 71: 317-364. 

Hurst GDD, Werren JH, 2001: The role of selfish genetic elements in eukaryotic 

evolution. Nat Rev 2: 597-606. 

Hyne V, Kearsey MJ, Pike DJ, and Snape JW, 1995: QTL analysis: unreliability and bias 

in estimation procedures. Mo/ Breed 1: 273-282. 

Hyne V, and Kearsey MJ, 1995: QTL analysis: further use of marker regression. Theor 

Appl Genet 91: 471-476. 

Igartua E, Edney M, Rossnagel BG, Spaner D, Legge WG, Scoles GJ, Eckstein PE, 

Penner GA, Tinker NA, Briggs KG, Falk DE, and Mather DE, 2000: Marker-based 

selection of QTL affecting Grain and malt quality in two-row barley. Crop Sci 40: 

1426-1433. 

Ikeda T, Higashi S, Kawaide T and Saigo S, 1954: Studies on the wet-injury resistance of 

wheat and barley varieties. (I) Studies on the method of testing wet-injury 

resistance of wheat and barley varieties. Bulletin of the Division of Plant Breeding 

and Cultivation, Tokai-Kinki, National Agricultural Experiment Station. 1: 21-26. 

Ikeda T, Higashi Sand Kawaide T, 1955: Studies on the wet-injury resistance of wheat 

and barley varieties. (11) Varietal difference of wet-injury resistance of wheat and 

barley. Bulletin of the Division of Plant Breeding and Cultivation, Tokai-Kinki, 

National Agricultural Experiment Station. 2:11-16. 

Ikeda T, Higashi Sand Kawaide T, 1955: Studies on the wet-injury resistance of wheat 

and barley varieties. (III) The respiration rate of seedlings and the earliness of 

heading in relation to the wet-injury resistance in wheat and barley. Bulletin of the 

Division of Plant Breeding and Cultivation, Tokai-Kinki, National Agricultural 

157 



References 

Experiment Station. 3:17-21. 

Isidore E, van Os H, Andrzejewski S, Bakker J, Barrena I, Bryan GJ, Caromel B, van Eck 

H, Ghareeb B, de Jong W, van Koert P, Lefebvre V, Milbourne D, Ritter E, van der 

Voort JR, Rousselle-Bourgeois F, van Vliet J, Waugh R., 2003: Toward a 

marker-dense meiotic map of the potato genome: lessons from linkage group I. 

Genetics. 165:2107-2116. 

Jaccoud D, Peng KM, Feinstein D, Kilian A, 2001: Diversity arrays: a solid state 

technology for sequence information independent genotyping. Nucleic Acids Res 

29: e25. 

Jaenike J, 2001: Sex chromosome meiotic drive. Ann Rev Ecol Syst 32: 25-49. 

Jackson MB, 1985: Ethylene and the responses of plants to soil waterlogging and 

submergence. Annu Rev Plant Physiol 36:145-174. 

Jackson MB: A structural evaluation of the involvement of ethylene and abscisic acid in 

plant responses to aeration stress. In Hormone Action in Plant Development - a 

Critical Appraisal. Edited by Hoad GV, Lenton JR, Jackson MB and Atkin RK. 

Butterworths, London, UK; 1987: 189-199 

Jackson MB: Regulation of aerenchyma formation in roots and shoots by oxygen and 

ethylene. In Separation in Plants: Physiology, Biochemistry and Molecular 

Biology. Edited by Osborne DJ and Jackson MB. Springer-Verlag, Heidelberg, 

Germany; 1989: 263-274 

Jackson MB, 1990a: Hormones and developmental change in plants subjected to 

submergence or soil waterlogging. Aquatic Bot 38:49-72. 

Jackson MB: Communication between the roots and shoots of flooded plants. In: 

Importance of root to shoot communication in the responses to environmental 

stress. Edited by Davies WS and Jeffcoat B. British Society for Plant Growth 

Regulation, Bristol, UK; 1990: 115-133 

Jackson MB: Regulation of water relationships in flooded plants by ABA from leaves, 

roots and xylem sap. In Abscisic Acid: Physiology and Biochemistry. Edited by 

Davies WJ and Jones HG. BIOS Sci. Puhl., Oxford, UK; 1991: 217-226 ( 

Jansen EC, 1993: Interval mapping of multiple quantitative trait loci. Genetics 135: 

205-211. 

Jansen EC, and Stam P, 1994: High resolution of quantitative traits into multiple loci via 

interval mapping. Genetics 136: 1447-1455. 

158 



References 

Jansen J, Jong de AG, and Ooijen van JW, 2001: Constructing dense genetic linkage 

maps. Theor Appl Genet 102: 1113-1122. 

Jansen RC, Ooijen van JW, Stam P, Lister C, and Dean C, 1995: 

Genotype-by-environment interaction in genetic mapping of multiple quantitative 

trait loci. Theor Appl Genet 91: 33-37. 

J aritz G, 1994: Improvement of pasture and of the forage production system at Chtouka 

near Azemmour. Al-Awamia 84: 97-127. 

Jefferies SP, Barr AR, Karakousis A, Kretschmer JM, Marring S, Chalmers KJ, Nelson 

JC, Islam AKMR, Langridge P, 1999: Mapping of chromosome regions conferring 

boron toxicity tolerance in barley (Hordeum vulgare L.). Theor Appl Genet 98: 

1293-1303. 

Jefferey JWO, 1960: Iron and the Eh of waterlogged soils with particular reference to 

paddy. J Soil Sci. 11(1): 140-148. 

Jensen J, Backes G, Skinnes H, Giese H, 2002: Quantitative trait loci for scald resistance 

in barley localized by a non-interval mapping procedure. Plant Breeding 121: 

124-129. 

J euken MR, Wijk Van, Peleman J, Lindhout P, 2001: An integrated interspecific AFLP 

map oflettuce (Lactuca) based on two L.sativa x L.saligna F2 populations. Theor 

Appl Genet 103: 638-647. 

John CD, Limpinnuntana V, Greenway H, 1987: Interaction of salinity and anaerobiosis 

in barley and flooding. New Phytol.106: 465-4 

Johnson WC, Jackson LE, Ochoa 0, Wijk van R, Peleman J, St Clair DA, and 

Michelmore RW, 2000: Lettuce, a shallow-rooted crop, and Lactuca serriola, its 

wild progenitor, differ at QTL determining root architecture and deep soil water 

exploitation. Theor Appl Genet 101 : 1066-1073. 

Jones CJ, Edwards KJ, Castaglione S, Winfield MO, Sala F, van deWiel C, Bredemeijer 

G, Vosman B, Matthes M, Daly A, Brettschneider R, Bettini P, Buiatti M, Maestri 

E, Malcevschi A, Marmiroli N, Aert R, Volckaert G, Rueda J, Linacero R, Vazquez 

A & Karp A, 1997: Reproducibility testing ofRAPD, AFLP and SSR markers in 

plants by a network of European laboratories. Mal Breeding 3: 381-390. 

Kalashnikov YE, Zakrzhevskii DA, Balakhnina TI, Sheveleva EV, Zastrizhnaya OM, 

1992: Effects of soil drought and waterlogging on activation of oxygen in the 

system for protection against oxidative destruction in barley roots. Soviet Plant 

159 



References 

Physiol 39 (2): 263-269. 

Kandemir N, Kudrna DA, Ullrich SE, Kleinhofs A, 2000: Molecular marker assisted 

genetic analysis of head shattering in six-rowed barley. The or Appl Genet 101: 

203-210. 

Kao CH, and Zeng B, 1997: General formulas for obtaining the MLEs and the asymptotic 

variance-covariance matrix in mapping for QTL. Genetics 152: 1203-1216. 

Kao CHZ, Zeng B, and Teasdale RD, 1999: Multiple intervals mapping for QTL. 

Genetics 139: 1203-1216. 

Karakousis A, Gustafson JP, Chalmers KJ, Barr AR, Langridge P, 2003: A consensus 

map of barley integrating SSR, RFLP, and AFLP markers. Aust J Agr Res 54: 

1173-1185. 

Karsai I, Meszaros K, Hayes PM, and Bedo Z, 1997: Effects ofloci on chromosome 2 

(2H) and 7 (SH) on developmental patterns in barley (Hordeum vulgare L.) under 

different photoperiod regimes. Theor Appl Genet 94: 612-618. 

Kasha KJ and Kao KN, 1970: High frequency haploid production in barley (Hordeum 

vulgare L.). Nature 225: 874-876. 

Kasha KJ, Kleinhofs A., Kilian A, Saghai MaroofM, Scoles GJ, Hayes PM, Chen FQ, 

Xia X, Li XZ, Biyashev RM, Hoffman D, Dahleen L, Blake TK, Rossnagel BG, 

Steffenson BJ, Thomas PL, Falk DE, Laroche A, Kim W, Molnar SJ, Sorrells ME: 

The North American barley map on the cross H-T and its comparison to the map on 

cross SM. In The plant genome and plastome: Their structure and evolution. Edited 

by Tsunewaki K. Tokyo, Kodansha Scientific Ltd; 1995: 73-88. 

Kaurichev IS, Yashin IM, Karpukhin AI, Platonov IG, 1991: Peculiarities of mobilization 

and transformation of water-soluble organic substances in podzolic soils of the 

Arkhangel'sk region. Investiya Timiryazevskoi Sel'skokhozyaistvennoi Akademii 3: 

71-84. 

Kawase M, 1981: Anatomical and morphological adaptation of plants to waterlogging. 

HortScience, 16: 30-34. 

Kearsey MJ, and Farquar GL, 1998: QTL analysis in plant: where are we now? Heredity 

80: 137-142. 

Kearsey MJ, and Pooni HS: The general analysis of Quantitative traits. Chapman and 

Hall, London; 1996. 

Keller B, Feuillet C, 2000: Colinearity and gene density in grass genomes. Trends Plant 

160 



References 

Sci 5 (6): 246-251. 

Kende H, 1987: Studies on intemodal growth using deep-water rice. In Physiology of Cell 

Expansion During Growth. Edited by Cosgrove DJ and Knievel DP. Arner. Soc. 

Plant Physiologists, Rockville, MD, USA; 1987: 221-238 

Kerns MR, Dudley JW, and Rufener GK, 1999: Tester and type of progeny effect QTL 

detection in maize. Maydica 44: 69-83. 

Khusk GS, Bennett J, Datta SK, Brar DS, Li Z: Advances in rice genetics and 

biotechnology. 19th Session of the International Rice Commission, FAO, Cairo, 

Egypt; 1998. 

Kianian SF and Quiros CF, 1992: Generation of a Brassica oleracea composite RFLP 

map: linkage arrangements among various populations and evolutionary 

implications. Theor Appl Genet 84: 544-554. 

Kicherer S, Backes G, Walther U, Jahoor A, 2000: Localising QTLs for leaf rust 

resistance and agronomic traits in barley (Hordeum vulgare L.). Theor Appl Genet 

100: 881-888. 

Kintzios S, Islam RM, Fischbeck G, 1994: Distorted segregation for mildew resistance in 

doubled haploid lines of spring barley. Plant breeding 112: 248-251. 

Kjaer,B., J.Jensen, and H.Giese, 1995: Quantitative trait loci for heading date and straw 

characters in barley. Genome 38: 1098-1104. 

Kjaer B, and Jensen J, 1996: Quantitative trait loci for grain yield and yield components 

in a cross between a six-rowed and a two-rowed barley. Euphytica 90: 39-48. 

Kjar B, Jensen J, Giese H, 1995: Quantitative trait loci for heading date and straw 

characters in barley. Genome 38: 1098-1104. 

Kleinhofs A, Killian A, Saghai MaroofMA, Biyashev RM, Hayes P, Chen FQ, Lapitan 

N, Fenwick A, Blake TK, Kanazin V, Ananiev E, Dahleen L, Kudrna D, Bollinger 

J, Knapp SJ, Liu B, Sorrells M, Heun M, Franckowiak JD, Hoffman D, Skadsen R 

and Steffenson BJ, 1993: A molecular, isozyme and morphological map of the 

barley (Hordeum vulgare) genome. Theor Appl Genet 86: 705-712. 

Kluge E, 1991 : Influence of agronomic and cultural factors on the development of 

mildew in spring barley. Archiv fur phytopathologie und pflanzenschutz 27 (5): 

369-375. 

Kludze HK., Delaune RD. 1995: Gaseous exchange and wetland plant response to soil 

redox intensity and capacity. Soil Sci Soc Am J 59: 939-945 

161 



References 

Knott SA, and Haley CS, 1992: Maximum likelihood mapping of quantitative trait loci 

using full-sib families. Genetics 132: 1211-1222. 

Koch MS, Mendelssohn IA and McKee KL, 1990: Mechanism for the hydrogen 

sulfide-induced growth limitation in wetland macrophytes. Limnol Oceanogr 

35(2): 399-408. 

Koebner RMD, Kirsch F, Thorpe C and Prins R: AFLPs as a source of STS markers in 

alien introgression. In Proceedings of the Ninth International Wheat Genetics 

Symposium. Edited by Slinkard AE. Saskatoon, Saskatchewan, Canada; 1998: 

118-122. 

Koester RP, Sisco PH, and Stuber CW, 1993: Identification of QTL controlling days to 

flowering and plant height in two near isogenic lines of maize. Crop Sci 33: 

1209-1216. 

Komatsuda T, Annaka T, and Oka S, 1993: Genetic mapping of a quantitative trait locus 

(QTL) that enhances the differentiation rate in Hordeum vulgare L. Theor Appl 

Genet 86: 713-720. 

Konishi T, Abe K, Matsuura S, and Yano Y, 1990: Distorted segregation of the esterase 

isozyme genotypes in barley (Hordeum vulgare L.). Jpn J Genet 65:411-416. 

Korol AB, Ronibn IY, and Kirzhner VM, 1995: Interval mapping ofQTL employing 

correlated trait complexes. Genetics 140: 113 7-114 7. 

Kota R, Wolf M, Michalek W, and Graner A, 2001 :Application of denaturing 

high-performance liquid chromatography for mapping of single nucleotide 

polymorphisms in barley (Hordeum vulgare L.). Genome 44: 523-428. 

Kozlowski TT: Extent, causes, and impact of flooding. In Flooding and plant growth. 

Edited by Kozlowski TT. Academic Press, London; 1984: 9-45. 

Kramer P J, 1951: Causes of injury to plants resulting from flooding of the soil. Plant 

Physiol 26: 722-736. 

Kruglyak L, and Lander ES, 1995: A non-parametric approach for mapping quantitative 

trait loci. Genetics 139: 1421-1428. 

Kunzel G, Korzun L, and Meister A, 2000: Cytologically integrated physical restriction 

fragment length polymorphism maps for the barley genome on translocation 

breakpoints. Genetics 154, 397-412. 

Ky CL, Barre P, Lorieux M, Trouslot P, Akaffou S, Louam J, Charrier A, Hamon S, and 

Noirot M, 2000: Interspecific genetic linkage map, segregation distortion and 

162 



References 

genetic conversion in coffee (Cojfea sp.). Theor Appl Genet 101: 669-676. 

Laan P, Berrevoets MJ, Lythe S, Armstrong Wand Blom CWPM, 1989: Root 

morphology and aerenchyma formation as indicators of the flood-tolerance of 

Rumex species. J Ecol 77: 693-703. 

Laeson R, Marx M: An introduction to probability and its applications. Englewood Cliffs, 

NJ, Prentice Hall Inc; 1985. 

Lan TH, and Paterson AH, 2000: Comparative mapping of QTL sculpting the curd of 

Brassica Oleracea. Genetics 155: 1927-1954. 

Lande R, and Thompson D, 1990: Efficiency of marker-assisted selection in the 

improvement of quantitative traits. Genetics 124: 743-756. 

Lander E, Botstein D, 1989: Mapping Mendelian factors underlying quantitative traits 

using RFLP linkage maps. Genetics 121: 185-199. 

Lander E, Kruglyak L, 1995: Genetic dissection of complex traits: Guidlines for 

interpreting and reporting linkage results. Nat Genet 11: 241-251. 

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, Lincoln SE, and Newburg L, 

1987: MAPMAKER: an interactive computer package for constructing primary 

genetic linkage maps of experimental and natural populations. Genomics 1: 

174-181. 

Lander ES, and Botstein D, 1989: Mapping Mendelian factors underlying quantitative 

traits using RFLP linkage maps. Genetics 121: 185-199. 

Langridge P, Karakousis A, Collins N, Kretschmer J, Manning S., 1995: A consensus 

linkage map of barley. Mo! Breeding. I: 389-395. 

Larionova AA, Rozanova LN, 1994: Effects of moisture conditions on respiration rate of 

gray forest soil and peat. Eurasian Soil Sci 26 (3): 43-48. 

Lark KG, Chase K, Adler F, Mansur LM, and Orf JH, 1995: Interactions between 

quantitative trait loci in soybean in which trait variation at one locus is conditional 

upon a specific allele at another. Proc Natl Acad Sci 92: 4656-4660. 

Larson SR, Bryan G, Dyer W, Blake TK, 1996: Evaluating gene effects of a major barley 

seed dormancy QTL in reciprocal backcross populations. Journal of Agriculture 

Genomics 2: Article 4. 

Larson SR, Kadyrzhanova D, McDonald M, Sorrells M, and Blake TK, 1996: Evaluation 

of barley chromosome-3 yield QTLs in a backcross F2 population using STS-PCR. 

Theor Appl Genet 93: 618-625. 

163 



References 

Laurent V, Wajnberg E, Mangin B, Schiex T, Gaspin C, Vanlerberghe-Masutti F, 1998: 

A composite genetic map of the parasitoid wasp Trichogramma brassicae based on 

RAPD markers. Genetics 150: 275-282. 

Laurie DA, Pratchett N, Bezant JH, and Snape JW, 1995: RFLP mapping of five major 

genes and eight quantitative trait loci controlling flowering time in a winter x spring 

barley (Hordeum vulgare L.) cross. Genome 38: 575-585. 

Lebreton CM, Visscher PM, Haley CS, Semikhodskii A, and Quarrie SA, 1998: A 

nonparametric bootstrap method for testing close linkage vs pleiotropy of 

coincident QTL. Genetics 150: 931-943. 

Lefebvre V, Palloix A, Caranta C, and Pochard E, 1995: Construction of an intraspecific 

integrated linkage map of pepper using molecular markers and doubled-haploid 

progenies. Genome 38: 112-121. 

Lespinasse D, Rodier-Goud M, Grivet L, Leconte A, Legnate H, Seguin M, 2000: A 

saturated genetic linkage map of rubber tree (Hevea spp.) based on RFLP, AFLP, 

Microsatellite, and isozyme markers. Theor Appl Genet 100: 127-138. 

Leyshon AJ, Sheard R W, 197 4: Influence of short terrm flooding on the growth and plant 

nutrient composition of barley. Can J Soil Sci 54: 463-473. 

Leyshon AJ, Sheard RW, 1978: Growth and yield of barley and rice grown in solutions 

with low concentrations of oxygen. Can J Soil Sci 58: 347-355. 

Lezar S, Myburg AA, Berger DK, Wingfield MJ, Wingfield BD, 2004: Development and 

assessment of microarray-based DNA fingerprinting in Eucalyptus grandis. Theor 

Appl Genet 109: 1329-1336. 

Li Z, Wu JG, Liu Y, Liu HL, Heneen WK, 1998: Production and cytogenetics of the 

intergeneric hybrids Brassica juncea x Orychophragmus violaceus and B. carinata 

x 0. violaceus. Theor Appl Genet 96:251-265. 

Liedl B and Anderson NO, 1993: Reproductive barriers: identification of an intraspecific 

integrated linkage map of pepper using molecular markers and double-haploid 

progenies. Genome 38:112-121. 

Limpinuntana V, Greenway H, 1979: Sugar accumulation in barley and rice grown in 

solutions with low concentrations of oxygen. Ann Bot 43: 373-381. 

Lin YR, Schertz KF, and Paterson AH, 1995: Comparative analysis ofQTLs affecting 

plant height and maturity across the Poaceae, in reference to an interspecific 

sorghum population. Genetics 141 : 3 91-411. 

164 



References 

Lin J, Kuo J, Ma J, Saunders JA, Beard HS, MacDonald MH, Kenworthy W, Ude GN, 

Matthews BF, 1996: Identification of molecular markers in soybean comparing 

RFLP, RAPD and AFLP DNA mapping techniques. Plant Mole Biol Rep 14: 

156-169. 

Linde-laursen I, Heslop-Harrison JS, Shepherd K, and Taketa S, 1997: The barley 

genome and its relationship with the wheat genomes: A survey with an 

internationally agreed recommendation for barley chromosome nomenclature. 

Hereditas 126: 1-16. 

Liu SC, Kowal S, Lan TH, Feldmann K, Paterson A, 1996: Genome-wide high resolution 

mapping by recurrent intermating using Arabidopsis thaliana as a model. Genetics 

142: 247-258. 

Liu Z, and Dekkers JCM, 1998: Least squares interval mapping ofQTL under the 

infinitesimal genetic model in outbred populations. Genetics 148: 495-505. 

Logue SL, Oti-Boateng C, Karakousis A, Kretschmer JM, Manning S, Lance RCM and 

Langridge PJ: Segregation analysis of DNA markers in anther culture-derived 

populations of barley (Hordeum vulgare L.) In Proc 7th Aus Barley Tech Symp. 

Perth WA; 1995: 210-217. 

Lombard V. and Delourme R. 2001: A consensus linkage map for rapeseed (Brassica 

napus L.): construction and integration of three individual maps :from DH 

populations. Theor Appl Genet 103: 491-507. 

Long AD, Mullaney SL, Mackay TFC and Langley CH, 1996: Genetic interactions 

between naturally occurring alleles at quantitative trait loci and mutant alleles at 

candidate loci affecting bristle number in Drosophila melanogaster. Genetics 144: 

1497-1518. 

Lu H, Romero-Severson J, Bernardo R, 2002: Chromosomal regions associated with 

segregation distortion in maize. Theor Appl Genet 105: 622-628. 

Lukens LN, and Doebley J, 1999: Epistatic and environment interactions for QTL 

involved in maize evolution. Genet Res 74: 291-302. 

Luro F, Lorieux M, Laigret F, Bove JM Ollitrault P, 1994: Cartographie du genome des 

agrumes a l' aide des marqueurs moleculaires et distortions de segregation. In 

Techniques et utilisations des marqueurs moleculaires. vol. 72. Edited by Berville 

and Tersac. INRA, Montpellier, France; 1994: 69-82. 

Luxmoore RJ, Sojka RE and StolzyLH, 1972: Root porosity and growth responses of 

165 



References 

wheat to aeration and light intensity. Soil Sci 113: 354-357. 

Ma ZQ and Lapitan NL V, 1998: A comparison of amplified and restriction fragment 

length polymorphism in wheat. Cereal Res Commun 26: 7-13. 

Mackill DJ, Zhang Z, Redona ED and Colowit PM, 1996: Level of polymorphism and 

genetic mapping of AFLP markers in rice. Genome 39: 969-977. 

Mackinnon MJJ and Weller I, 1995: Methodology and accuracy of estimation of QTL 

parameters in a half-sib design using Maximum likelihood. Genetics 141: 755-770. 

Maheswaran M, Subudhi PK, Nandi S, Xu JC, Parco A, Yang DC and Huang N, 1997: 

Polymorphism, distribution, and segregation of AFLP markers in a doubled haploid 

rice population. Theor Appl Genet 94: 39-45. 

Maheswaran M, Huang N, Sreerangasamy SR, and McCouch SR, 2000: Mapping QTL 

associated with days to flowering and photoperiod sensitivity in rice ( Oryza sativa 

L.). Mo/Breeding 6: 145-155. 

Malik AI, Colmer TD, Lambers H, Setter TL and Schortemeyer M, 2002: Short-term 

waterlogging has long-term effects on the growth and physiology of wheat. New 

Phytol 153: 225-236. 

Maltby E: Wetlands - Their status and role in the biosphere. In Plant life under oxygen 

deprivation. Edited by Jackson MB, Davies DD and Lambers H. S and B. 

Academic Publishing, The Hague; 1991: 3-21. 

Mangelsdorf PC and Jones DF, 1926: The expression of Mendelian factors in the 

gametophyte of maize. Genetics 11: 423-455. 

Mangin B, Thoquet P, and Grimsley N, 1998: Pleiotropic QTL analysis. Biometrics 54: 

88-99. 

Manninen OM, 2000: Association between anther-culture response and molecular 

markers on chromosome 2H, 3H and 4H of barley (Hordeum vulgare L.). Theor 

Appl Genet 100: 57-62. 

Mano Y, Takahashi H, Sato K, and Taketa K, 1996: Mapping genes for callus growth and 

shoot regeneration in barley (Hordeum vulgare L.). Breeding Sci 46: 137-142. 

Mano Y, and Taketa K, 1997: Mapping quantitative trait loci for salt tolerance at 

germination and the seedling stage in barley (Hordeum vulgare L.). Euphytica 94: 

263-272. 

Mano Y, Kawasakki S, Takaiwa F, and Komastsuda T, 2001: Construction of a genetic 

map of barley (Hordeum vulgare L.) cross 'Azumamugi' x 'Kanto Nakate Gold' 

166 



References 

using a simple and efficient amplified fragment-length polymorphism system. 

Genome 44: 284-292. 

Mano Y, Omori F, Muraki M, Takamizo T, 2005: QTL mapping of adventitious root 

formation under flooding conditions in tropical maize (Zea mays L.) seedlings. 

Breeding Sci 55: 343-347. 

Marino CL, Nelson JC, Lu YH, Sorrells ME, Leroy P, 1996: Molecular genetic maps of 

the group 6 chromosomes of hexaploid wheat (Triticum aestivum L. em. Thef[). 

Genome 39: 359-366. 

Marquez-Cedillo LA, Hayes PM, Jones BL, Kleinholfs A, Legge WG, Rossnagel BG, 

Sato K, Ullrich SE, Wesenberhg DM, 2000: QTL analysis of malting quality in 

barley based on the doubled haploid progeny of two elite North American varieties 

representing different germplasm groups. Theor Appl Genet 101: 173-184. 

Marquez-Cedillo LA, Hayes PM, Kleinhofs A, Legge EG, Rossnagel BG, Satro K, 

Ullrich SE, Wesenberg DM, 2001: QTL analysis of agronomic traits in barley 

based on the dooubled haploid progeny of two elite North American varieties 

representing different germplasm groups. Theor Appl Genet 103: 625-634. 

Mather DE, Tinkerr NA, LaBerge DE, Edney M, Jones BL, Rossnagel BG, Legge WG, 

Briggs KG, Irvine RB, Falk DE and Kasha KJ, 1997: Regions of the genome that 

affect grain and malt quality in a North American two-row barley cross. Crop Sci 

37: 544-554. 

Martin GB, Brommonschenkel SH, Chunwongse J, Frary A, and Ganal MW, 1993: 

Map-based cloning of a protein kinase gene conferring disease resistance in tomato. 

Science 262: 1432-1436. 

Mascarenhas JP, 1992: Pollen gene expression: molecular evidence. Int Rev Cytol 140: 

3-18. 

Mather K and JL Jinks: Introduction to biometrical genetics. Cornell University Press. 

Ithaca, New York; 1977. 

Matsushita S, Iseki T, Fukuta Y, Araki E, Kobayashi S, Osaki M, Yamagishi M, 2003: 

Characterization of segregation distortion on chromosome 3 induced in wide 

hybridization between indica and japonica type rice varieties. Euphytica 134: 

27-32. 

Maughan PJ, MaroofMAS, Buss GR, Huestis GM, 1996: Amplified fragment length 

polymorphism (AFLP) in soybean: species diversity, inheritance, and near-isogenic 

167 



References 

line analysis, Theor Appl Genet 93: 392-401. 

Mazur BJ, Tingey SV, 1995: Genetic mapping and introgression of genes of agronomic 

importance. Curr Opin Biotech 6(2): 175-182. 

McCouch SR, Kochert G, Yu ZH, Wang ZY, Khush GS, Coffman WR et al, 1988: 

Molecular mapping of rice chromosomes. Theor Appl Genet 76: 815-829. 

McDonald MP, Galwey NW, Colmer TD, 2001: Waterlogging tolerance in the tribe 

Triticeae: The adventitious roots of Critesion marinum have a relatively high 

porosity and a barrier to radial oxygen loss. Plant Cell Environ 24: 585- 596. 

McKersie BD and Hunt LA, 1987: Genotype differences in tolerance of ice encasement, 

low temperature flooding and freezing in winter wheat. Crop Sci 27: 860-863. 

McMullen MD, Byrne PF, Snook ME, Wiseman BR, Lee EA, Widstrom NW, and Coe 

EH, 1998: QTL and metabolic pathways. Proc Natl Acad Sci 95: 1996-2000. 

Melchinger AE, Utz HF, and Schon CC, 1998: QTL mapping using different testers and 

independent population samples in maize reveals low power of QTL detection and 

large bias in estimates of QTL effects. Genetics 149: 383-403. 

Members of the Complex Trait Consortium, 2003: The nature and identification of 

quantitative trait loci: a community's view. Nat Rev 4: 911-916. 

Messeguer R, Ganal M, de Viceente MC, N.D.Young, H.Bolkan, and S.D.Tanksley, 

1991: High resolution RFLP map around the root knot nematode resistance gene 

(Mi) in tomato.Theor Appl Genet 82: 529-536. 

Mestre PF, Asins MJ, Pina JA, Navarro L, 1997a: Efficient search for new, resistance 

genotypes to citrus tristeza cloterovirus in the orange subfamily Aurantioideae. 

Theor Appl Genet 95: 1282-1288. 

Mestre PF, Asins MJ, Pina JA, Carbonell EA, Navarro L, 1997b: Molecular markers 

flanking citrus tristeza virus resistance gene from Poncirus trifoliata (L.) Raf. 

Theor Appl Genet 94: 458-464. 

Michalek W, Kunzel G, Graner A, 1999: sequence analysis and gene identification in a 

set of mapped RFLP markers in barley (Hordeum vulgare). Genome 42, 849-853. 

Michelmore RW, 1995: Molecular approaches to manipulation of disease resistance 

genes. Ann Rev Phytopathol 15: 393-427. 

Michelmore RW, Paran I, Kesseli RV, 1991: Identification of markers linked to disease 

resistance genes by bulked segregant analysis: a rapid method to detect markers in 

specific genomic regions by using segregating populations. Proc Natl Acad Sci 88: 

168 



References 

9828-9832. 

Miklas PN, Johnson E, Stone V, Beaver JS, Montoya C, and Zapata M, 1996: Selective 

mapping of QTL conditioning disease resistance in common bean. Crop Sci 36: 

1344-1351. 

Millborrow BW, 1974: The chemistry and physiology of abscisic acid. Annual Review of 

Plant Physiol 25: 259- 307 

Minella E and Sorrells ME, 1997: Inheritance and chromosome location of Alp, a gene 

controlling aluminum tolerance in 'Dayton' barley. Plant Breeding 116: 465-469. 

Ming R, Liu SC, Irvine JE, Paterson AH, 2001: Comparative QTL analysis in a complex 

autopolyploid: candidate genes for determinants of sugar content in sugarcane. 

Genome Res 11: 2075-2084. 

Moharramipour S, Tsumuki H, Sato K, Yoshida H, 1997: Mapping resistance to cereal 

aphids in barley. Theor Appl Genet 94: 592-596. 

Moll J, 1996: Is sub-surface drainage financially attractive to control waterlogging stress. 

Aust J Soil Water Conserv 9 (1 ): 32-36. 

Molnar SJ, James LE, and Kasha KJ, 2000: Inheritance and RAPD tagging of multiple 

genes for resistance to net blotch in barley. Genome 43: 224-231. 

Monforte A, Asins MJ, and Carbonell EA, 1996: Salt tolerance inLycopersicon species. 

IV. Efficiency of marker-assisted selection for salt tolerance improvement. Theor 

Appl Genet 93: 765-772. 

Monforte A, Asins MJ, and Carbonell EA, 1997a: Salt tolerance inLycopersicon species. 

V. May genetic variability at quantitative trait loci affect their analysis? Theor Appl 

Genet 95: 284-293. 

Monforte A, Asins MJ, and Carbonell EA, 1997b: Salt tolerance in Lycopersicon 

species.VI. Genotype by salinity interaction in quantitative trait loci detection. 

Constitutive and response QTLs. Theor Appl Genet 95: 706-713. 

Monforte A, Asins MJ, and Carbonell EA, 1997c: Salt tolerance in Lycopersicon 

species.VII. Pleiotropic action of genes controlling earliness. Theor Appl Genet 98: 

593-601. 

Moore G and McFarlane D, 1998: Waterlogging. In Soil guide. A handbook for 

understanding and managing agricultural soils. Edited by Moore G. Agriculture 

Western Australia; 1998: 94-108. 

Morgante M, Rafalski A, Biddle P, Tingey S, and Olivieri AM, 1994: Genetic mapping 

169 



References 

and variability of seven soybean simple sequence repeat loci. Genome 37: 763-769. 

Mukai Y, Suyama Y, Tsumura Y, Kawahara T, and Yoshimaru H, Kondo T, Tomaru N, 

Kuramoto N, Murai M, 1995: A linkage map for sugi (Cryptomeriajaponica) 

based on RFLP, RAPD, and isozyme loci. Theor Appl Genet 90: 835-840. 

Munns R, Goyal SS, Passioura J, 2005: Salinity stress and its mitigation. Plant Stress 

Website (www.plantstress.com/articles/index.asp ). 

Musgrave A, Jackson MB and Ling E, 1972: Callitriche stem elongation is controlled by 

ethylene and gibberellin. Nature New Biol 236: 93-96 

Musgrove ME, 1994: Waterlogging effects on yield and photosynthesis in eight winter 

wheat cultivars. Crop Sci 34: 1314-1318. 

Musgrove ME, and Ding N, 1998: Evaluation of wheat cultivars for waterlogging 

tolerance. Crop Sci 38: 90-97. 

Nakagahra M, 1972: Genetic mechanism on the distorted segregation of marker genes 

belonging to the eleventh linkage group in cultivated rice. Jpn J Breed 22: 232-238. 

Nandi S, Subudhi PK, Senadhira D, Manigbas NL, Sen-Mandi S, Huang N, 1997: 

Mapping QTL for submergence tolerance in rice by AFLP analysis and selective 

genotyping. Mol Gen Genet 255: 1-8. 

Nelson JC, Van Deynze AE, Autrique E, Sorrells ME, Lu Y, Merlino M, Atkinson M, 

Leroy P, 1995a: Molecular mapping of wheat: homoeologous group 2. Genome 

38:516-524. 

Nelson JC, Van Deynze AE, Autrique E, Sorrells ME, Lu YH, Negre S, Bernard M, 

Leroy P,1995 (b): Molecular mapping of wheat: homoeologous group 3. Genome 

38:525-533. 

Nelson JC, Sorrells ME, Van Deynze AE, Lu YH, Atkinson M, Bernard M, Leroy P, 

Faris JD, Anderson JA, 1995c: Molecular mapping of wheat: major genes and 

rearrangements in homoeologous groups 4, 5, and 7. Genetics 141 :721-731. 

Neyna N, Cornelious B, Shannon JG, Sneller CH, 2003: Evaluation of a QTL for 

waterlogging tolerance in southern soybean germplasm. Crop Sci 43: 2077-2082. 

Nikaido A, Yoshimaru H, Tsumura Y, Suyama Y, Murai M, Nagasaka K, 1999: 

Segregation distortion for AFLP markers in Cryptomeria japonica. Genes Genet 

Systems 74: 55-59. 

Ostrander EA, Jong PM, Rine J, and Duyk G, 1992: Construction of small-insert 

genomic libraries highly enriched for microsatellite repeat sequences. Proc Natl 

170 



References 

Acad Sci 89:3419-3423. 

Otte ML, Rozema J, Koster L, Haarsma MS, Broekman RA, 1989: Iron Plaque on Roots 

of Aster tripolium L.: Interaction with Zinc Uptake. New Phytol 111(2): 309-317. 

Otte ML, 1991: Contamination of coastal wetlands with heavy metals: factors affecting 

uptake of heavy metals by salt marsh plants. Tasks Veg Sci 22:126-133. 

Oziel A, Hayes PM, Chen FQ, and Jones B, 1996: Application of quantitative trait locus 

mapping to the development of winter habit malting barley. Plant Breeding 115: 

43-51. 

Paillard M, Lashermes P, Petiard V, 1996: Construction of a linkage map in coffee. 

Theor Appl Genet 93: 41-4 7. 

Pan A, Hayes PM, Chen F, Blake THH, Wright TKS, Karsai I, and Bedo Z, 1994: Genetic 

analysis of the components ofwinterhardiness in barley (Hordeum vulgare L.). 

Theor Appl Genet 89: 900-910. 

Pande HK, Reddy MD, 1988: Improved management technology for augmenting 

production potential of rainfed marginal lands under rice based cropping system in 

eastern India. India J Range Managment 9: 105-111. 

Park RF, Bariana HS, Wellings CR and Wallwork H, 2002: Detection and occurrence of a 

new pathotype of Puccinia tritici with virulence for Lr24 in Australia. Aust J Agr 

Res 53: 1-8. 

Park RF, KaraKousis A, 2002: Characterization and mapping of gene Rph19 confering 

resistance to Puccinia hordei in the cultivar 'Reka 1' and several Australian barleys. 

P !ant Breeding 121 : 23 2-23 6. 

Paterson AH, Damon S, Hewitt JD, Zamir D, Rabinowitch HD, Lincoln SE, Lander ES, 

and Tanksley SD, 1991: Mendelian factors underlying quantitative traits in tomato: 

comparison across species, generations and environments. Genetics 12 7: 181-197. 

Paterson AH, 2002: What has QTL mapping taught us about plant domestication? New 

Physiol 154: 591-608. 

Paterson A, Devema J, Lanini B, Tanksley S, 1990: Fine mapping of quantitative trait 

loci using selected overlapping recombinant chromosomes in an interspecies cross 

oftomato. Genetics 124: 735-742. 

Paterson A, Schertz K, Lin Y, Liu S, Chen Y, 1995: The weediness of wild plants: 

molecular analysis of genes influencing dispersal and persistence of Johnson grass, 

Sorghum halepense(L.). Proc Natl Acad Sci 92: 6127-6131. 

171 



References 

Paterson A, Lander E, Hewitt J, Paterson S, Lincoln S, Tanksley S, 1988: Resolution of 

quantitative traits into Mendelian factors by using a complete map of restriction 

fragment length polymorphisms. Nature 335: 721-726. 

Patrick I and Jugisjinda A, 1992: Sequential reduction and oxidation of inorganic 

nitrogen, manganese and iron in flooded soil. Soil Sci Soc Am J 56, 1071-1073 

Pecchioni N, Faccioli P, Toubia-Rahme H, Vale G and Terzi V, 1996: Quantitative 

resistance to barley leaf stripe (Pyrenophora graminea) is dominated by one major 

locus. Theor Appl Genet 93: 97-101. 

Pecchioni N, Vale G, H Toubia, Faccioli P, Terzi V, and Delogu G, 1999: 

Barley-Pyrenophora graminea interaction: QTL analysis and gene mapping. Plant 

Breeding 118: 29-35. 

Penn RM, 1989: Soil water and plant growth on restored opencast coalmine sites. 

Dissertation Abstracts International. B, Sciences and Engineering, 49 (12): 50908 

Penner GA, Bush A, Wise R, Kim W, Dornier L, Kasha K, Laroche A, Scoles G, Molnar 

SJ, Fedak G., 1993: Reproducibility of random amplified polymorphic DNA 

(RAPD) analysis among laboratories. PCR Methods Appl 2(4):341-345. 

Perez-Enciso M, 1998: Sequential bulked typing: a rapid approach for detecting QTLs. 

Theor Appl Genet 96: 551-557. 

Petersen G and Seberg 0, 1998: Molecular characterization and sequence polymorphism 

of the alcohol dehydrogenase 1 gene in Hordeum vulgare L. Euphytica 102:57-63. 

Pezeshki SR, 1991: Root responses of flood-tolerant and flood-sensitive tree species to 

soil redox conditions. Trees 5: 180-186. 

Pezeshki SR, Pardue JH, DeLaune RD, 1993: The influence of soil oxygen deficiency on 

alcohol dehydrogenase activity, root porosity, ethylene production, and 

photosynthesis in Spartina patens. Environ Exp Bot 33: 565-573. 

Phillips RL, and Freeling M, 1998: Plant genomics and our food supply: an introduction. 

Proc Natl Acad Sci 95: 1969-1970. 

Piepho HP, 2000: Optimal marker density for interval mapping in a backcross population. 

Heredity 84: 437-440. 

Plomion C, O'Malley DM, Durel CE, 1995: Genomic analysis in maritime pine (Pinus 

pinaster): Comparison of two RAPD maps using selfed and open-pollinated seeds 

of the same individual. Theor Appl Genet 90: 1028-1034. 

Ponnamperuma FN, 1986: Behaviour of trace elements as affected by redox processes. 

172 



References 

XIII Congr. Int Soc Soil Sci 13-20.08. 

Powell W, Thomas WTB, Thompson DM, Swanston JS, and Waugh R, 1992: 

Association between rDNA alleles and quantitative traits in doubled haploid 

populations in barley. Genetics 130: 187-194. 

Powell W, Morgante M, Andre C, 1996: The comparison ofRFLP, RAPD, AFLP and 

SSR (microsatellite) markers for germplasm analysis. Mo! Breeding 2, 225-238. 

Powell W, Thomas WTB, Baird E, Lawrence P, Booth A, Harrower B, Mcnicol JW, 

Waugh R, 1997: Analysis of quantitative traits in barley by the use of amplified 

fragment length polymorphisms. Heredity 79: 48-59 

Poysa VW, 1984: The genetic control oflow temperature, ice encasement, and flooding 

tolerances by chromosomes 5A, 58 and 5D in wheat. Cereal Res Commun 12: 

135-141. 

Price P, 1993: Resource Base: The nation's vital asset. Agri Sci 6, 42-45. 

Qi X, Jiang G, Chen W, Niks RE, Stam P, Lindhout P, 1999: Isolation-specific QTLs for 

partial resistance to Puccinia hordei in barley. Theor Appl Genet 99: 877-884. 

Qi X, Stam P, Lindhout P, 1996: Comparison and integration of four barley genetic 

maps. Genome 39: 379-394. 

Qi X, Stam P, Lindhout P, 1998: Use of Locus-specific AFLP markers to construct a 

high-density molecular map in barley. Theor Appl Genet 96: 376-384. 

Qi X, Nicks EE, Stam P, And Lindhourt P, 1998: Identification of QTLs for partial 

resistance to leaf rust (Puccinia hordei) in barley. Theor Appl Genet 96: 1205-1213. 

Qian kai, Hong Yihuan, Gu Shiliang, Chen Jianmin, 2005: Genetic mapping of 

waterlogging tolerance in barley by SSR markers. J Triticeae Crops 25( 4): 6-9. 

Qiu JD, Ke Y, 1991: A study of determination of wet tolerance of 4572 barley germplasm 

resources. Acta Agriculturae Shanghai 7(4): 27-32. 

Quillet MC, Madjidan N, Griveau Y, Serieys H, Tersac M, Lorieux M, Berville A,1995: 

Mapping Genetic factors controlling pollen viability in an interspecific cross in 

Helianthus sect. Helianthus. Theor Appl Genet 91: 1195-120. 

Rae AM, and Kearsey MJ, 1999: More QTL for flowering time revealed by substitution 

lines in Brassica oleracea. Heredity 83: 586-596. 

Ragot M, Sisco PH, and Stuber CW, 1995: Molecular-marker-mediated characterization 

of favorable exotic alleles at quantitative trait loci in maize. Crop Sci 35: 

1306-1315. 

173 



References 

Railton ID and Reid DM, 1973: Effects ofbenzyladenine on the growth of waterlogged 

tomato plants. Planta 111, 261 

Raman B, Satovic Z, Pozarkova D, Macas J, Dolezel J, Cubero JI, Torres AM, 2004: 

Development of a composite map in Vicia faba, breeding applications and future 

prospects. Theor Appl Genet 108: 1079-1088. 

Raman H, Moroni JS, Sato K, Read BJ, Scott BJ, 2002: Identification microsatellite 

markers linked with an aluminium tolerance gene in barley (Hordeum vulgare L.). 

Theor Appl Genet 105: 458-464. 

Raman H, Karakousis A, Moroni JS, Raman R, Read B, Garvin DF, Kochian LV, and 

Sorrells ME, 2003: Development and allele diversity ofmicrosatellite markers 

linked to the aluminium tolerance gene Alp in barley. Aust J Agric Res 54: 

1315-1321. 

Raman H, Wang J, Read B, Zhou M, Venkatanagappa S, Moroni JS, O'Bree B, 

Mendham N: Molecular mapping of tolerance to aluminium toxicity in barley. 

Plant & Animal Genomes XIII Conference, January 15-19, 2005, San Diego, CA, 

USA; 2005. 

Ramsay L, Macaulay M, Ivanissevich SD, Maclean K, Cardle L, Fuller J, Edwards KJ, 

Tuvesson S, Morgante M, Massari A, Maestri E, Marmiroli N, Sjakste T, Ganal M, 

Powell W, and Waugh R, 2000: A simple sequence repeat-based linkage map of 

barley. Genetics 156: 1997-2000. 

Rasmussen KJ, 1988: Ploughing, direct drilling and reduced cultivation for cereals. 

Tidsskriftfor Planteavl 92 (3): 233-248. 

Ray JD, Kindiger Band Sinclair TR, 1999: lntrogressing root aerenchyma into maize. 

Maydica 44(2):113-117. 

Reid DM and Crozier A, 1971: Effects ofwaterlogging on the gibberellin content and 

growth of tomato plants. J Exp Bot 22, 39. 

Rennefeld H, Franken H, Schroder D, 1987: Effects of short-term raised groundwater 

levels on plant yield in a mining subsidence area-small lysimeter trial. Mitteilungen 

der Deutschen Bodenkundlichen Gesellschaft, German, 53: 237-242. 

Reyna N, Cornelious B, Shannon JG and Sneller CH, 2003: Evaluation of a QTL for 

waterlogging tolerance in Southern soybean germplasm. Crop Sci 43: 2077-2082. 

Ricard B, V anToai T, Chourey P, Saglio P, 1998: Evidence for the critical role of sucrose 

synthase for anoxic tolerance of maize roots using a double mutant. Plant Physiol 

174 



References 

116: 1323-1331. 

Romagosa I, Ullrich SE, Han F, Hayes PM, 1996: Use of the additive main effects and 

multiplicative interaction model in QTL mapping for adaptation in barley. Theor 

Appl Genet 93: 30-37. 

Romagosa I, Han F, Ullrich SE, Hayes PM, and Wesemberg DM, 1999(a): Verification 

of yield QTL through realized molecular marker-assisted selection responses in 

barley cross. Mo! Breeding 5: 143-152. 

Romagosa I, Han F, Clancy JA and Ullrich SE, 1999(b): Individual locus effects on 

dormancy during seed development and after ripening in barley. Crop Sci 39: 

74-79. 

Ronin YI, Kirzhner VM, and Korol AB, 1995: Linkage between loci for quantitative 

traits and marker loci: multi-trait analysis with a single marker. Theor Appl Genet 

90: 776-786. 

Rongwen J, Akkaya MS, Bhagwat AA, Lavi U, Cregan PB, 1995: The use of 

microsatellite DNA markers for soybean genotype identification. Theor Appl Genet 

90: 43-48. 

Rouppe van der Voort JNAM, van Zandvoort P, van Eck HJ, Folkertsma RT, Hutten 

RCB, Draaistra J, Gommers FJ, Jacobsen E, Helder J and Bakker J, 1997: Use of 

allele specificity of comigrating AFLP markers to align genetic maps from different 

potato genotypes. Mo! Gen Genet 255: 438-447. 

Routmand EJ, and Cheverud JM, 1997: Gene effects on a quantitative trait: two-locus 

epistatic effects measured at microsatellite markers and at estimated QTL. 

Evolution 51: 1654-1662. 

Rowe RN and Beardsell DV, 1973: Waterlogging of fruit trees. Hort Abstr 43: 533-548. 

Russell RJ, Fuller JD, Macaulay M, Hats BG, Jahoor A, Powell Wand Waugh R, 1997: 

Direct comparison of levels of genetic variation among barley accessions detected 

by RFLPs, AFLPs, SSRs and RAPDs. Theor Appl Genet 95: 714-722. 

Sachs MM, 1993. Molecular genetic basis of metabolic adaptation to anoxia in maize and 

its possible utility for improving tolerance of crops to soil waterlogging. In 

Interacting stresses on plants in a changing climate. Edited by Jackson MB and 

Black CR. Springer; 1993: 375-393. 

Saghai-MaroofMA, Soliman KM, Jorgensen RA, and Allard RW, 1984: Ribosome DNA 

spacer length polymorphism in barley: Mendelian inheritance, chromosomal 

175 



References 

location and population dynamics. Proc Natl A cad Sci 81: 8014-8018. 

Saghai-MaroofMA, Biyashev RB, Yang GP, Zhang Q and Allard RW, 1994: 

Extraordinarily polymorphic microsatellite DNA in barley: species diversity, 

chromosomal locations, and population dynamics. Proc Natl Acad Sci 91: 5466-

5470. 

Salmeron JM, Oldroyd GED, Rommens CMT, Scofield SR, and Kim HS, 1996: Tomato 

PRF is a member of the leucine-rich repeat class of plant disease resistance genes 

and lies embedded within thePto kinase gene cluster. Cell 86: 123-133. 

Sandler L, Novitski E, 1957: Meiotic drive as an evolutionary force. Am Nat 91: 

105-110. 

Sanguineti MC, Tuberosa R, Landi P, Salvi S, Maccaferri M, Casarini E, and Conti S, 

1999: QTL analysis of droought-related traits and grain yield in relation to genetic 

variation for leaf abcisic acid concentration in field-grown maize. J Exp Bot 50: 

1289-1297. 

Sari-Gola M, Calinski T, Kaczmarek Z, and Krajewski P, 1997: Detection of 

QTL-environment interaction in maize by a least squares interval mapping method. 

Heredity 78: 145-157. 

Sato K, Inukai T, Hayes PM, 2001: QTL analysis of resistance to the rice blast pathogen 

in barley (Hordeum vulgare). Theor Appl Genet 102: 916-920. 

Sax K, 1923: Association of size differences with seed coat pattern and pigmentation in 

Phaseolus vulgaris. Genetics 8: 552-560. 

Sayed H, Kayyal H, Ramsey L, Ceccarelli S, Baum M, 2002: Segregation distortion in 

doubled haploid lines of barley (Hordeum vulgare L.) detected by simple sequence 

repeat (SSR) markers. Euphytica 225: 265-272. 

Scheurer KS, Friedt W, Huth W, Waugh R, Ordon F, 2001: QTL analysis of tolerance to 

a German strain ofBYDV _PAV in barley (Hordeum vulgare L.). Theor Appl Genet 

103: 1074-1083. 

Scragg EB, Carnegie HM: The effects of husbandry regime and soil type on the 

persistence of wild oat (Avenafatua) seeds in soil. Proceedings, Crop Protection in 

Northern Britain, 15-17 March 1987. Dundee University; 1987: 13-18. 

Sebastian RL, Howell EC, Kink GJ, Marshall DF and Kearsey MJ, 2000: An integrated 

AFLP and RFLP Brassica oleracea linkage map from two morphologically distinct 

doubled-haploid mapping populations. Theor Appl Genet 100: 75-81. 

176 



References 

Sebolt AM, Shoemaker RC, and Diers BW, 2000: Analysis of a quantitative trait locus 

allele from wild soybean that increases seed protein concentration in soybean. Crop 

Sci 40: 1438-1444. 

Setter TL, Waters I, Greenway H, Atwell BJ, Kupkanchanakul T, Crawford RMM: 

Carbohydrate status of terrestrial plants during flooding - Plant life in aquatic and 

amphibious habitats. Oxford, UK; 1987: 411-433. 

Setter TL, Burgess P, Water I, Kuo J: Genetic diversity of barley and wheat for 

waterlogging tolerance in Western Australia. In Proc. 9th Australian Barley 

Technical Symposium. Melbourne, Aust; 1999: 2.17 .1-2.17. 7. 

Setter TL and Waters I, 2003: Review of prospects for germplasm improvement for 

waterlogging tolerance in wheat, barley and oats. Plant Soil 253: 1-33. 

Sewell MM, Sherman BK, Neale DB, 1999: A consensus map for loblolly pine (Pinus 

taeda L.). I. Construction and integration of individual linkage maps from two 

outbred three generation pedigrees. Genetics 151 : 3 21-3 3 0. 

Shan X, Blake TK, and Talbert LE, 1999: Conversion of AFLP markers to 

sequence-specific PCR markers in barley and wheat. Theor Appl Genet 98: 

1072-1078. 

Shao XH, Wang JB, Liu CL, Liu XR, 2000: Simulation of soil moisture regime 

fluctuation in the winter wheat and barley field under PVC subdrainage. J Nanjing 

Agricultural University 23(2): 47-52. 

Sherman JD, Smith LY, Blake TK, Talbert LE, 2001: Identification of barley genome 

segments introgressed into wheat using PCR markers. Genome 44: 38-44. 

Shiel RS, Holburn S, Adaey MA, 1987: The influence of aggregate size and drainage 

potential on germination of barley seeds in flooded soil. Plant Soil 101 (1): 

115-121. 

Siangliw M, Toojinda T, Tragoonrung S, Vanavichit A, 2003: Thai jasmine rice carrying 

QTLch9 (SubQTL) is submergence tolerant. Annals of Botany 91: 255-261. 

Sillanpaa MJ, and Arjas E, 1999: Marker-based mapping of multiple quantitative trait 

loci from incomplete outbred offspring data. Genetics 151: 1605-1619. 

Simko I, Vreugdenhil D, Jung CS, and May GD, 1999: Similarity of QTLs detected for in 

vitro and greenhouse development of potato plants. Mot Breeding 5: 417-482. 

Smilde WD, Haluskova J, Sasaki T, and Graner A, 2001: New evidencefor the synteny of 

rice chromosome 1 and barley chromosome 3H from rice expressed sequence tags. 

177 



References 

Genome 44: 361-367. 

Snape JW, Chapman V, Moss J, Blanchard CE and Miller TE. 1979: The crossabilities of 

wheat varieties with Hordeum bulbosum. Heredity 42: 291-298. 

Snowden RED and Wheeler BD, 1993: Iron toxicity to fen plant species. J Ecol 81, 

35-46. 

Sogaard Band von Wettstein-Knowles P, 1987: Barley: genes and chromosomes. 

Carlsberg Res Commun 52: 123-196. 

Soller M, and Beckmann JS, 1990: Marker-based mapping of quantitative trait loci using 

replicated progeny. Theor Appl Genet 80: 205-208. 

Song QJ, Maret LF, Shoemaker RC, Lark KG, Concibido VC, Delannay X, Specht JE, 

Cregan PB, 2004: A new integrated genetic linkage map of the soybean. Theor Appl 

Genet 109: 122-128. 

Spaner D, Shugar LP, Choo TM, Falak I, Briggs KG, Legge WG, Falk DE, Ullrich SE, 

Tinker NA, Steffenson BJ, and Mather DE, 1998: Mapping of disease resistance 

loci in barley on the basis of visual assessment of naturally occurring symptoms. 

Crop Sci 38: 843-850. 

Spaner D, Rossnagel BG, Legge WG, Scoles GJ, Eckstein PE, Penner GA, Tinker NA, 

Brigs KG, Falk DE, Afele JC, Hayes PM, Mather DE, 1999: Verification of a 

quantitative trait locus affecting agronomic traits in two-row barely. Crop Sci 39: 

248-252. 

Sripongpangkul K, Posa GBT, Senadhira DW, Brar D, Huang N, Khush GS, Li ZK, 

2000: Genes/QTLs affecting flood tolerance in rice. Theor Appl Genet 101: 

1074-1081. 

Stam P, 1993: Construction of integrated genetic linkage maps by means of a computer 

package: JOINMAP. Plant J 5: 739-744. 

St-Cyr Land Crowder AA, 1988: Iron oxide deposits on the roots of Phragmites australis 

related to the iron bound to carbonates in the soil. J Plant Nutr 11: 1253-1262. 

St-Cyr L, Fortin D, Campbell PGC, 1993: Microscopic observations of the iron plaque of 

a submerged aquatic plant (Vallisneria americana Michx). Aquat Bot 46: 155-167. 

Steffenson BJ, Jin Y, Rossnagel BG, Rasmussen JB and Kao K, 1995: Genetics of 

multiple disease resistance in a doubled haploid population of barley. Plant 

Breeding 114: 50--54. 

Steffenson BJ, Hayes PM, and Kleinhofs A, 1996: Genetics of seedling and adult plant 

178 



References 

resistance to net blotch (Pyrenophora teres f teres) and spot blotch ( Cochlibus 

sativus) in barley. Theor Appl Genet 92: 552-558. 

Stitt M, 1998: Pyrophosphate as an energy donor in the cytosol of plant cells: an 

enigmatic alternative to ATP. Bot Acta 111: 167-175. 

Stratton D, 1998: Reaction norm functions and QTL-environment interactions for 

flowering time in Arabidosis thaliana. Heredity 81: 144-155. 

Struss D, Plieske J, 1998: the use of microsatellite markers for detection of genetic 

diversity in barley populations. Theor Appl Genet 97: 308-315. 

Stuber CW, Lincoln SE, WolfDW, Helentjaris T, and Lander ES, 1992: Identification of 

genetic factors contributing to heterosis in a hybrid from two elite maize inbred 

lines using molecular markers. Genetics 132: 823-839. 

Stuber CW: In Molecular Dissection of Complex Traits. Edited by Paterson AH. CRC 

Press, Boca Raton, FL; 1998: 197-206. 

Subudhi PK, Rosenow DT, and Nguyen HT, 2000: QTL for stay-green trait in sorghum 

(S.bicolor L.Moench): consistency across genetic backgrounds and environments. 

Theor Appl Genet 101: 733-741. 

Suzuki K, Itai R, Suzuki K, Nakanishi H, Nishizawa NK, Yoshimura E, Mori S, 1998: 

Formate dehydrogenase, an enzyme of anaerobic metabolism, is induced by iron 

deficiency in barley roots. Plant Physiol l l 6: 725-732. 

Swanston JS, Thomas WTB, Powell W, Young GR, Lawrence PE, Ramsay L, Waugh R, 

1999: Using molecular marker to determine barleys most suitable for malt whisky 

distilling. Mol Breeding 5: 103-109. 

Taeb M, Koebner RMD, Forster BP, 1993: Genetic variation for waterlogging tolerance 

in the Triticeae and the chromosomal location of genes conferring waterlogging 

tolerance in Thinopyrum elongatum. Genome 36: 825-830. 

Takeda Kand Fukuyama T, 1986: Variation and geographical distribution of varieties for 

flooding tolerance in barley seeds. Barley Genet Newsletter 16:28-29. 

Takeda K, Fukuyama T, 1987: Tolerance to pre-germination flooding in the world 

collection of barley varieties. Barley Genet V: 735-740. 

Taketa S, Takahashi H, and Taketa K, 1998: Genetic variation in barley of crossability 

with wheat and its quantitative trait loci analysis. Euphytica 103: 187-193. 

Taketa S, Choda M, Ohashi R, Ichii M, Taketa K, 2002: Molecular and physical mapping 

of a barley gene on chromosome arm lHL that causes sterility in hybrids with 

179 



References 

wheat. Genome 45: 617-625. 

Tang Y, Sorrells ME, Kochian LV, Garvin DF, 2000: Identification of RFLP markers 

linked to the barley aluminum tolerance gene Alp. Crop Sci 40, 778-782. 

Tani N, Takahashi T, Iwata H, Mukai Y, Ujino-Ihara T, Matsumoto A, Yoshimura K, 

Y oshimaru H, Murai M, N agasaka K, 2003: A consensus linkage map for sugi 

(Cryptomeriajaponica) from two pedigrees, based on microsatellites and 

expressed sequence tags. Genetics 165: 1551-1568. 

Tanksley SD, Bernatzky R, Lapitan NL, Price JP, 1988: Conservation of gene repertoire 

but not gene order in pepper and tomato. Proc Natl Acad Sci 85: 6419-6424. 

Tanksley SD, Gan.al MW, Prince JP, de Vicente MC, Bonierbale MW, Broun P, Fulton 

TM, Giovannoni JJ, Grandillo S, Martin GB, Messeguer R, Miller L, Paterson AH, 

Pineda 0, Roder MS, Wing RA, Wuw, Young ND, 1992: High density molecular 

linkage maps of the tomato and potato genomes. Genetics 132: 1141-1160. 

Tanksley SD, and Nelson JC, 1996: Advanced backcross QTL analysis: a method for the 

simultaneous discovery and transfer of valuable QTLs from unadapted germplasm 

into elite breeding lines. Theor Appl Genet 92: 191-203. 

Tanksley S, Grandillo S, Fulton T, Zamir D, Eshed Y, Petiard V, Lopez J, Beck-Bunn T, 

1996: Advanced backcross QTL analysis in a cross between an elite processing line 

of the tomato and its wild relative L. pimpinellifolium. Theor Appl Genet 92: 

213-224. 

Tanksley SD, and McCouch SR, 1997: Seed banks and molecular maps: unlocking 

genetic potential from the wild. Science 277: 1063-1066. 

Taylor DL 1942: Influence of oxygen tension on respiration, fermentation, and 

growth in wheat and rice. Am J Bot 29 (9): 721-738. 

Taylor DR, Ingvarsson PK, 2003: Common features of segregation distortion in plants 

and animals. Genetica 117: 27-35. 

Taylor HS, Lawrence EO and Langmuir I: Molecular Films, The Cyclotron & The New 

Biology. Rutgers University Press, New Brunswick, NJ; 1942. 

Taylor ER, Nie :XZ, MacGregor AW, Hill RD, 1994: A cereal haemoglobin gene is 

expressed in seed and root tissues under anaerobic conditions. Plant Mo/ Bio 24: 

853-862. 

Taylor JS, Braasch I, Frickey T, Meyer A, Van de Peer Y, 2003: Genome duplication, a 

trait shared by 22,000 species of ray-finned fish. Genome Res 13:382-390. 

180 



References 

Teulat B, Monneveux P, Wery J, Borries C, Souyris I, Charrier A, and D This, 1997: 

Relationships between relative water content and growth parameters under water 

stress in barley: a QTL study. New Phytol 137: 99-107. 

Teulat B, This D, Khairallah M, Borries C, Ragot C, Soourdille P, Leroy P, Monneveux 

P, and Chalmers A, 1998: Several QTLs involved in osmotic-adjustment trait 

variation in barley (Hordeum vulgare L.). Theor Appl Genet 96: 688-698. 

Teulat B, Borries C, This D, 2001: New QTLs identified for plant water status, 

water-soluble carbohydrate and osmotic adjustment in a barley population grown in 

a growth-chamber under two water regimes. Theor Appl Genet 103: 161-170. 

Teulat B, Omerah I, This D, 2001: QTLs for agronomic traits from a Mediterranean 

barley progeny grown in several environments. Theor Appl Genet 103: 774-787. 

Teulat B, Merah 0, Sirault X, Borries C, Waugh R, This D, 2002: QTLs for grain carbon 

isotope discrimination in field-grown barley. Theor Appl Genet 106:118-126. 

This D, Borries C, Souyris I, Teulat B, 2000: QTL study of chlorophyll content as a 

genetic parameter of drought tolerance in barley. Barley Genet Newsletter 30, 

http://wheat.pw.usda.gov/ggpages/bgn/30/dt2-2.htm. 

Thomas WTB, Powell W, Waugh R, Chalmers KJ, Barua UM, Jack P, Lea V, Forster BP, 

Swanston JS, Ellis RP, Hanson PR, Lance RCM., 1995: Detection of quantitative 

trait loci for agronomic, yield, grain and disease characters in spring barley 

(Hordeum vulgareL.). Theor Appl Genet 91: 1037-1047. 

Thomas WTB, Powell W, Swanston JS, Ellis RP, Chamlers KJ, Barua UM, Jack P, Lea 

V, Forster BP, Waugh Rand Smith DB, 1996: Quantitative trait loci for 

germination and malting quality characters in a spring barley cross. Crop Sci 36: 

265-273. 

ThompsonDM, Chalmers K, WaughR, Forster BP, Thomas WTB, 1991: The inheritance 

of genetic markers in microspore-derived plants of barley (Hordeum vulgare L.). 

Theor Appl Genet 81: 487-492. 

Thomson CJ, Colmer TD, Watkin ELJ, Greenway H, 1992: Tolerance of wheat (Triticum 

aestivum cvs. Gamenya and Kite) and triticale (Triticosecale cv. Mur) to 

waterlogging. New Phytol 120, 335-344. 

Thseng FS and Hou FF, 1993: Varietal differences and diallel analysis of pre-germination 

flooding tolerance of sorghum seed. Jpn J Breeding 43: 23-28. 

Tinker NA, Mather DE, Blake TK, Briggs KG, Choo TM, Hoffinan L, Irvines RB, 

181 



References 

Klrinhofs A, Legge W, Rossnagel BG, Saghai MaroofMA, Scoles GJ, Shugar LP, 

Steffenson B, Ullrich S, and Kasha KJ, 1996: Regions of the genome that affect 

agronomic performance in two-row barley. Crop Sci 36: 1053-1062. 

Tinker NA, Mather DE, and Fortin MG, 1994: Pooled DNA for linkage analysis: 

practical and statistical considerations. Genome 37: 999-1004. 

TokimasaF, 1951. Studies on the harm of the excessive moisture in the soil to the growth 

of barley and wheat. (II) Differences of resistance to harm by the excessive soil 

moisture among wheat, barley, naked barley and their varieties. Proc Crop Sci Soc 

Jpn 20: 266-267. 

Toojinda T, Baird E, Booth A, Broers L, Hayes P, Powell W, Tahomas W, Vivar H, 

Young G, 1998: Introgression of quantitative trait loci (QTLs) determining stripe 

rust resistance in barley: an example of marker-assisted line development. Theor 

Appl Genet 96: 123-131. 

Toojinda T, Broers X, Chen M, Hayes PM, Kleinhofs A, Korte J, Kudrna D, Leung H, 

Line RF, Powell W, and Vivar H, 2000: Mapping qualitative and quantitative 

disease resistance genes in a double haploid population ofbarley (Hordeum vulgare 

L.).Theor Appl Genet 101: 580-589. 

Toojinda T, Siangliw M, Tragoonrung S, Vanavichit A, 2003: Molecular genetics of 

submergence tolerance in rice: QTL analysis of key traits. Annals of Botany 91: 

243-253. 

Tuberosa R, Galiba G, Sanguineti MC, Noli E, and Sutka J, 1997: Identification ofQTL 

influencing freezing tolerance in barley. Acta Agronomica Hungarica 45: 413-417. 

Turner NC, 1992: Crop production on duplex soils: an introduction. Aust J Exp Agric 32: 

797-800. 

Uimari P, and Hoeschele I, 1997: Mapping linked QTL using Bayesian analysis and 

Markov Carlo algorithms. Genetics 146: 735-743. 

Ullrich SE, Han F, and Jones BL, 1997: Genetic complexity of the malt extract trait in 

barley suggested by QTL analysis. J Am Soc Brew Chem 55: 1-4. 

Utz HF, Melchinger AE, and Schon CC, 2000: Bias and sampling error of the estimated 

proportion of the genotypic variance explained by quantitative trait loci determined 

from experimental data in maize using cross validation and validation with 

independent samples. Genetics 154: 1839-1849. 

Utz HF, Melchinger AE: Comparison of different approaches to interval mapping of 

182 



References 

quantitative trait loci. In Biometrics in Plant Breeding. Edited by van Ooijen JW 

and Jansen J. CPRO-DLO, Wageningen; 1994: 159-204. 

Vaillancourt RE, Slinkard AE, 1992: Inheritance of new genetic markers in lentil (Lens 

Miller). Euphytica 64: 227-236. 

Vaillancourt RE, Slinkard AE, 1993: Linkage of morphological and isozyme loci in lentil 

(Lens Miller). Can J Plant Sci 73: 917-926. 

Van Berloo R, and Stam P, 1999: Comparison between marker-assisted selection and 

phenotypic selection in a set of Arabidopsis thaliana recombinant inbred ines. 

Theor Appl Genet 98: 113-118. 

Van Cleemput 0, Patrick WH, Mc Ilhenny RC, 1976: Nitrite decomposition in flooded 

soil under different pH and redox potential conditions. Soil Sci Soc Am J 40: 55-60. 

Van Cleemput 0, Malkanti RM, D'Y dewalle Y, Baert L, 1990: Denitrification influenced 

by incorporated harvest residues. Mitteilungen der Deutschen Bodenkundlichen 

Gesellschaft 60: 177-182. 

Van den Broeck D, Maes T, Sauer M, De Keukeleire Z, 1998: Transposon display 

identifies individual transposable elements in high copy umber lines. Plant J 13: 

121-129. 

Van der Schaar W, Alonso-Blanco C, Leon L, Kloosterizel KM, Jansen RC, van Ooijen, 

JW and Koomeef M, 1997: QTL analysis of seed dormancy in Arabidopsis using 

RILs and MQM mapping. Heredity 79, 190-200. 

Van Deynze AE, Dubcovsky J, Gill KS, Nelson JC, Sorrells ME, Dvorak J, Gill BS, 

Lagudah ES, McCouch SR, Appels R, 1995a: Molecular-genetic maps for group 1 

chromosomes ofTriticeae species and their relation to chromosomes in rice and 

oat. Genome 38:45-59. 

Van Deynze AE, Nelson JC, Yglesias ES, Harrington SE, Braga DP, McCouch SR, 

Sorrells ME, 1995b: Comparative mapping in grasses: Wheat relationships. Mo/ 

Gen Genet 248:744--754. 

Van Eck HJ, van der Voort JR, Draaistra J, van Zandvoort P, van Enckevort E, Segers B, 

Peleman J, Jacobsen E, Helder J, and Bakker J, 1995: The inheritance and 

chromosomal localization of AFLP markers in a non-inbred potato offspring. Mo/ 

Breeding 1 :397-410. 

Van Ginkel M, Rajaram Sand Thijssen M: Waterlogging in wheat: Germplasm 

evaluation and methodology development. In The Seventh Regional Wheat 

183 



References 

Workshop for Eastern, Central and Southern Africa. Edited by Tanner DG and 

Mwangi W. Nakuru, Kenya: CIMMYT; 1992: 115-124. 

Van Ooijen JW, 1992: Accuracy of mapping quantitative trait loci in autogamous 

Species. Theor Appl Genet 84: 803-811. 

Van Ooijen JW and Voorrips RE: Joinmap version 3.0: software for the calculation of 

genetic linkage maps. PRI-DLO, Wageningen, The Netherlands; 2001 

Van Os H, Stam P, Visser RGF, van Eck HJ, 2005: RECORD: a novel method for 

ordering loci on a genetic linkage map. Theor Appl Genet 112: 30-40. 

V an't Woudt BD and Hagan RM: Crop responses at excessively high soil moisture levels. 

In Drainage of Agricultural Lands. Edited by Luthin JN. Academic Press, New 

York; 1957: 514--578 

Vantoai TT, St Martin SK, Chase K, Boru G, Schnipke V, Schmitthenner AF, Lark KG, 

2001 : Identification of a QTL associated with tolerance of soybean to soil 

waterlogging. Crop Sci 41: 1247-1252. 

Varshney RK, Marcel TC, Ramsay L, Russell J, Roeder MS, Stein N, Langridge P, 

Waugh R, Niks R, Graner A: A High Density Microsatellite Consensus Map Of 

Barley. Plant & Animal Genomes XN Conference: 14-18 Jan 2006. San Diego; 

2006. 

Vartapetian BB, Andreeva IN and Nuritdinov N: Plant cells under oxygen stress. In: 

Plant Life in Anaerobic Environments. Edited by Hook DD and Crawford RMM. 

Ann Arbor Sci. Puhl., Ann Arbor, MI, USA; 1978: 13-88. 

Virk PS, Ford-Lloyd BV, Newbury HJ, 1998: Mapping AFLP markers associated with 

sub specific differentiation of Oryza sativa (rice) and an investigation of segregation 

distortion. Heredity 81:613-620. 

Visscher PM, Thompson RM, Haley CS, 1996: Confidence intervals in QTL mapping by 

bootstrapping. Genetics 143, 1013-1020. 

Von Wettstein-Knowles P: Cloned and mapped genes: current status. In Barley: 

Genetics, Biochemistry, Molecular Biology and Biotechnology. Edited by Shewry 

PR. CAB International, Wallingford Qxon, UK; 1992: 73-98. 

Vos P, Rogers R, Bleeker R, Reijans M, van de Lee T, Homes M, Frijters A, Pot J, 

Peleman J, Kuiper M, Zabeau M, 1995: AFLP: a new technique for DNA 

fingerprinting. Nucleic Acids Res 23: 4407-4414. 

Vuylsteke M, Mank R, Antonise R, Bastiaans E, Senior ML, Stuber CW, Melchinger AE, 

184 



References 

Lubberstedt T, Xia XC, Stam P, Zabeau M, Kuiper M, 1999: Two high density 

AFLP linkage maps of Zea mays L.: analysis of distribution of AFLP markers. 

Theor Appl Genet 99: 921-935. 

Wallace JF, Compbell NA, Wheaton GA, Mcfarlane DJ, 1993: Spectral discrimination 

and mapping of waterlogged cereal crops in Western Australia. Intern J Remote 

Sensing 14(14): 2731-2743. 

Wang SC, Zeng BZ, and Basten CJ, 1999: QTL cartographer windows version 1.13 g 

(Programmed, 3 0 Aug.1999). http://statgen.ncsu.edu/ qtlcart/cartographer.html 

(verified 4 December 2002). 

Wang S, He L, Li Z, Zeng J, Cai Y, Hou L, 1996: A comparative study of the resistance of 

barley and wheat to waterlogging. Acta Agronomica Sinica 22(2): 228-232. 

Wang Z, Weber JL, Zhong G, Tanksley SD., 1994: Survey of plant short tandem DNA 

repeats. Theor Appl Genet 88: 1-6. 

Watson ER, Lapins P, Barron RJW, 1976: Effect ofwaterlogging on the growth, grain 

and straw yield of wheat, barley and oats.Aust J ExpAgricAnimHusb 16: 114-122. 

Waugh R, Bonar N, Baird E, Thomas B, Graner A, Heyes P, Powell W, 1997: Homology 

of AFLP products in three mapping populations of barley. Mol Gen Genet 255: 

311-321. 

Weber JL, 1990: Informativeness of human (dC-dA)n.(dG-dT)n polymorphisms. 

Genomics 7: 524-530. 

Weber WE, Borchardt DC, and Koch G, 1999: Combined linkage maps and QTLs in 

sugar beet (Beta vulgaris L.) from different populations. Plant Breeding 118: 

193-204. 

Welsh J, Mcclelland M, 1990: Fingerprinting genomes using PCR with arbitrary primers. 

Nucleic Acid Res 18: 7213-7218. 

Wendel JF, Edwards MD, and Stuber CW, 1987: Evidence formultilocus genetic control 

of preferential fertilization in maize. Heredity 58(2): 297-302. 

Wenzl P, Carling J, Kudrna D, Jaccoud D, Huttner E, Kleinhofs A, and Kilian A, 2004: 

Diversity arrays technology (DArT) for whole-genome profiling of barley. Proc 

NatAcad Sci 101: 9915-9920. 

Wenzl P, Li HB, Carling J, Zhou MX, Raman H, Paul E, Heamden P, Maier C, Xia Ling, 

Caig V, Ovesna J, Cakir M, Poulsen D, Wang JP, Raman R, Smith K, Muehlbauer 

G, Chalmers K, Kleinhofs A, Huttner E, Kilian A, 2006: A high-density consensus 

185 



References 

map of barley linking DArT markers to SSR, RFLP and STS loci and agricultural 

traits. BMC Genomics 7(1): 206. 

Werren JH and Beukeboom LW, 1998: Sex determination, sex ratios, and genetic 

conflict. Ann Rev Ecol Syst 29: 233-261. 

Whitkus R, Doebley J, Michael L, 1992: Comparative genomic mapping of sorghum and 

maize. Genetics 132: 1119-1130. 

Wignarajah K, Greenway H, 1976: Effect of anaerobiosis on activities of alcohol 

dehydrogenase and pyruvate decarboxylase in roots of Zea mays. New Phytol 77: 

575-584. 

Wignarajah K, Greenway H, John CD, 1976: Effect ofwaterlogging on growth and 

activity of alcohol dehydrogenase in barley and rice. New Phytol 77: 585-592. 

Wignarajak: K, 1987: effects ofwaterlogging in barley during the seedling stage. India J 

Plant Physiol 30 (1 ): 44-51. 

Williams J, Kubelik A, Livak: K, Rafalski J, Tingey S, 1990: Oligonucleotide primers of 

arbitrary sequence amplified DNA Polymorphisms which are useful as genetic 

markers. Nucleic Acid Res 18: 6531-6535. 

Winter M, Kickuth R, 1989: Elimination of sulphur compounds from wastewater by the 

root zone process-II. Water Res 23(5): 535-546. 

Wittenberg AHJ, van der Lee T, Cayla C, Kilian A, Visser RGF and Schouten HJ, 2005: 

Validation of the high-throughput marker technology DArT using the model plant 

Arabidopsis thaliana. Mol Genet Genomics 274(1): 30-39. 

Wu K, Burnquist W, Sorrells M, Tew T, Moore P, Tanksley S, 1992: The detection and 

estimation oflinkage in polyploids using single-dose restriction fragments. Theor 

Appl Genet 83: 294-300. 

Wu K, Tanksley SD, 1993: Abundance, polymorphism and genetic mapping of 

microsatellites in rice. Mol Gen Genet 241: 225-235. 

Wu RL, 1999: Mapping quantitative trait loci by genotyping haploid tissues. Genetics 

152: 1741-1752. 

Xia L, PengK, Yang S, WenzlP, de Vicente C, Fregene Mand Kilian A, 2005: DArT for 

high-throughput genotyping of cassava (Manihot esculenta) and its wild relatives. 

Theor Appl Genet 110 (6): 1092-1098. 

Xiao J, Li J, Grandillo S, Ahn S, McCouch S, Tanksley S, Yuan L, 1996: A wild species 

contains genes that may significantly increase the yield of rice. Nature 384: 

186 



References 

223-224. 

Xiao J, Li J, Yuan L, and Tanksley SD, 1995: Dominance is the major genetic basis of 

heterosis in rice as revealed by QTL analysis using molecular markers. Genetics 

140: 745-754. 

XingZY, Tan YF, Hua JP, Sun XL, Xu CG, Zhang Q, 2002: Characterization of the main 

effects, epistatic effects and their environmental interactions of QTLs on the 

genetic basis of yield traits in rice. Theor Appl Genet 105: 248-257. 

Xu K, Mackill DJ, 1996: A major locus for submergence tolerance mapped on rice 

chromosome 9. Mo! Breeding 2(3): 219-224. 

Xu K, Xu X, Ronald PC, Mackill DJ, 2000: A high-resolution linkage map of the vicinity 

of the rice submergence tolerance locus Sub 1. Mo! Gen Genet 263: 681-689. 

Xu RG, Huang ZR, Huang YS, 1997: Comparison ofwaterlogging tolerance among 

barley varieties. Barley Sci 51: 16-18. 

Xu S, 1998: Mapping QTL using multiple families ofline crosses. Geneticsl48: 517-

524. 

Xu S, and Atchley WR, 1995: A random model approach to interval mapping of QTL. 

Genetics 141: 1189-1197. 

Xu Y, Zhu L, Xiao J, Huang N, McCouch SR, 1997: Chromosomal regions associated 

with segregation distortion of molecular markers in F2, backcross, double haploids, 

and recombinant inbred populations in rice (Oryza sativa L.). Mo! Gen Genet 253: 

535-545. 

Yamamuchi A, Kono Y, Tatsumi J, Inagaki N, 1988: Comparison of the capacities of 

waterlogging and drought tolerance among winter cereals. Jpn J Crop Sci 57 (1 ): 

163-173. 

Yang GP, MaroofMAS, Xu CG, Zhang QF, Blyashev RM, 1994: Comparative analysis 

of microsatellite DNA polymorphism in landraces and cultivars of rice. Mo! Gen 

Genet 245: 187-194. 

Yang Jianming, Shen Qiuquan, Wang Nailing, Li Xia, Yang W enxin, 1999: Wet 

endurance of Barley dwarf mutants. Acta Agriculturae Nucleatae Sinica 13(3), 

147-151. 

Yang J, Zhu J, 2005: Methods for predicting superior genotypes under multiple 

environments based on QTL effects, Theor Appl Genet 110: 1268-1274. 

Yang J, Hu CC, Ye XZ, Zhu J: QTLNetwork 2.0: Software for mapping QTL with 

187 



References 

epistatic and QE interaction effects in experimental populations. Institute of 

Bioinformatics, Zhejiang University, Hangzhou, China; 2005. 

Yap IV, Schneider D, Kleinberg J, Matthews D, Cartinhour S, McCouch SR. 2003: A 

graph-theoretic approach to comparing and integrating genetic, physical and 

sequence-based maps. Genetics 165(4): 2235-2247. 

Yencho GC, Cohen MB, and Byrne PF, 2000: Applications of tagging and mapping 

insect resistance loci in plants. Ann Rev Entomol 45: 393-422. 

Yin X, Stam P, Johan Dourleijn C, and KropffMJ, 1999(a): AFLP mapping of 

quantitative trait loci for yield-determining physiological characters in spring 

barley. Theor Appl Genet 99: 244-253. 

Yin X, Kropff MJ, and Stam P, 1999(b ): The role of echophysiological models in QTL 

analysis: the example of specific leaf area in barley. Heredity 82: 415-421. 

Yin X, Chasalow SD, Stam P, KropffMJ, Dourleijn CJ, Bos I and Bindraban PS, 2002: 

Use of component analysis in QTLs mapping of complex crop traits: a case study 

on yield in barley. Plant Breeding 121: 314-319. 

Yordanova RY, Popova LP, 2001: Photosynthetic response ofbarleyplants to soil 

flooding. Photosynthetica 39: 515-520. 

Yu GY, Saghai-MaroofMA, Buss GR, Maughan P, Tolin S, 1994: "RFLP and 

microsatellite mapping of a gene for soybean mosaic virus resistance" 

Phytopathology 84: 60-64. 

Yu PT, Stolzy LH, and Letey J, 1969: Survival of plants under prolonged flooded 

conditions. Agronomy J 61: 844-84 7. 

Yu TR: Physical chemistry of paddy soils. Beijing: Science Press; New York: 

Springer-Verlag; 1985. 

Yu YG, Saghai MaroofMA, and Buss GR, 1996: Divergence and allelomorphic 

relationship of a soybean virus resistance gene based on tightly linked DNA 

microsatellite and RFLP markers. Theor Appl Genet 92: 64-69. 

Zamir D, Tadmor Y, 1986: Unequal segregation of nuclear genes in plants. Bot Gaz 147: 

355-358. 

Zeng Y, Wu Y, Avigne WT, Koch KE, 1999: Rapid repression of maize invertases by 

low oxygen: invertase/sucrose synthase balance, sugar signaling potential and 

seedling survival. Plant Physiol 121: 599-608. 

Zeng ZB, 1993: Theoretical basis for separation of multiple linked gene effects in 

188 



References 

mapping quantitative trait loci. Proc Natl Acad Sci 90: 10972-10976. 

Zeng ZB, 1994: Precision mapping of quantitative trait loci. Genetics 136: 1457-1468. 

Zeng ZB, Houle D, and Cockreham CC, 1990: How informative is Wright's estimator of 

the number of genes affecting a quantitative character? Genetics 26: 235-248. 

Zhang HB and Dvorak J, 1990: Characterization and distribution of an interspersed 

repeated nucleotide sequence from Lophopyrum elongatum and mapping of a 

segregation-distortion factor with it. Genome 33: 927-932. 

Zhang J, Nguyen HT, and Blum A, 1999: Genetic analysis of osmotic adjustment in crop 

plants. J Exp Bot 50: 291-320. 

Zhang Q, Arbuckle J, Wessler S, 2000: Recent extensive and preferential insertion of 

members of the MITE family Heartbreaker (Hbr) into genie regions of maize. Proc 

Natl Acad Sci 97: 1160-1165. 

Zhang ZY, Xin ZY, Larkin PJ, 2001: Molecular characterization of a Thinopyrum 

intermedium Group 2 chromosome (2Ai-2) conferring resistance to barley yellow 

dwarf virus. Genome 44: 1129-1135. 

Zhao X, Kochert G. 1993: Phylogenetic distribution and genetic mapping of a ( GGC)n 

microsatellite from rice (Oryza sativa L.). Plant Mo/ Biol 21(4): 607-614. 

Zhou MX, Xu RG, Chen DH, Huang ZR, Mendham NJ and Hossain M: Effect of 

waterlogging on the growth of barley. In 11th Australian Agronomy Conference. 

Geelong, Victoria, Australia; 2003. 

Zhu B, Choi DW, Fenton R, Close TJ, 2000: Expression of the barley dehydrin multigene 

family and the development of freezing tolerance. Mo/ Gen Genet 264: 145-153. 

Zhu H, Briceno G, Dovel R, Hayes PM, Liu BH, Liu CT, Toojinda T, and Ullrich SE, 

1999: Molecular breeding for grain yield in barley: an evaluation of QTL effects in 

a spring barley cross. Theor Appl Genet 98: 772-779. 

Zhu H, Gilchrist L, Hayes P, Kleinhofs A, Kudrna D, Liu Z, Prom L, Steffenson B, 

Toojinda T, and Vivar H, 1999: Does function follow form? QTLs for Fusarium 

Head Blight (FHB) resistance are coincident with QTLs for inflorescence traits and 

plant height in a doubled haploid population of barley. Theor Appl Genet 99: 

1221-1232. 

Zivy M, Devaux P, Blaisonneau J, Jean R, Thiellement H, 1992: Segregation distortion 

and linkage studies in microspore-derived doubled haploid lines of Hordeum 

vulgare L. Theor Appl Genet 83: 919-924. 

189 



References 

Zwickert-Menteur S, Jestin L, and Branland G, 1996: Amy2 polymorphism as a possible 

marker ofB-Glucanase activity in barley (Hordeum vulgare L.). J Cereal Sci 24: 

55-56. 

190 



Appendices 

Appendices 

Appendix 1. Colinearity of the genetic linkage maps based on two different sets of 

progenies ( experiment A and B) from Franklin I Y erong population using only DArT 

markers. The linkage groups associated with a barley chromosome were placed one on 

top of another and placed side by side for the two experiments based on the linkage 

knowledge from the overall analysis for this population. Distance between markers is 

indicated on left side of each linkage group in cM. 
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Appendix 2. The overall linkage map based on 180 DH progenies from Franklin I Y erong 

population using DArT and microsatellite markers. Markers with segregation distortion 

were indicated with stars(*), with P < 0.05 = *; P < 0.01 = **; P < 0.005 =***.The 

linkage groups are named and organized by chromosomes, e.g. chromosome lH had two 

linkage groups lHl and 1H2. DArT marker are encoded with the letter bPb followed by a 

number showing the position of marker (clone) in the library, the other markers are all 

microsatellites. 

1H1 1H2 2H1 

DD bPb-0181 
1D bPb-0405 DD bPb-3653 
2.6 bPb-7137 
2.9 bPb-1318 0.5 bPb-4577 bPb-1772 

bPb-2723 bPb-7043 0.7 bPb-8737 
3.1 bPb-9608 4.8 b Pb-6876"x 

3.5 bPb-3776x"' 6.6 bPb-0994 

7.1 b Pb-5638 bPb-0094 7.4 bPb-2481 

7.5 bPb-0473 7.8 bPb-8274 

10.4 GMSD21 82 bPb-3870 

29.3 bPb-9337 0.0 bPb-3763 11 D bPb-9258 
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24.7 b Pb-8302 b Pb-1103 
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24.8 bPb-3925 
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b Pb-6047 b Pb-1066 
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50.8 bPb-4941 47.0 bPb-8463 36.4 bPb-0326 

50.9 bPb-6621 47.1 bPb-2063 37.1 bPb-9857 

51.1 bPb-7186 47.3 bPb-5198 37.6 bPb-8204 
42.5 bPb-2244 

51.2 bPb-0910 47.4 bPb-5014 
52.3 bPb-78~ 52.1 bPb-9108 442 bPb-7211 

52.4 bPb-3605x 52.2 bPb-3992 44.7 bPb-6203 

52.5 bPb-9057 53.8 bPb-3984 44.8 b Pb-2587 b Pb-7841 

b Pb-9475 bPb-4362 54.1 bPb-1078 46.8 bPb-7208 

Brreg0770 b Pb-3835 54.5 bPb-3473 46.9 bPb-1986 
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bPb-0468 57.7 bPb-4615x 46.3 bPb-6619 

b Pb-9611 bPb-5292x 65.1 bPb-7524x 46.8 bPb-8530 
53.1 bPb-1922x 60.4 bPb-0299 

53.5 bPb-5683 61.1 bPb-9587 
632 bPb-9909""' 

54.2 BrredJ09Dx 
63.7 bPb-6048 

55.5 bPb-936Dx 
56.0 bPb-5290 63.8 bPb-3102" 

63.9 bPb-1085 bPb-6296x 
56.1 bPb-7190 64D bPb-3993 
56.7 bPb-11ffi 64.4 bPb-0306" 
58.4 bPb-5334 65.6 bPb-6016" 
58.5 bPb-4690 
59.0 bPb-6133 
70.3 bPb-8183 
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2H2 4H 

0.0 bPb-6355 
a bPb-4628" 
8.9 b Pb-6570'""°' 

0.0 b Pb-9681 bPb-5191 10.4 bPb-6864'" 
bPb-428!5 10.5 bPb-7238" 

0.1 b Pb-548;) bPb-8959 11D b Pb-1893" b Pb-4112" 
7.7 Bmac0134 11.5 b Pb-2586"" bPb-7684' 

10.0 
b Pb-5991 bPb-6848 12.7 bPb-0361 

bPb.Q668 bPb-5:265 bPb-0205 14.3 bPb-1411"" 0.0 
10.5 bPb-0471 23.3 bPb-1822 2.8 bPb-3717 
18.1 bPb-3186 23.9 bPb-8419 81 bPb-3468 
18.8 bPb-5188 24.5 bPb-7815 
20.2 bPb-8867 301 bPb.Q118 
24.5 bPb-0003 30.7 bPb-8557 
31.7 bPb-4523 30.8 b Pb-6383 bPb· 7827 25.5 bPb-'1859 
31.8 bPb-1098 31.4 bPb-0789 31.3 bPb-8164' 32.3 bPb-8700 31.5 bPb-6312 35.9 Blmac0679 44.3 bPb-4875 35.5 bPb-7335 
44.5 b Pb-9682 bPb-4261 35.6 bPb-6249 
45.7 bPb-2501 35.7 b Pb-4564 bPb-1481 57.0 bPb-1329 
46.4 bPb-5629 36.1 bPb.Q111 65.1 H\M38 
55.3 bPb-6835 37.3 bPb-4830 72.7 bPb-6872 
60.2 bPb-9925" 38.7 bPb-1609 73.6 bPb4216 
63.0 b Pb-5087"" b Pb-1 072"" 40.4 Bmag0013 761 b Pb-2427 b Pb-0130" 
63.1 bPb-1628" 40.9 bPb-1062 

76.3 b Pb-3684 b Pb-0:)35 66.1 b Pti-3ore•= b Pb-6801 •= 45.3 bPb-0049 bPb-0513 67.2 Bmag0518"°' 45.7 bPb-8021 77.3 bPb-6480 67.5 Bmac0093""°' 45.8 bPb-3907 77.9 bPb-2305 bPb-6949 70.5 b Pb-2013 bPb-3572 77 fi bPb-6722""" 82.5 bPb-1762 
79.4 bPb-404:J"" 86.4 bPb-1681"" 83.0 bPb-8896 
80.2 bPb-6088"" 93.1 bPb-1183 89.6 bPb-7436 
80.3 bPb-544:J"" 95.5 bPb-7872"" 90.1 bPb-6427 
80.6 bPb-9754" 98.8 bPb-8410 

103.4 bPb-6923" 
109.5 bPb-2433 bPb-2476"" 
110fi 

b Pb-1301 bPb-0736 bPb-2209 
bPb4747 

110.6 bPb-2394 H\M40 
110.8 Bmag0006 

bPb-8341 112.9 b Pb-6771 bPb-0068 
126.1 b Pb.Q903 bPb-6664 

bPb.Q304' b Pb-7350 bPb-5289 1261 bPb-0433 

1271 
b Pb-3642 bPb-1814 
bPb-0527 

128.3 bPb-6487 
128.7 bPb-2203 
131.6 bPb-2993 
131.7 bPb-2910 
1321 bPb-7938 
132.7 bPb-6892 
134.3 bPb-4660 
142.9 bPb-6490 
159.0 bPb-1264 
159.8 bPb-3689 
166.1 bPb-0870 
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5H 6H 7H 

D.D bPb-8921"""'"" 
4.0 bPb-6752 
6.4 bPb-3127 
6.:5 b Pb-0043 bPb-0068 
6.8 bPb-0844" 
7.1 bPb-0393 

DD bPb-3919 8.1 bPb-:5902 
0.5 bPb-873:5 8.3 bPb-8639 
2.7 bPb-3760 8.4 b Pb-8043 bPb-3733 
3D bPb-1940 b Pb-6677 8.:5 bPb-7863 
3.1 bPb-2863 8.7 bPb-9:505 

12.5 bPb-2410" 9.0 bPb-1497 
12.6 bPb-9317 9.2 bPb-4167 
13.4 bPb-8382 b Pb-3732 bPb-6976 
13.6 bPb-007:5 10.3 bPb-:S2m 
13.9 bPb-8054 10.:5 bPb-0100 

0.0 lb Pb-0050"""""" b Pb-:Sffi4""'""" 31.6 bPb-57 48 b Pb-3833 10.6 b Pb-9719 bPb-75:59 
0.8 lb Pb-641:5"""""" b Pb-6067""'""" 31.7 bPb-20:54 11.0 bPb-8084" 

11.4 bPb-2430""" 43.6 bPb-3844 21.8 bPb-2778 
12.7 b Pb-4814""""" b Pb-6:568""""" 43.7 bPb-638:5 bPb-2062 b Pb-4900 bPb-2197 
12.8 bPb-8072""" 4:SD bPb-6477 2:5.:5 bPb-7428 
13.6 bPb-7-07"""""" 4:S.1 bPb-9063 31.8 bPb-8660 
18.4 bPb-8:580"" :50.7 bPb-00:57 32.6 bPb-2828 Ebmac:0603 
22.2 Bma~387"""""' :5:SD bPb-4178" 37.7 bPb-9601 
22.7 Bmac:0113"""""" :5:S.1 bPb-04:51 47.:S bPb-9893 
27.3 bPb-6051""" 56D bPb-1724""' 48.7 bPb-6821 
27.4 Bmag)337"""""" :592 bPb-0432" 49.0 bPb-:5091 
27.9 bPb-000:5" 67.6 bPb-6607 :52.4 bPb-8041 
29.0 bPb-9f62 68.3 bPb-412:S :52.7 bPb-9269 
:S:S.3 lb Pb-7f61" b Pb-0709" 72.3 bPb-4i'83"""""" :54.8 bPb-2866 bPb-783:5 
67.D lb Pb-9719 b Pb-5:532 73.1 bPb-9334""""" :5:S.1 bPb-1200 
7:S.7 bPb-7170""" 76.4 bPb-:})68"" 64.6 bPb-4:541 
79.4 bPb-8101 76.8 bPb-6721"""" b Pb-3157 bPb-S460 
79.:5 bPb-242:5 76.9 bPb-3230""" 67.0 bPb-1105 
79.6 bPb-94i'6 77.1 bPb-8347""""" 67.1 b Pb-8:SOO bPb-4597 
8:5.7 bPb-701:5 77.3 bPb-4369"""""" 67.7 b Pb-4219 bPb-19:52 
86.1 bPb-4334"" 77.7 bPb-3309"""""" 73.7 bPb-4967 
87.:5 bPb-3879" 78D bPb-27:5:5"""""" 74.9 bPb-2920" bPb-10ffi 
98.4 bPb-613:5""" 782 bPb-673:5""""" 7:5.5 bPb-3394" 
98.6 bPb-0710""" 79.6 bPb-9335""""" bPb-9002"""""" 77.8 bPb-2379" 
99.8 bPb-3603""" 79.8 bPb-90:51""" 79.0 bPb-7603"" 

103.:5 bPb-232:5"""" 82.3 bPb-:5196""'""" 79.1 bPb-7437" 
104.0 bPb-7054""""" 82.8 bPb-9702""'""" b Pb-1770""" Bmag)217""" 
100 .3 bPb-411:5"""""" bPb-3241""'""" bPb-1666"""""" b Pb-9114'""""" 79.6 b Pb-89f6""" b Pb-8396""" 
100 .:5 bPb-8771"""""" 8:5.6 (]o1S006"""""" b Pb-:5822"""""" 

79.7 b Pb-:5:S(»""" b Pb-697:5""" 
100.8 bPb-7953"""" bPb-&567"""""" Bmag0341""' 
100.9 b Pb-0071 """"" b Pb47:58""""" 85.7 bPb-8028"""""" 79.8 bPb-2188""" 
100.9 bPb-9518"""""" 86.7 bPb-5270""'""" 80.1 bPb-791:5""" 
11:5 .4 bPb-2:580" 871 bPb-2464"""""" 81.8 bPb-982:5""" 
116.9 bPb-3910" 90.7 bPb-9747"""""" 83.3 bPb-:5343" 
117 .1 lb Pb-3700" b Pb-8432""" 91D bPb-7179"""""" 94.0 bPb-1596 

lb Pb-5379"" b Pb-40:58" 92.3 bPb-6313""'" 99.:5 bPb-8100 
bPb-1420" 104.6 bPb-7998""""" 99.9 bPb-3491 
bPb-7277 10:52 bPb-024:S"""""" 100.1 bPb-8002 
bPb-8319 108.3 bPb-64:57""'"" b Pb-3427""""" 107.1 b Pb-9914 bPb-7781 
bPb-:5238 111 .8 bPb-77:55" 109.0 bPb-4924" 
bPb-7046 1122 bPb-9749""""" 112.7 bPb-0639 bPb-0171 119.7 bPb-52:52 113.6 bPb-9900 bPb-3mo 121.7 Ern.g0500 113.7 bPb-0027 bPb-2f61 127.6 bPb-3202 128.8 bPb-3419 bPb-6239 127.7 bPb-4246 129.0 bPb-0182 
bPb-4971 128.7 bPb-8473 133.3 bPb-9369 
bPb-8754 139.1 bPb-1009" 140.3 bPb-3484 
bPb-1217 143.6 bPb-7030"" 143.7 bPb-7623" 

143.7 bPb-7323"" 144.:5 bPb-6167 
1:50.3 bPb-3780 144.8 bPb-0773 
150.6 bPb-8889 

144.9 b Pb-0800 bPb-m23 
bPb-0917 

14:S.4 bPb-1336 
1:56.1 bPb-9943 
1:59.1 bPb-9:563 
16:5.8 bPb-1737 

b Pb-9704 bPb-:5556 
165.9 b Pb-98&5 bPb-009:5 

bPb-2620 
166.4 bPb-0200 
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Appendix 3. Barley genetic linkage map of Franklin I TX9425 population based on 

DArT, AFLP and SSR markers. Markers with segregation distortion were indicated with 

stars(*), with P < 0.05 = *; P < 0.01 = **; P < 0.005 =***.The linkage groups are named 

and organized by chromosomes, e.g. chromosome lH had two linkage groups lHl and 

1H2. DArT markers are encoded with the letter bPb followed by a number; AFLP 

markers were named using a code for each primer combination followed by sequential 

numbers for scored bands; other markers are microsatellites. 

1H 2H 3H 

a.a p19b1 a.a B m:a!J)61E' ••••• 
2.6 bPb-979, 11.5 b Pb-Ill 16' .... 
J.2 bPb-9S09 15.D p9b2 ...... 

J.6 bPb,l2 IIJ8 15.J b Pb-oi' 22°• .... 

,.2 bPb-11115 bP t,-;mJ 19.2 bPb-12w·· 
bPb-6296 19., b Pb-2550 ..... b PtH:!621 .... 

,.J bPb-861916 ::a::u bPb-9111• 
,.s bPb-6015 22.D bPb-6805 
6.D bPb-llD1S 

23.2 
b Pb,,J1119 .. • bP b-125:J' 

6.6 bPb-S2iD b Pb-16119' .. 
1.D bPb-ll689 23.J 

b Pb-,1 w· • bP b-622s-•• 
1., bPb-ll299 bPb-JS~ .. 

1.1 
bPb-1181 bP b-t61l 1 23., bPb-,1Y 
bPb-1611 bP b-1212 23.8 bPb-J6J,•••• 

S.D bPb-<1-232 
25.5 

b Pb-1S2l' ... bP b-6JSJ' .. 

-D.1 b Pb-10 ~ bPb-1J 18 S.1 bPb-95Sl' bPb-J699 ... 

a.a bPb-961JS 16.5 bPb-89'8 25.8 b Pb-9118' bPb-S55r ... 

S.1 bPb-506, 11., bPb,l2SJ1 29.D b Pb-1822° bPb-lJIIJ2• 

6.2 bPb-5,51 11.6 bPb-1966 29.1 b Pb-8' 19'• bP b-ll3l2" 
6., bPb-169i' 11.1 bPb-ll::llJ bP b-5619 29.1 bPb-1629 

6.1 b Pb-ll161 16.5 bPb-61JS1 bP b-16, 1 J1.6 bPb-1928° 

16.J bPb-,1,1 16.1 bPb,l25Sl' bP b-1211 32.J bPb-1'11· 

19.2 pJb1 19.1 bPb-S21l, JJ.6 bPb-ll16,. 

JJ.1 bPb-9JJr• 21l., bPb-9&D JJ.9 bPb-llJ61 
,1.a bPb-U15 21l.1 bPb-<1-119, J,., bPb-566,. 

U.1 bPb-3211 .... 21].8 bPb-ll326 J5.2 pJb5 
,5.s bPb-9,18' 21] .9 bPb-60,1 J6.1 bPb-1D6J 

52.5 Bm:ag:1612"• 21.D bPb4'S16 J6.9 bPb-11SJ' ..... 

6J.D bPb-112:J' .. 21.8 bPb-9851' 39.1 
b Pb-1069 bPb-'i' 2,1 

6J.6 bPb-81SJ' 22.5 bPb-115, b Pb-11 J6 bPb-8962 
6,.J bPb-9005 22.6 bPb-ll115 39.2 b Pb-5J55 bPb-6515!9 
65.2 bPb-'9"9'• J1 .9 IWUS, •••• 39.8 bPl>-9923 
65.1 b Pb-1J11• bPb-1150 .. JJ.6 bPb-9 '56•••• b Pb-1266" ••• m.a b Pb-6i'66"••••• 

66.D b Pb-1166' .. bP b-ll91 Ir .. JJ.1 bPb-89'9 .... ,u bPb-llJ,1 
p 1Jb 1 .. bPb-6290 ..... J,.s bPb-lJS911••• .. '6.2 bPb-DD19' ..... 

66.1 bPb-5621 ... J6.1 bPb-1 ts:3•••••• ,1.a p1Elb2" ..... 

66.1 B m:aaJ1191r .. 39.2 bPb-9258• 52.6 bPb-2,JJ-•• 

66.9 Bm:asµl11r .. m.1 bPb~6i'a• 5J.6 Bm:ag:1628° .... 

61.5 p21:J6• '2.6 p11w····· 5,.2 p6b1 ..... 

66.J bPb-3966' U.5 bPb-ll9!n 5U bPb-,1,1 ...... 

71.J bPb-11JJ '9.J p1b2 5,.B Bm:agDIE'••••• 

12.J bPb-'9119 619 .D bPb-619, 55.2 b Pb-Ill J6'• ••• 

1,.0 bPb-JJa9 6,.J p1b1 
55.1 b Pb-11 m·· •••• b Pb-1Ja1· ••••• 

15., bPb-5J39 61.6 p6b1 bPb-239f' .... 

11.J bPb-5111 15., bPb-61JS6• bP b-m,ir 55.9 bPb-6i'11 ...... 

92.J bPb-21lm 75.5 bPb-6,m 56.J bPb-1012" ..... 

96.9 bPb-3992" 11., Bm:agJ51S• 56.8 bPb-19Jr .. •••• 

100.8 bPb-5198' 96., bPb-S,'9 51.2 p -····· 
111.1 bPb-2555 9i'.1 bPb-6629 bP b-J519 56.1 bPb-D979'••••• 

12U bPb-5201 9i' .6 bPb4'9i'5 56.8 p6b5 ... 

125.J bPb-0569 96.D bPb~19D 61.5 bPb-9i' W ..... 

121.D bPb-3201 1[D.J DPD-<l-6i'5 61.8 DPb-SJ,1 .. ••• 

121.8 bPb-JT56 101., DPb-<1-261 6J.D bPb-ll1SS-•••• 

b Pb-6550 bPb-1'6i' 102.1 DPb4'229 6,.s bPb-JJJX•• 
121.9 bPb-2261] 105.J DPD-<1-821 55., b Pb-1J515'• •• 

126.9 DPb-ll699 1m .J pJb' 69.J b Pb-299J' ... b Pb-19JS-.. • 
1as., DPD-<l-52J 10.1 bPb-2911r•• 
1119.J DPD-11196 DPb-6i'5D 10., p11D1 .. 
111.1 DPD-8292 10.5 DPb-5692"••• 
11J.9 bPb-SJ99 15.1 DPl>6:m, ... 
115.6 bPb-llCDJ 15.9 DPb-25'8" ... 
116.J DPb-6235 16.D bPb-5,6i' ... 
111.6 DPD-6166 95.5 DPb-ll65' 
111.8 DPD-'i' 626 9i' .5 DPb-6918' 
119.6 DPD-11E2 102.6 DPb-9,02 
121.9 bPb-<1-286 10,.1 p51:12 
123.6 DPb4'02' 1m.s D Pb-126, DPD~689 

12,.J DPb-69CD bP b-ll615 111.1 bPb-iD22 
bPb4'9Ei9 11J.D bPb-6555 

12,.9 DPD-9151 11J.8 bPb-1651 
125.D bPb-a,11 111.1 p9D1 
125.1 bPb-'i'ellJ 
12l'.1 bPb-1 i22 
12l' .J DPD-llffi 
12l' .5 DPD-6'66 
12l' .1 DPD-<1-1 '8 bP b-J606 
12l' .8 DPD-ll6,1 
1213.2 DPD-89519 
1213., DPD-SU5 
1213.5 DPD-61E2 
1213.1 DPD4'5D2 
129.D DPD-6191 DP b-5'89 
129.1 bPD-9681 
13:J.2 bPb-<1-265 
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4H 5H 6H1 

0.0 b Pb-8845'""" 
10.9 p1:b2 
16.2 b Pb-7300 b Pb-7292 

16.3 
b Pb-9244 b Pb472:5 
bPb-:5766 0.0 bPb-:5822 

18.9 bPb-4479 2.:5 GMS006 
21.4 b Pb-9600 b Pb-2689 4.:5 Bmag0496 
23.3 bPb-9868 :5.9 c1fb2 
28.1 bPb-6179 Pb-4289 bPb-4327 
29.:5 bPb-196:5 8.8 b Pb-6164 bPb-8969" 
29.9 bPb-4:59:5 bPb-3022 
33.0 bPb-3138 9.0 Ebmac:0806 0.0 33.1 bPb-2314 10.0 bPb-:5778 
33.3 bPb-:58:54 10.1 bPb-:5900 
3:5.0 bPb-8684 11.4 bPb-6121 
37.6 bPb-0171 11.9 Bma80173 32.3 bPb-1418"" :56.6 p9b7 34.3 bPb- 4:51 

34.1 bPb-6646" :58.3 bPb-7277 3:5.3 p11b1 
34.3 b Pb-8437" b Fb-6414"" :58.4 bPb-2000 40.0 bPb-3643 
40.0 bPb-4333""" :58.9 bPb-:5179 46.7 bPb-08:57" 
40.1 bPb-0:513"" 59.1 bPb-1494 52.4 bPb-5234" 
40.2 bPb-3684"" 66.2 bPb-3700 52.:5 bPb-638:5" bPb-2002" 
40.3 bPb-3:512""""" 66.9 bPb-8462" 56.6 pQb6"""""" 
43.9 bPb-9504"" 69.1 bPb-4494 6:5.1 bPb-1758"""" 
46.5 p14b1"""" 71.4 bPb-3214" 67.3 bPb-7443""" 
49.1 p9b4"""""" 74.9 bPb-232:5"" 68.2 bPb-7877" 
52.1 Bmac:0310" 7:5.3 bPb-78:54""" 68.4 bPb-1176" 

78.0 c5b1 68.9 bPb-9413" 
77.7 78.8 Pb-0710""" 73.7 1(1)1"" 
79.0 82.8 bPb-1462""" 76.1 CPt.-80:54" 
82.2 84.4 bPb-4744""""" 76.2 bPb-3700 
83.7 86.0 bPb-3879""" 76.3 bPb-687:5 

86.5 bPb-6126""" 76.4 b Pb-6677 bPb-2863 
92.8 bPb-:5593"" 76.9 bPb-2941 
93.3 bPb-739:5"" 77.4 bPb-8382 

112.6 96.8 bPb-8022 81.7 b Pb-8735 bPb-3919 
114.4 105.1 bPb-6967 82.:5 bPb-9817 bPb-2410 
115.6 111.1 bPb-8179 82.6 bPb-9800 
116.3 112.2 p2b8 

116.6 bPb-:5532 
117.4 c18b1 
131.3 Pb-032:5 
14:5.2 bPb-0845 
146.0 bPb-9300 
146.6 Bmac:0093 
146.7 Bmag0087 
155.2 bPb-6363 
162.8 bPb-9327" 
162.9 bPb-8256" 
163.3 bPb-0533""" 
16:5.8 bPb-6568 
167.:5 bPb-0351" 
167.7 bPb-383'.l" 
167.8 bPb-1807" 
171.7 bPb-2591 
172.0 bPb-4814 
172.1 bPb-8027" 
172.3 bPb-2872" 
174.3 bPb-19~ 
179.0 bPb-8580""" 
187.1 bPb-6051 
189.3 bPb-0110 
189.4 bPb-648:5 
190.2 bPb-5317 
190.4 bPb-7:59.l 
191.3 bPb-233'.l 
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0.0 
11 
3.7 
4.6 
7 !5 
91 
9.4 

1:5.3 
16.8 
16.9 
19.1 
19.4 
19.:5 
19.7 
20.4 
20.:5 
21.1 
21.:5 
27.1 
32.6 
37.8 

6H2 

bPb-6:511 
p11b4 
Brnac0316 
bPb-03~ 
p14:,3 
b Pb-27:51 bPb-3532 
bPb-3807 
bPb-3:586 
p8b3 
p10b:5 
bPb-424l"" 
bPb-8708" 
bPb-3202" 
bPb-:5027"'"' 
bPb-8833" 
bPb-9848 
b Pb-8.:Kl:2" 
Brnag0:500 
bPb-6661" 
p11b2 
bPb-3921" 

0.0 
0.6 
7.2 

10.8 
13.4 

13.:5 
13.6 
13.9 
17.2 
22.0 
23.8 
23.9 
24.3 
2:5.2 
27.0 
27.4 
33.2 
33.:5 
44.0 
47.8 
40.9 
:50.7 
:50.8 
:51.0 
:59.2 
:59.:5 
64.1 
66.6 
67.9 
69.0 
69.6 
69.8 
70.2 
71.2 
71.6 
72.1 
72.3 
73.0 
73.4 
73.:5 
73.6 
74.3 
74.8 
7:5.4 
7:5.:5 
7:5.8 

101.8 
103.6 
119.8 
121.2 
121.:5 
121.Q 
123.2 
126.8 
126.9 
129.8 
131.0 
135.7 
136.0 
136.7 
141.8 
144.4 
144.:5 
146.4 
146.6 
148.6 
1:51.6 

7H 

bPb-2897 
bPb-3226 
bPb-76~ 
p1ll3 
b Pb-:5923 bPb-4394 
bPb-7345 
bPb-1:5ffi 
b Pb- 1333 bPb-0773 
bPb-0917 
bPb-1793 
bPb-:5:564 
bPb-3484 
bPb-:5:571 
bPb-6307 
bPb-8823 
bPb-8:5~ 
bPb-1600 
bPb-285:5 
bPb-8800 
bPb-4024 
bPb-8938 
bPb-9914 
bPb-1079 
bPb-7781 
bPb-1404 
bPb-8074"" 
bPb-1:593" 
pHb4 
p2b7" 
bPb-10ffl'"'" 
bPb-4692 
bPb-1447" 
bPb-10~" 
bPb-80:51'"'" 
p1fb1"" 

14:,:5" 
CPb, 194l" 
bPb-1093'"'" 
p17b2" 
bPb-7437 
bPb-7603" 
bPb-1464" 
Brnag021 i'"'" 
Brnag0341"'"' 
bPb-80::10'"'" 
bPb-33ll"" 
bPb-:5348'"''"'" 
bPb-:5091" 
bPb-6821" 
B>rnac0003 
bPb-:5404 
bPb-:5172 
bPb-6747 
bPb-8600 
bPb-4200 
bPb-915:5 
bPb-6463 
bPb-3727 
bPb-9:585 
b Pb-1994 bPb-3733 
bPb-4634 
bPb-7700 
bPb-3127 
bPb-0043 
bPb-6868 
bPb-8933 
p7b2 
p4b1 
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Appendix 4. The linkage map of the Clipper/Sahara population, showing the markers 

with segregation distortion. 

lH 2H 

0.0 bPb-0878c bPb-0878s 
4.2 bPb-0181 
4.5 bPb-6238 
5.3 bPb-6482 bPb-3622 
5.4 bPb-9881 bPb-1165 
5.5 bPb-1348 0.0 bPb-6466 

7.0 bPb-1562 2.7 bPb-7151 

7.4 bPb-3776 103.0 bPb-7524 
3.6 bPb-5191 

7.6 bPb-1312 4.1 bPb-8959 bPb-4285 

bPb-7043 bPb-1318 4.9 bPb-7057 
8.7 bPb-7137 5.5 AWBMA28 

8.8 bPb-9608 
10.9 bPb-0487 111.5 bPb-2565 9.7 Bmac134 

20.8 BCD402 113.7 X7GLOB 11.8 bPb-5033 

21.1 HOR1 115.0 BCD304 14.3 bPb-2086 

21.5 bPb-7306 115.8 BCD265c 15.0 bPb-5900 

21.6 bPb-0473 116.0 BCD808a 15.3 bPb-7969 

21.7 bPb-4657 bPb-2183 117.3 bPb-5014 17.3 BCD175 

22.0 bPb-8094 117.4 bPb-2063 19.0 WG516 

22.7 bPb-5638 117.5 bPb-5198 19.9 bPb-5188 

29.7 KSUE18a 119.6 bPb-8453 bPb-0617 21.7 bPb-8399 

31.8 bPb-9337* 119.7 bPb-8935 22.1 bPb-0003 

37.1 bPb-7231 24.3 bPb-9220 

37.3 bPb-6408 25.0 bPb-5444 

42.2 bPb-1535 25.2 bPb-8292 

42.3 bPb-8662* 128.1 AWBMA4 28.2 bPb-6963 

42.6 bPb-5672* bPb-1231* 28.5 bPb-3050 

42.7 bPb-1586* 131.4 ABG373 
43.2 bPb-1398***** 131.9 bPb-0699 
44.0 bPb-9388***** 133.1 bPb-5550 
46.0 bPb-9423 
47.1 bPb-1347**** 37.3 BCD221a 
47.7 bPb-87 46 bPb-8294 
48.2 bPb-0429 41.3 bPb-7229 
54.4 HVLAAT 42.5 bPb-9682s bPb-9682c 
56.4 bPb-1150 bPb-4261 bPb-7906 
57.5 bPb-5290 42.8 bPb-3190 bPb-2501 
58.0 bPb-5749* bPb-4877 
58.2 bPb-9957* 43.1 bPb-1212 
58.5 bPb-9360 46.3 bPb-5629 
58.7 bPb-0910*** 
59.0 bPb-3605* bPb-7186*** 
59.1 bPb-9767* 

59.2 
bPb-0579 bPb-7325 
bPb-0468 
bPb-94 75 bPb-5683 56.9 bPb-6835 
bPb-8960 bPb-6358 

59.3 bPb-3835 bPb-2813 
bPb-2967 

59.4 
bPb-9057 bPb-7859 62.4 bPb-7711 
bPb-0249 bPb-4662 

60.1 WG789d 
60.3 bPb-1922 
61.8 bPb-4949*** 
62.3 PSR158 75.6 bPb-9925* 

65.4 bPb-8107*** 82.0 bPb-3677** 

66.3 bPb-1723** 84.0 bPb-5440 

67.1 bPb-9005* 84.8 bPb-6088 

67.5 PSR121* 84.9 bPb-9754 

67.6 AWBMA34* 85.4 Bmac93 

69.5 BCD454* 86.4 bPb-0220 

69.6 bPb-8183 87.6 bPb-1072 bPb-6970 

69.8 bPb-1133 87.8 
bPb-5087 bPb-1628 

70.5 CD0473 PSR126 AWBMA14 

73.1 bPb-5877 87.9 AWBMA33 

73.2 bPb-5339 88.7 ABC468 

73.6 bPb-3389 88.8 WG222e 

75.3 Bmac32 89.0 
CD0370 WG789b 

82.4 bPb-7949 WG222d 

83.2 bPb-1541 89.1 WG996 
89.2 bPb-8779 
89.4 CD0474a 

bPb-6911 bPb-1213 
89.7 HvHOTRI 

97.6 90.1 ABC309 
bPb-1366 91.1 bPb-2219 

97.7 
bPb-5249 bPb-9121 93.0 AWBMA27 
bPb-6901 bPb-4898 95.0 bPb-4040 

97.0 CD0366 
97.9 Bmag378 
98.9 CD0588 
99.1 CD0474b 
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3H 

0.0 bPb-3933 
2.6 bPb-5256* 
4.3 bPb-7724 
5.1 bPb-8962 

100.6 bPb-0827 5.4 bPb-0136 

101.4 Bmag381 5.5 bPb-5355 HVM60 

6.0 bPb-5346 bPb-8015 

111.9 2R/6R 7.0 bPb-7247 

115.6 bPb-7991s**** 11.4 bPb-6769* 
bPb-6765* 

118.6 KSUF15 13.9 bPb-0164 
bPb-0353 

120.4 bPb-8143 14.9 bPb-7238 

120.9 bPb-1179 15.0 bPb-9207 

123.0 bPb-3769 15.1 bPb-5864 WG178 

124.9 EBmatc39 17.5 bPb-2586 bPb-1893 Bmag112 HVM33 

127.6 bPb-1926 17.6 bPb-7684 bPb-4112 bPb-0079 

128.0 bPb-6194 25.3 bPb-7164 

128.1 bPb-3563 25.5 bPb-8322 

129.9 5120 25.6 bPb-8907 120.5 bPb-0040 

131.0 AWBMA21 25.8 bPb-1928 120.6 bPb-3805 

137.1 bPb-8949*** 27.6 bPb-1822 121.9 bPb-5145**** 

137.3 bPb-6876*** 28.6 bPb-4456 122.8 bPb-5012 

139.4 bPb-6822 29.6 bPb-8419 123.1 bPb-0094 

140.5 bPb-3870 bPb-2481 32.2 bPb-6383 bPb-7827 123.4 bPb-5771 

143.7 KSUD22 bPb-9118 bPb-0789 123.8 bPb-8283 

144.9 bPb-2680 bPb-5312 123.9 Bmag6 

145.1 bPb-9258 bPb-4739 bPb-6228 124.2 bPb-2433 

145.9 bPb-4184 bPb-2420 124.6 Bmag603 

148.1 CD0665 bPb-1253 124.7 bPb-4645 HvPEPDIPR 

150.1 bPb-6688 bPb-3843 124.8 bPb-5351 

151.8 bPb-7124 bPb-5374 125.2 WG405 

152.4 bPb-3925 bPb-8302 bPb-7689* 125.9 bPb-6771 

153.1 bPb-1103 bPb-4748 126.0 bPb-0068 

158.8 ABC157 bPb-3623 126.8 AWBMA15 

160.0 bPb-7816* bPb-4156 bPb-5298 128.3 Bmac67 

160.8 bPb-0659 bPb-8557 135.7 bPb-9746 

160.9 bPb-7890* BCD266 bPb-9111 137.9 bPb-2993 

161.0 bPb-3334 bPb-6249 138.5 bPb-2910 

162.2 bPb-4094 bPb-4830 139.3 bPb-2324 

bPb-4768 bPb-0326 bPb-1609 140.9 bPb-4660*** 

bPb-1066 bPb-1154 bPb0302* 141.0 bPb-7989* 
141.5 bPb-6275* 

162.9 bPb-0775 145.3 bPb-4859* bPb0312* 
167.2 bPb-2244 bPb-5203 150.1 bPb-7002 
167.3 bPb-9199 bPb-2587 156.7 bPb-9903s****** 
167.6 bPb-7841 
168.0 ABC153 56.6 WG110 159.1 bPb-5289***** 

160.0 bPb-9213* bPb-0433 
168.1 ABC165 160.1 bPb-6664* 
169.3 KSUF41 160.4 bPb-8913* 
169.5 bPb-5460 
170.5 bPb-8255 160.5 

bPb-2415* bPb-6298* 
bPb-3569* bPb-7350*** 

170.7 bPb-1593 160.6 bPb-2838* 
172.7 BCD292 160.9 bPb-4259*** 
174.0 CD0678a 68.0 bPb-4386 164.4 CD0395a 
175.9 bPb-7212* 68.2 bPb-7785 
176.1 bPb-6777 
176.2 bPb-7934 
176.7 bPb-8279 172.3 BCD15 

176.9 bPb-1611 
bPb-1181 bPb-4601 
bPb-4232 

177.3 bPb-1510 bPb-3698 
177.4 bPb-6978 

177.7 bPb-0299 
178.0 CD036 82.3 bPb-6722 

180.0 bPb-5490 

178.4 BCD410 84.4 CD0113 

179.3 AWBMA17 bPb-3278 bPb-2630 

179.9 WG645 
85.0 bPb-2406 

181.3 bPb-3102 85.5 bPb-4616 
bPb-5995 
bPb-9583 

182.5 BCD339 
183.4 bPb-3993 89.5 WG940 

bPb-3025 bPb-1137 
bPb-2891 bPb-0650 

184.6 bPb-5030 bPb-9945 
185.5 BG123 190.3 bPb-1799 

191.1 bPb-3689 
191.2 bPb-1264 

97.3 Myb 195.9 bPb-4895 
196.1 bPb-3815 bPb-2553 
197.2 bPb-4022 
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4H 5Hl 

0.0 bPb-7275 
0.6 bPb-1469 0.0 bPb-0710 

0.8 bPb-2837 0.1 bPb-6135 

0.9 bPb-8569 "''!""''' 102.4 bPb-8072* 
2.0 bPb-9304 103.2 bPb-3468** 

6.1 bPb-4744 

105.8 HVM67*** 6.2 bPb-3879 
6.3 bPb-7187 106.3 bPb-2872 

6.4 bPb-6126 
109.9 HvBamy* 

115.9 bPb-8580 
17.0 GERM IN 

122.0 bPb-5317 
122.6 bPb-2330 

22.6 AWBMA30 123.0 bPb-7599 

24.3 bPb-7170 
123.1 bPb-3743 
123.9 bPb-9562 

26.9 WG876 QZDH 
27.0 bPb-0709 bPb-7561 124.1 bPb-0085 
27.8 bPb-5532 124.7 bPb-0170 

BCD265a 27.9 bPb-9719 KSUA 1 

BCD808c* 

37.9 bPb-8896*** 
43.0 WG464* 36.2 WG564 

43.2 bPb-6872 37.5 EBmac854 

43.6 AWBMA29* bPb-2305 
CD0358* PSR163** 

43.7 bPb-6259* bPb-6949* 
bPb-4290*** bPb-4216 

44.4 WG232* 
44.9 bPb-3512** 
45.2 CD0795* 
46.6 bPb-4990** 
48.1 8-Aleu* 

54.3 CD0541 56.2 PSR123 
56.5 PSR128 
56.6 PSR156 

59.4 bPb-0098 bPb-8013 60.2 bPb-1813 
63.6 bPb-0544 
66.7 bPb-9930 
69.2 bPb-7570 
70.1 WG530 

66.1 70.8 bPb-6710 
66.8 71.3 bPb-8775 

73.2 bPb-5727 
70.0 bPb-9998 73.6 bPb-0503 

74.3 bPb-2273 
74.7 bPb-9163 

75.5 bPb-0610 
75.0 
75.4 

CD0749 
bPb-2424 

77.5 KSUG10 75.5 bPb-8589 bPb-4135 
76.0 BCD21 
76.5 ABC164 
76.8 KSUA3a 
78.1 bPb-2762 

85.5 WG114 
85.1 bPb-0050 bPb-6495 

85.2 
bPb-9632 bPb-5504 
bPb-2900 bPb-6067 

88.9 bPb-8164* 

91.8 HvMLOH1* 
92.9 bPb-6107***** 93.2 
93.5 CD01312* 

bPb-6183 

94.8 CD063* 
96.5 bPb-9859*** 97.9 bPb-0351 

98.0 bPb-0091 
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5H2 6Hl 6H2 

0.0 bPb-8889c bPb-8889s 
1.6 bPb-3965 
1.8 bPb-0426 

0.0 bPb-8754 0.0 3.0 bPb-3780 
4.5 bPb-7323 

5.4 Cat1 4.8 bPb-7030 
5.5 CD01395 7.4 BCD342 
5.6 bPb-3566 7.5 PSR119 
5.8 bPb-1690 bPb-0375 10.5 bPb-0914 
5.9 bPb-0783* bPb-2751 bPb-3807 

10.2 GS2 6.1 bPb-8037 11.0 bPb-7193 
7.7 CD0347 11.1 bPb-1009 
8.2 bPb-1737 bPb-6311 bPb-3586 

13.1 bPb-2897 bPb-3226 15.1 bPb-4246 bPb-5027 
13.2 bPb-2854 bPb-3202 

19.5 CD0506 15.6 bPb-5898 bPb-9563 15.2 bPb-8708 
20.1 bPb-5333 15.7 bPb-3232 17.5 bPb-8398 bPb-9651 
21.0 bPb-9660 18.1 bPb-1669*** 17.6 bPb-8836 
21.1 bPb-4809 19.9 bPb-8833 17.7 bPb-6659 
21.3 bPb-6239 20.9 EBmac755 20.5 bPb-2058 
22.3 bPb-4971 22.0 bPb-0758 21.1 bPb-97 49c* bPb-97 49s* 
24.8 CD0484 22.1 bPb-4394 
26.1 AWBMA32 22.2 bPb-0889 bPb-0917 
27.4 bPb-5413* 22.3 bPb-5923 
27.9 bPb-3306 22.5 bPb-6167 
28.8 bPb-1482 22.6 bPb-1556* 

bPb-7742 23.1 bPb-0773 
33.5 

23.4 bPb-8644 
36.0 bPb-8070 23.8 bPb-4071* 36.0 bPb-4555 
36.3 bPb-3138* 23.9 bPb-2328 36.9 bPb-5910 

25.7 bPb-7739 38.5 PSR627 
28.5 KSUE18b bPb-3484 

41.3 bPb-9147 29.6 bPb-6307 
36.4 KSUF37 
36.7 PSR129 

45.4 bPb-3590 37.1 bPb-5564 
46.1 bPb-0171 41.0 bPb-8498 
47.8 CesA3 45.5 WG686 

49.1 AWBMA11 
50.8 AWBMA3 49.2 bPb-2855 bPb-8860 
52.2 GMS27 50.3 PSR117 

52.8 AWBMS22 
bPb-8319 54.0 bPb-9908 bPb-0027 
bPb-6578 54.6 bPb-6214 
bPb-1420 
bPb-4318 bPb-4970 bPb-4191 
bPb-2006 bPb-0202 
bPb-5845 
BCD221b 
BCD265b 
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7Hl 7H2 

0.0 bPb-1221* -0.8 bPb-0443* 

0.5 bPb-7004 bPb-2718 -0.1 bPb-8382 

1.2 bPb-4029 0.0 bPb-6875 

bPb-5846 bPb-0670 0.1 bPb-7644 

1.3 bPb-0043 bPb-6868 0.7 bPb-6727 

bPb-4049*** 1.3 
bPb-0649 bPb-1695 

1.4 bPb-5259 bPb-6976 bPb-0403 

1.6 bPb-3127 1.4 
bPb-2304 bPb-2137 

3.8 bPb-9202 bPb-1621 

4.1 bPb-4634 bPb-5897 1.5 bPb-8764 

bPb-9986s bPb-9986c 1.6 bPb-4626 bPb-0522 
4.6 bPb-5816 1.7 bPb-7146 

5.0 bPb-6752 2.6 bPb-1029* 

5.1 bPb-2595 4.7 bPb-1279 

bPb-4064 bPb-7038 5.3 bPb-5515 

5.4 bPb-8084 bPb-2678 8.8 BCD1 

bPb-4445 14.6 BCD276 

6.3 bPb-8558 
8.7 bPb-0714 *** 
9.0 bPb-4167*** 22.6 AWBMA16 

16.6 BCD135 24.7 PSR154 

23.9 bPb-7521c bPb-7521s 24.8 BCD221c 

25.8 bPb-4584 
26.6 WG789c 28.2 bPb-0857 

41.2 bPb-2373 

44.0 bPb-9601 43.0 BCD269 

45.9 SSS1 
bPb-1314****** bPb-0947 
bPb-0105****** bPb-7608 

50.7 bPb-0366 
bPb-1589***** 

52.5 bPb-9269 
bPb-2106 

52.8 bPb-8049 
bPb-6972 

69.4 bPb-1105 
57.5 bPb-6189 

69.5 bPb-4597 61.3 bPb-4125*** 
69.6 bPb-8460 61.4 bPb-6607*** 
69.9 bPb-3157 62.9 XYLO*** 
70.2 bPb-8568 67.3 Bmag9** 
72.6 bPb-7952 69.6 bPb-4783****** 
72.7 bPb-1952 bPb-3561 71.4 bPb-1256 
73.4 bPb-4219 72.7 bPb-2593****** 
75.5 bPb-5294 *** PSR611 *** bPb-5577***** 
76.2 KSUA3c 72.8 bPb-5358*** bPb-3722**** 
76.9 bPb-1447* 72.9 bPb-5698**** bPb-7887*** 
77.8 bPb-8051 73.0 d1-650-2*** 
79.4 BCD340a 75.8 pTAM10*** 
82.5 bPb-2097*** 78.8 bPb-2464* 
82.9 bPb-1476** 78.9 bPb-5822* 
83.7 bPb-5456 79.1 bPb-2592** 
83.9 bPb-5348 bPb-8956 79.7 bPb-5270** 
84.0 bPb-7044 80.8 PSR167* 

84.1 
bPb-6975 AWBMA24 
bPb-8467 

84.3 bPb-8970 
84.9 bPb-8020 
85.0 bPb-5599 bPb-3330 
85.1 BCD147 bPb-7875 
85.2 CD0673 
85.5 Bmac31 
86.1 bPb-0125 
87.0 bPb-8690c bPb-8690s 
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Appendix 5. The linkage map of the Steptoe/Morex population, showing the markers 

with segregation distortion. 

lH 

-6.4 bPt-5504A 117.4 bPt-9532••• 

55.7 bPb-1213 
118.2 bPt-9745* 

55.8 bPb-1366 
118.7 bPt-9006 ... 

55.9 bPb-4144 
119.4 bPt-2831* 
119.5 bPt-2476* bP!-7738* 

59.3 bPb-3089 120.4 bPb-97888* 

59.4 bPb-0234 123.9 bPt-5198 

0.0 bPt-6825 59.6 bPb-9116 126.3 Hor1 
60.0 bPb-3604 126.9 MWG837 
60.5 ABG464 127.8 bPb-0187 

bPt-1221 bPb-5445A 60.7 bPb-7899 128.4 bPb-54458 

bPt-0618 128.5 bPb-9339 bPb-5638 

bPt-7696 128.7 bPb-0473 

bPb-2260 133.1 MWG036A 

bPt-6792 bPb-5550 134.8 bPb-7137 

MWG912 bPb-8307 137.6 bP!-8272 

bPt-0677 bPt-3986 138.3 bPt-3470 

bPt-7975 bPt-4925 68.3 bPb-15418 138.8 bP!-6607 

bPt-1815 
68.5 bP!-1231 139.0 bP!-5332 

bPt-5571 139.1 bPb-7697 

Aga7 139.3 bP!-1519 

bPb-7973A 139.4 bP!-0055 

bPt-4418 72.7 ABC160 139.6 bPb-9567 

bPt-0579 139.7 bPt-4774 
bPb-3489 bP!-1833 

bPt-5898 bPt-5220 139.8 bPb-3249 bP!-55048 
ABC261 

15.9 bPt-3717 80.9 bPb-8763 Glb1 bPt-8274 bPb-0878 

16.8 bPt-4611 bPt-6189 81.7 bPb-8897 bPb-9234 bP!-5342 

17.4 ABC322B 81.8 
bP!-4248 bPb-4590 bPt-9901 bPb-0487 

bPb-6133 bPt-4715 139.9 
bP!-0848 bP!-5389 

82.6 bPb-1193 bPb-2862 bP!-9651 

82.8 bPb-1791 bPb-1165 bP!-5433 

21.1 83.8 bP!-6765* bPb-6482 

22.6 
84.1 bPb-9767* 140.0 bP!-0005 

22.9 
84.4 bP!-1277* 140.5 bP!-1318 

84.9 bP!-0150A 140.7 bP!-3432 

25.0 
85.1 bP!-7165 140.9 bPb-5877 

85.5 bP!-0325 bPb-5292 141.1 bPb-0178 

27.7 bPt-5002 85.6 bP!-3302 141.3 bPb-6777 

29.9 bPt-3869 85.7 bP!-0720 141.9 MWG835A 

30.2 bPt-6128 86.1 bPb-2785 143.7 bPt-1398* 

30.3 bPt-5672* 86.4 bPb-05798 

30.6 bPt-8813 bP!-3173 bPb-0468 

30.7 bPt-7875 bPb-7644 bPt-7870 

30.8 
cMWG733 bPb-5014 86.7 bPb-0249 bPb-6110 

bPt-1505 bPb-6853 WG789B 152.2 bPb-79738 

30.9 bPb-5198 bP!-9073 bPt-64538 

31.7 bPt-8800 bPt-2693 87.3 bPb-4531 

31.8 bPb-8935 bPt-0534 87.5 bPb-3605** 

32.0 bPb-0617 87.8 bPb-5080* 

34.9 ABC257 88.2 bP!-1183 

36.9 bPt-1741 88.9 ABC164 

37.4 bPb-3992 93.9 ABG500A 

38.0 bPt-49668 95.7 bPb-7925* 
95.8 bPb-8294* 
96.0 bPb-0429 
96.2 bPb-0720 

42.2 cMWG706A 98.5 lca1• 
99.0 bPb-5672 

44.4 bPt-01508 99.1 bPb-1398 bPb-1586* 
99.9 bPb-9388 .. 

47.1 bPb-0579A 
47.5 bPt-6453A 107.6 bPb-4813 .. 

108.0 bPb-7231 s••• bPb-64088*** 

109.2 bPb-3217 

110.5 BCD98 .. 

51.4 ABC307A 

52.5 His3B 
112.9 bP!-1695* 
113.0 bPb-2166 ... 
113.1 bP!-2947** bPt-9747* 
113.5 bP!-1419* 
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2H 

bPl-0572* Bmag07 49* 

0.0 bPb-3598A 
bPb-9368* bPb-4232** 
bPb-1181** 
cMWG720** 
bPl-1040* 
Pcr1* 
ABG316E .. 
ABG317A* 

bPl-0037* 

bPl-6946* 
ABC152D 

bPb-1815 bPt-8070 
bPl-1926 

bPt-4590* 
bPl-8302 

8.7 bPb-25798 
bPb-4092 

TLM3* bPt-7557 

bPb-2244' 
bPl-3512* 

bPl-0844 
CD0588* bPt-6949' 

bPb-9199* 
bPl-6367' 

bPb-4718 bPt-0403 
bPl-5317' bPt-4575* 

bPb-6087 
bPl-4657* bPb-8100' 

13.7 bPb-8374A 
71.8 ABG317B* 

bPl-6088* bBE54D' 

72.4 ABC153 
bPl-0858 

75.3 bPb-4228** 
132.2 bPl-4848 

16.7 

76.1 bPl-1858' 
133.9 bPl-3082 

bPb-4025A 76.3 bPb-1154' bPb-0775' 136.5 bPl-7153' 

18.1 bPb-5631A 
76.6 bPl-1193 bPl-7803 137.6 bPl-1759 

76.9 bPl-0611' 
138.1 bPb-8700 

77.6 bPl-0914 bPb-6047 
138.5 bPl-6117 ABC167B' 

77.7 bPb-8008 139.6 bPb-5439* 

77.8 bPb-1066 
141.0 ABG316C* 

78.3 bPb-7816 
142.1 bPb-1836*' bPl-4471' 

78.9 ABC157 142.6 bPl-5796 

79.7 bPb-4768' 142.9 bPb-6438 

83.1 bPb-8302 bPb-2971 143.7 bPb-0088' 

83.2 bPl-6659 bPb-3858 143.8 bPb-2225' 

83.4 bPb-0223 
144.3 MWG557*' 

27.5 bPb-4481A' 
84.3 bPb-5755 

145.6 bPb-6735' .. 

85.8 ABC252 
146.0 bPl-8775 

153.4 Adh8 
156.3 bPl-7362'* 
156.7 Pox 
158.1 bPb-9802 
159.1 bPl-1707 
160.2 bPl-9234 

36.4 bPb-67558 
160.9 bPl-6333 
161.0 bPl-7209 bPl-0193 

161.1 
ABG459 bPt-9839 
bPb-7975 

161.2 bPb-6992 
161.4 bPb-1664 
161.5 bPb-0653 
161.7 bPl-4961 

103.1 161.8 bPb-8449 
103.2 161.9 bPb-3574 
103.5 163.3 bPl-8392 bPt-3594 

163.5 bPb-9682 
163.7 bPl-9048 
164.3 ABG358 
164.7 bPb-8038 
165.1 bPb-6755A 
165.9 bPb-1212 
166.6 MWG858 
167.1 bPb-4916 
167.7 bPl-8049 

bPb-4093 
bPb-75888' 114.0 MWG503 

168.0 bPb-2428 

bBE54C' .. 115.0 bPb-7991 
168.6 bPl-0202 

bPb-7455 .. bPt-9121'** 115.1 bPb-3563 bPb-1926 
174.5 ABG318 

bPb-4691* 115.8 bPl-3891 
175.3 bPl-6743 

57.9 bPt-3792**' 117.2 bPl-8737 
176.2 ABC156A 

58.6 BG123A' 

176.6 bPb-1196 

59.1 bPb-0305'* bPt-3858' 
118.4 bPl-0663 177.2 BCD351F 

59.4 bPb-3533' 
178.2 bPl-4531 bPt-0092 

59.9 bPb-1415'*' 
178.3 bPb-3050 
178.5 HVM36 
179.4 RbcS 
179.5 bPl-0232 
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3H 

0.0 ABC172 

182.7 bPb-6128 7.6 bPb-08488-

183.0 bPb-2782 8.2 bPb-9118 

183.3 bPb-2355 9.0 bPb-3843 bPb-2420 

183.5 bPb-83748 9.1 bP!-8205 bP!-6432 

183.6 bPb-5444 9.2 bP!-1663 bP!-6266 bPt-6567 

183.9 bPb-4715 bPb-6494 9.4 bP!-6107 bP!-7238 

186.0 bPb-0964 9.6 bPb-9599 bPb-2888 bP!-4289 

186.5 bPb-2833 9.8 bP!-0889 ABG654 ABG499 

186.9 bP!-5884 bPt-8754 10.2 Glb4 bP!-4614 

187.0 bP!-3973 bPt-1383 10.6 bP!-8839 bPt-7973 

187.4 bPb-4774 10.8 bP!-1063 

187.9 bP!-3599 11.1 bPb-0200 bP!-4092 MWG571A 
bP!-3556 bPt-0245 11.2 bP!-9945 

188.0 bP!-2619 bPt-6238 11.3 bPb-5150 bP!-3604 

bP!-5946 11.4 bP!-5480 bP!-7630 bP!-4125 

188.1 bPt-6353 11.8 iBgl bP!-1974 ABG453 

188.2 bPb-6792 12.1 bP!-8453 bP!-5351 

188.3 bPt-0283 12.4 bPb-7161 bP!-4084 

188.5 bPt-6523 MWG878 13.0 bPb-8322 ABG315 

188.9 bPt-8112 13.1 bPb-7164 bPb-4303 

189.1 bP!-4191 13.4 bPb-1928 bPb-1681 

189.6 bPb-2923 bPb-9510 13.7 bPb-8907 bPb-1460 

190.4 bPb-40258 bPb-5519 14.0 ABG495B 

190.5 bPb-7557 14.2 bP!-2488 MWG555B 

190.6 bPb-56318 14.3 bPb-7257 

191.6 bPb-9183 14.5 bPb-0164 bPb-3825 

193.3 bPb-0205 15.2 bPb-1893 bPb-8024 

194.3 bPb-44818* 15.3 bPb-8123 bPb-18938 bPb-6765* 

195.8 bPb-7354 16.0 ABG319B ABG377 

197.4 bPb-2579A 16.3 bP!-7854 

197.8 bPb-4053 16.7 bPb-5523 

198.4 bP!-1547 bP!-7728 bPb-7238 

198.8 bP!-7043 bPt-0095 16.8 bP!-1001 bPb-72388 

199.8 ABG703B bP!-6336 bP!-7877 bPb-4460A 

202.2 bP!-0205 16.9 bPb-5570 HVM33 bPt-5292 

202.5 ABG058 17.2 bP!-3853 bPt-1084 

203.0 bP!-1767 17.3 bP!-0602 bPt-1366 

204.0 bPb-7602 17.4 bPb-6221 bPt-1312 

204.4 bPb-0485 17.5 bP!-7816 bP!-0429 PSR156 

205.3 bPb-35988 17.7 bP!-9064 bP!-1627 

206.1 ASE1A 18.3 bP!-2862 90.5 bP!-9682 bPt-3628 

207.1 bPt-9074 18.5 bP!-6853 90.8 bP!-7448 
18.8 bP!-3699 91.1 bP!-08028 
19.2 bPt-2888 91.7 bP!-07588 
19.8 bP!-4674 94.0 bPt-7755 
22.0 MWG902 95.8 bP!-3068 
22.4 bPb-1741 95.9 MWG571B 
22.5 bPb-1609 

218.5 bPb-7588A* 22.6 bP!-2429 98.2 

23.2 Bmag0877 98.9 

24.4 bPb-16888 99.0 

24.7 bPb-9543 
24.8 bP!-3984 102.8 

bP!-7959 bP!-1100 

24.9 bP!-6133 bP!-88968 

25.3 bPb-8894 102.9 BCD828 

25.5 bPb-8978* 104.0 bPb-2433 

26.1 ABC161 104.8 bPb-6329 bPb-2040 

27.6 bP!-0516 104.9 bP!-0018 bPb-3320 

28.2 bP!-1408 105.3 bP!-1148 bPb-8110 

29.4 mPub 105.4 bPb-0736 

31.9 WG110 105.9 bP!-1679 

bPb-38658 bPb-05488 107.7 ABG399 

32.5 bPb-48248 bPb-06638 
bP!-9640A 

36.1 ABG004 
36.5 bPb-9383 112.1 bP!-9803*** 

44.3 bPb-9110 
44.6 bP!-4266 
44.8 bPb-1961 115.2 bP!-4783 

44.9 bP!-3489 115.6 bPt-2380 

45.7 bPb-4925 
46.0 bP!-1348 
46.5 bP!-2040 
47.0 bPb-77058 bPb-7937 
49.2 bP!-97678 
50.6 bPb-79188 
51.6 bP!-45668 
57.5 bPb-0677 
60.0 bP!-0506 
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4H 

0.0 bP!-3899- 61.2 bP!-7385 

121.3 bP!-3689 bP!-2240 0.4 bP!-5970- 61.8 bPb-5576** 

121.7 bPb-6275 62.2 bP!-0654 
62.7 KFP195 
63.2 bP!-2152 

124.9 ABG471 63.4 bP!-3249 bP!-9110 
125.1 MWG584 6.2 bP!-2834 bP!-7852 63.7 bPb-3268 bP!-8161 
125.7 bP!-0519 7.7 bP!-7135 63.8 ABA003 ABG484 
125.8 bP!-4216 bP!-5682 7.9 bP!-8558 bP!-2051 bP!-1681 

bPb-6878 bPb-2929 8.2 bP!-2796 64.3 bP!-6055 
bPb-8913 bPb-6298 8.3 

bP!-7179 WG622 64.4 bPb-4975 
130.1 bP!-6200 bPb-2838 bPb-1469 64.6 bP!-4515 

bPb-4259 9.0 MWG634 64.9 bPb-95048 bPb-9086 

130.2 bPb-2415 65.2 MWG058 

131.1 bPb-0433 11.9 bP!-6121** 65.4 bP!-4096 

131.3 bPb-9213 65.7 Adh4 

132.7 MWG798B 66.1 bPb-5480 

66.2 
bPb-4896 ABC321 
bP!-3598 

66.4 bP!-4303* bPb-4216 
66.9 WG1026B 
67.1 bP!-6067 
67.2 bPb-6611 bPb-6404 

19.8 ABG313B 67.6 bPb-8896 
143.4 ABC171 67.8 Dhn6 

bPb-3229 bPb-0548A 68.6 bP!-3681 
143.7 bPb-3865A bPb-4824A 69.6 bPt-2326 

bP!-96408 bPb-0663A 23.0 MWG077 70.2 bPb-1762 
146.6 bPb-7448 70.9 TubA1 
147.8 bP!-7832 bP!-0594 

25.0 HVM40 72.9 WG464 
148.8 bPb-0654 

25.8 CD0669 73.2 bBE54A 

150.1 
bPb-6127 bP!-3446 74.1 bPb-2305 
bPb-9402 74.8 bPb-6949 

150.2 bP!-1217 76.9 bP!-3306 
151.1 bPb-7770 77.9 bPb-4214 
151.4 bP!-5104 bP!-1470 81.1 bPb-8013 
152.5 bP!-8150 81.2 bPb-0098 
153.3 bPb-1688A 87.0 BCD453B 
156.1 bPb-9945 90.0 bPb-8701 
156.7 MWG571C 90.3 bPb-1329 
157.1 bP!-6264 bP!-4246 34.1 B32E 92.2 bPb-3739 

157.2 
bP!-0386 bP!-1994 92.7 bPb-6096 
bPb-7705A bPb-4976A 93.8 ABG472 bP!-0771 

157.6 bP!-4272 93.9 bP!-357 4 bPt-9111 
157.8 bP!-3865 94.4 bPb-9048 
158.4 bPb-4611 94.5 bPb-3029 
159.1 bPb-0476 

39.4 bP!-6884 97.5 bP!-4864 
159.5 bPb-7918A 98.7 bPb-5408 
160.1 bP!-4566A 
160.7 bP!-9767A 
161.2 bPb-4308 
162.3 bPb-6884 
162.4 bPb-4472 44.4 BCD402B 104.4 bPt-7321 
162.8 bPb-5555 45.1 BCD351D 
163.3 bP!-5032 
163.6 bPb-8756 

48.4 MWG635A 
107.9 bP!-4621 

50.4 bPb-1627 
50.7 bPb-8966 

iHxk2 112.5 
113.1 ABG500B 
114.3 bPb-6523 
115.4 bPb-1325* 
116.2 bPb-6107 bPb-9867 
116.3 bAP91 ABG366 

bPb-7924 
117.1 bP!-4648 

57.4 117.3 ABG397 
178.3 bPb-0848A** 57.5 bPb-1148 

117.8 bP!-6555 
58.7 bP!-8294 

118.8 bP!-4691 
59.8 bPb-8437 119.2 bP!-7069 
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5Hl 

0.0 WG364* 

64.0 bPb-5910** 

6.0 mSrh* 

67.4 bP!-7644 

8.1 bP!-44278*** 67.5 bP!-2560 

69.8 bPb-5504* bPb-9632* 
69.9 bPb-0050* 

132.4 ABG319C 12.1 CD057B 

bPl-7250* 
bPl-4135* 
bP!-4209* bPb-0602* 
bPb-1485* bPb-9186 
bP!-3919* bPb-4891 80.5 bPb-6568 

81.0 bPb-0091 bPb-0351 

82.2 bPb-2460 

24.9 bP!-5196 84.4 bPl-6777 

27.1 bP!-4821 84.5 bP!-86758 

27.9 bPb-0686 86.6 ABG316B 

28.5 bPb-7763 87.7 bPb-4814 

28.8 ABC302 MWG920-1A bPt-7750 

29.1 bPb-7852 87.8 bPb-25918 bPb-1084 

29.2 bPb-0029 bP!-3910 

29.9 bPb-2147 88.0 bP!-3610 bP!-3622 

30.4 bPb-4067 bPb-9618 89.0 bP!-7984 

32.3 bP!-0223 90.1 ABC483 

33.4 bP!-2415 91.4 bPb-65178 

33.9 bP!-7742 92.6 bP!-1316 

34.3 bP!-1256 93.4 bP!-0409A 

34.7 ABC324 
35.4 bP!-2838 95.9 MWG502 

97.0 Mad2 

38.8 bPb-6710* 98.1 bP!-1586 
40.2 bPb-6026A 
40.9 WG889 
41.5 Bmag0337 
42.4 bPb-7570 
42.9 bPb-7287 
43.4 bPb-7627 
43.6 bP!-0468 bPb-3852 
44.3 WG530 

47.0 

50.4 ksuA3A 
51.7 bPb-0909 
52.0 bPb-3792 
52.3 bPb-0899 
52.6 bP!-5596 
52.7 Ubi2* bPl-1576* 
53.0 bPb-5727 bPt-0964 
53.1 bP!-9884 bP!-1893 
53.3 Bmac0163 bP!-8681 
53.5 bPl-5057 
54.5 bPb-5584 
57.1 ABG395 
57.4 bPb-42738 CD07 49 
57.5 bP!-5575 
58.7 bPb-4135 
60.0 ABG708 
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5H2 

bPb-7277 

0.0 bPb-2758 bPb-1494 
bPb-2960 
WG908 bPt-0606 
bPb-3887 bPb-4058 

62.8 bPb-7214 
63.1 bPb-7 404 bPb-5379 
63.6 iEst9 

10.1 MWG851B 
64.3 bPt-4378 

11.6 bPb-3939 
65.0 bPb-3910 bPt-2960 

12.4 bPb-4725 
65.9 bPt-6972 

14.0 bPt-8940 
66.5' CD0504 

15.0 bPb-3973 
15.5 MWG851C 70.9 bPb-8731 bPt-5570 

16.0 bPb-2419 71.1 bPb-9518 

16.5 bPb-7008 71.5 bPb-4115 bPt-6165 

16.9 bPt-0617 72.4 MWG514B 

17.0 bPt-8889 73.0 bPb-32418 

17.7 bPb-9660 bPb-4809 
17.9 bPt-4029 
18.1 bPt-7676 
18.2 bPt-3067 
18.4 bPt-2881 bPt-3714 
18.6 ABG314B 
19.7 bPb-54138 
20.0 bPb-1217 80.5 bPb-5281 

20.2 bPt-5508 
20.5 bPb-4378 

20.6 
bPt-0550 bPt-4178 
ABG463 

20.9 bPb-8754 
21.4 bPt-6933 
22.3 bPt-6671 
23.7 bPt-5847 
24.0 bPt-1593 bPt-6207 
25.2 CD0484 89.0 bPt-0029 ...... 

26.0 bPt-5439 
27.2 bPt-6403 
29.3 bPb-4621 
29.5 bPb-1965 
29.6 bPb-0877 
29.9 ABG390 
32.6 bPt-4602 
32.7 bPb-8070 
32.9 ABG391 

40.3 ABC482 

41.8 bPt-6438 
42.1 bPt-9923 

45.6 bPb-6367 
45.8 ABC155 

56.0 ABG495A* 

58.8 MWG877* 

6H 

Bmac0316 
ASE1B* 
bPb-2380 
bPb-5611* 
bPb-8937 
bPb-6693 .. bPb-5433 
bPb-0359* 
bPb-7068* bPt-6384* 
bPb-0386* 
ABG062* 
bPb-7030* 
bPb-7323 
bPb-2276 
MWG620 
bPt-9049 
bPt-6494 Nar1 
bF'b-3731 bPb-9768 
bPb-09148 
ABG378 
bPt-0538 bPt-3365 
bPb-1009 bPb-9075 
bPt-4067 

12.3 bPb-3532 
12.9 bPb-1001 
14.3 bPb-8681* 

19.6 bPb-8528 
19.7 bPb-8708 
19.8 bPb-3202 
20.5 bPb-73628*** 
23.2 bPb-5610 
24.2 ABC152A 
24.9 bPt-2363 
25.5 bPt-6770 
25.7 bPb-9651 
25.8 bPb-8836 
26.1 bPt-5631 
26.7 cMWG652A 

30.7 bPb-8150 

bPt-1266 
bPb-2881* 
bPb-3921 bPb-0245 
bPb-9807 bPb-7998 
bPt-9867 bPt-8662 

37.9 bPt-9583 bPt-5091 
38.9 bPb-1380 
39.7 PSR106 
42.4 bPt-8051 
42.5 bPt-9897 
42.8 bPt-0716 
44.7 ABG387B bPt-9178 
45.2 bPb-4555 
45.7 bPb-3927 

56.2 bPb-98398* 

58.0 

59.1 

bPb-0914A 

bPt-55998* 
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7H 

60.4 bPb-0238 
61.2 bPb-7179 
61.3 bPb-9747 0.0 bPb-3130* 
61.8 bPt-8894 2.4 bPb-1272 
63.7 ABC169B 3.1 bPb-8037 
63.9 bPt-1713 
64.6 bPt-9390 3.8 

bPt-5877* bPb-3566 
bPb-7027 

65.2 bPb-6567 3.9 bPt-0526 MWG635B 
65.3 bPb-3487 4.0 bPb-9884 bPb-0328 

bPb-9114 bPt-8124 4.3 bPb-9706 
bPt-0937 bPt-8266 

65.4 bPb-1666 bPt-6721 126.7 bPb-2054 4.4 bPb-1858 

bPt-1009 bPb-3833 bPb-57 48 5.0 PSR106B* 

65.6 bPt-2076 
126.8 bPt-1857 bPb-3131 6.2 bPb-34468 

66.3 bPb-3722 bPb-5698 128.0 bPt-9856 

66.4 
bPb-3735A bPt-0136 
bPb-0055 bPt-5014 

66.6 bPt-9948 
66.7 bPt-0178 
66.8 Bmag0496 
67.2 bPt-5412 
68.0 bPt-2579 14.9 bPt-1504* bPt-4419 
68.2 ABG458 136.2 bPt-2842 
68.5 bPb-7362A ... bPb-6235 137.5 bPt-1745* 
69.9 bPb-4750* 137.8 bPb-91968 bPb-41258 
72.2 bPb-3883 137.9 bPb-66078 
73.0 bPb-6721 20.2 bPb-0758* 

73.5 bPt-3041 22.0 bPt-3257 

73.9 BCD340E 
bPb-2886 bPb-0889 

74.6 bPt-8734 22.8 WG420 bPb-0981 

74.7 bPb-3068 
bPt-1772 

75.5 bPb-1256 23.0 
bPt-8639 bPt-5296 

78.4 bPt-7570 
bPb-1631 

80.8 ABC175 bPt-4118 23.2 bPb-7983 

83.2 bPb-9196A 23.8 bPt-8907 

83.4 bPb-6607A bPb-4125A 24.8 ABG652 

84.1 MWG820 

95.0 Nar7 
95.7 bPb-0432 35.6 ABC305 

37.9 bBE54E 

99.1 bPb-9839A* 
40.1 bPb-9202* 

101.3 Amy1 42.5 KFP190 
43.3 bPt-8948 

104.7 bBE54B 
43.9 bPt-9086 bPt-8750A 

104.8 bPb-0606 
44.0 bPb-0409 

104.9 bPb-4178 
44.6 ABC310B 
46.4 TLM1 
46.8 bPb-0027 
47.2 Ubi1 

109.0 MWG934 
47.6 bPb-4272 

50.7 bPb-4924 
52.0 bPb-4191A 

111.2 bPt-2580 52.3 bPb-0202 
52.5 bPb-0202A 

113.1 bPt-5599A* 53.1 bPt-89668 
53.8 bPb-3446A 
54.9 bPt-2378 
55.2 bPt-4623 
55.3 bPt-5060 bPt-5013 

118.2 bPb-7209 
118.6 ABC170A bPb-2142 
119.1 bPb-37358 
119.6 bPb-3470 59.8 Amy2 
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120.1 bPl-2718 bPt-0877 

120.2 
bPl-5748 WG789A 
bPb-5769 

120.9 bPb-2778 
61.1 bPb-6687 121.0 bPb-4674 
62.4 bPt-6430A 121.9 bPb-3853 
63.1 KFP194 125.0 bPt-2828 
64.0 ABC154B 126.0 bPt-2081 
64.4 bPl-4482 126.4 His3A 

bPl-1079 bPl-2778 126.5 bPb-8078 

65.0 
bPl-7435 bPb-7875 127.2 bPb-7417 
bPt-0976 bPl-2790** 129.1 iEst5 bPt-3573 
bPt-7689 bPl-3979 129.2 bPt-3106 

65.1 bPt-9180 129.9 bPb-9237 
65.9 ABG476 130.3 bPb-1497 
66.4 ABC308 130.8 bPt-3855 
66.8 bPb-5456 bPt>-1476 131.2 bPb-4634 
66.9 bPb-3323 131.9 ABG320 
67.2 bPb-5508 132.7 BCD129 
67.6 bPt-2533 133.4 bPb-9573 
67.7 bPt-5845 133.6 bPb-4848 
67.9 bPt-9718 134.4 bPb-0810 

70.6 
bPb-4692 bPb-1039 135.4 bPb-5667 
bPb-1050 135.7 bPb-5897 

70.7 bPb-2920 136.7 bPt-6640 
70.9 bPb-3394 136.9 bPb-9986 
71.0 bPb-4967 bPt>-4623 137.0 bPt-8831 
72.0 bPb-6660* 137.2 bPt-7643 
73.0 bPb-3561 137.3 bPt-5974 
73.3 bPb-79528 137.7 bPt-2593 
73.4 bPb-1952 138.2 RISIC10A bPl-5379 
73.8 bPb-8117 139.3 bPt-3623 bPt-3719 
74.8 MWG911 139.8 bPt-8978 
75.7 bPb-52948 141.3 bPt-6794 bPl-3429 
81.3 bPt-0653 141.6 bPt-1181 
81.4 bPt-9981 142.2 bPt-1177 bPt-5336 
81.5 bPt-3102 142.3 bPl-1961 
84.6 ABC156D 142.4 bPt-2460 
88.7 Brz 142.5 bPt-9585 
90.2 bPt-7991 bPb-8272 bPb-0844 
90.3 bPb-1698 bPb-0037 bPb-1221 bPt>-8921 
90.4 bPb-7836 

142.6 
bPb-7984 bPl-2230 

90.9 bPb-6706 bPb-2718 bPb-0670 
91.5 bPb-2526 bPb-8161 bPb-5846 
92.9 bPl-5262 bPb-7038 
93.8 bPb-1209 

142.7 
bPl-8463 bPb-4049 

95.9 bPt-3825 bPl-3895 bPb-3127 
96.1 bPb-8049 142.8 bPb-7559 bPb-84568 
96.2 bPb-9269 143.6 bPt-0928 
96.4 MWG836 143.9 bPt-5159 
97.6 ABC154A 144.4 bPb-9381 

100.1 ksuA1A 145.1 bPb-4064 
100.9 bPt-1143 
101.2 bPb-9898 
103.8 ABC158 
105.7 bPl-0238 
106.7 bPt-3278 
107.2 bPt-6944 
107.3 bPt-0835 bPt-7008 
107.4 bPb-8789 
107.9 bPt-3394 
109.4 bPb-8939 
109.8 bPb-0324 
110.1 bPb-8011 
110.2 bPb-6156 
110.3 bPb-0678 bPb-2533 
110.4 bPb-1360 
110.7 bPt-6376 bPl-2576 

110.8 
bPt-5494 bPb-5972 
bPt-7559 

110.9 bPb-5172 
111.0 bPt-4824 
111.2 ABG380 
111.9 bPt-1485 
112.0 bPt>-2828 
112.6 bPb-8660 
113.5 bPt-4481 
113.7 ABC167A 
114.4 dRcs1 
115.5 bPb-6348* 
117.1 MWG089 
119.6 bPb-7521 
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Appendix 6. A new barley consensus map based on mapping populations of 

Franklin/Tx9425, Franklin/Y erong, Clipper/Sahara, and Steptoe/Morex. 

Chromosome lH 

-1.6 bPb-8676 

-1.1 bPb-6065 

1.3 bPb-9552 53.4 bPb-7524 

28.7 ABG702 
29.0 bPb-4902 

55.5 bPb-2007 

30.0 bPb-2565 

31.1 bPb-0092 57.1 ABC307A 

6.2 bPt-6825 
32.4 bPb-2240 58.7 His3B 

59.1 
tiPb-4898 bPb-6901 
bPb-9121 bPb-5249 

7.5 bPb-3116 33.8 bPt-5002 59.2 bPb-6911 

34.2 X7GLOB 60.0 bPb-1366 
34.6 bPt-8800 bPt-2693 60.2 bPb-1213 
34.8 bPt-0534 
34.9 bPb-0617 61.2 bPb-4144 

9.7 bPt-1221 
10.0 bPt-0618 35.8 BCD304 
10.3 bPt-7696 36.1 bPb-8935 
10.5 bPb-5201 bPb-8112 
10.9 bPb-0589 37.0 bPb-8453 
11.7 bPb-0699 
12.0 bPb-8307 
12.4 bPt-6792 38.5 bPt-1505 

12.5 
MWG912 bPt-0677 

38.8 
bPb-5198 cMWG733 64.7 bPb-3089 

bPt-3986 bPt-8813 64.8 bPb-0234 
12.6 

bPt-7975 bPt-4925 38.9 bPt-7875 65.0 bPb-9116 
bPt-1815 39.0 bPb-5014 65.4 bPb-3604 

13.0 bPb-2260 39.5 bPb-2063 bPt-5672 65.9 ABG464 
13.1 bPb-5550 39.6 bPt-6128 66.1 bPb-7899 
13.6 bPt-5571 40.4 bPt-3869 
13.7 ABG373 40.7 BCD808a 
14.3 bPb-1487 40.8 BCD265c 
15.3 bPb-3201 Aga7 

42.6 bPb-9108 

17.3 bPb-3756 43.3 bPb-3992 
17.7 bPt-4418 44.1 ABC257 

44.3 bPb-3984 bPt-1741 
44.5 bPb-1078 

18.8 bPt-0579 44.9 bPb-3473 
45.0 bPt-49668 

45.8 HVHVA1 

73.4 bPb-1541 

21.9 
bPt-5898 bPt-5220 73.8 bPb-15418 
ABC261 74.0 bPt-1231 

22.1 bPt-3717 74.2 bPb-7949 
22.7 AWBMA4 

48.9 cMWG706A 
23.0 bPt-4611 bPt-6189 

49.2 bPb-4515 
23.5 ABC3228 
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77.4 bPb-6117 bPb-5638 
78.2 ABC160 bPb-8094 
79.0 bPb-0579A MWG036A 

. 80.2 bPb-8183 bPb-8746 GMS021 
80.4 bPt-6453A bPb-1347 bPt-5504A 
80.7 Bmac32 lca1 MWG835A 
81.0 bPb-3389 bPb-6777 
81.4 bPb-5339 
82.7 CD0473 bPt-01508 

bPb-9388 bPt-6607 

83.0 bPb-4909 
bPb-1398 bPt-1519 

83.4 bPb-1133 
Bmag0872 bPb-9567 bPb-3489 

83.8 BCD454 
bPb-1586 bPb-5672 bPb-3249 bPt-477 4 

bPb-0878 bPt-827 4 
85.5 AWBMA34 106.0 bPb-6408A bPb-9234 bPb-0487 
85.7 PSR121 bPb-2723 
86.3 Glb1 106.8 bPb-1231 bPb-2862 bPt-0005 
86.4 bPb-8763 107.0 bPb-8662 bPb-1535 bPt-9651 bPt-1833 
86.5 bPb-9005 
86.8 bPb-6133 108.0 

bPt-55048 bPt-5389 

87.0 bPb-1723 108.4 
bPt-5433 bPt-0848 

87.2 bPb-4590 108.7 
bPt-5342 bPt-9901 

bPb-8897 bPb-5334 108.8 
bPb-1318 

bPt-4715 108.9 
bPt-3432 bPb-9608 
bPb-7043 

87.4 bPt-4248 136.5 bPt-5332 
87.5 bPb-8107 
88.0 bPb-1193 110.2 bPb-7231 B bPb-64088 136.6 bPb-0178 

136.8 bPt-0055 
88.2 bPb-3986 136.9 bPt-1318 
88.3 bPb-1791 137.1 bPb-1165 bPb-6482 
88.8 bPb-1150 
89.4 bPb-5290 bPt-6765 

111.6 BCD98 137.4 bPb-7137 
137.7 bPb-7697 

89.5 bPb-7190 
90.1 bPt-0150A 

112.4 bPb-4415 138.0 bPb-0405 
138.5 bPt-3470 

90.3 bPt-7165 
90.9 bPt-0720 bPt-0325 bPt-1695 bPb-2166 

138.6 bPb-1312 

91.0 bPt-3302 bPt-97 47 bPt-2947 
138.7 bPb-3776 

91.2 bPb-1377 bPt-1419 
138.9 bPb-1562 
139.1 bPt-8272 

91.3 bPb-2785 140.1 bPb-9881 bPb-3622 
91.5 bPb-9767 140.2 bPb-1348 
91.7 bPb-9360 140.3 bPt-1398 
91.8 bPb-5292 
91.9 bPt-3173 116.1 

140.6 bPb-0181 

bPt-9073 bPb-6110 116.2 
141.0 bPb-6238 

92.0 
bPb-6853 WG789B 116.3 

141.5 bPb-5064 bPb-6451 

bPt-7870 bPt-64538 117.3 
bPb-7644 bPb-57 49 117.8 

92.2 bPb-6621 bPb-9957 117.9 

92.4 
bPb-0910 bPb-4531 118.1 
bPb-9717 118.3 

92.5 bPb-7186 
92.6 bPb-05798 119.1 bPt-9006 

92.8 bPb-3605 
bPb-0249 bPb-2967 119.8 bPb-97888 

145.6 bPb-0878s bPb-0878c 

bPb-0468 bPb-8960 
92.9 bPb-6358 bPb-7325 

bPb-0579 bPb-5683 
bPt-1183 121.6 

93.0 
bPb-7859 bPb-4662 

bPt-5198 

bPb-3835 Bmag0770 122.2 bPb-5877 

93.1 
bPb-2813 bPb-9057 148.4 bPb-79738 

bPb-9475 
93.2 bPb-5080 
93.3 bPb-9611 123.6 bPb-5445A 

93.5 bPb-1922 Bmac0090 150.0 bPb-4741 

93.7 bPt-1277 
94.0 WG789d 124.9 MWG837 
94.2 ABC164 125.1 HOR1 
94.6 bPb-4949 
95.1 PSR158 126.0 bPb-54458 bPb-7306 

96.8 HVLAAT 126.1 bPb-2183 bPb-4657 

97.7 bPb-1604 126.3 bPb-9339 

97.9 bPb-0482 126.7 BCD402 

98.8 bPb-2976 bPb-8884 127.0 bPb-0187 

99.6 bPb-2175 ABG500A 
100.7 bPb-7925 128.1 bPb-0473 
100.8 bPb-9333 
100.9 bPb-0720 
101.5 bPb-8294 bPb-0429 
101.7 bPb-9423 
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Chromosome 2H 

0.0 bPb-0516 
1.4 bP!-9074 
2.6 ASE1A 
3.4 bPb-35988 
4.6 bPb-7602 
5.2 bP!-1767 

52.5 bPb-3572 
5.7 ABG058 

52.7 bPb-2013 
5.8 bP!-0205 27.1 bPb-7711 
6.2 bPb-5033 27.7 bPb-3050 bP!-0232 53.6 Adh8 7.8 ABG703B 27.9 RbcS 
8.6 bP!-0095 28.1 bPb-7151 
8.9 bP!-7043 bP!-1547 

28.7 HVM36 
9.7 bPb-4053 29.0 bPt-4531 

10.3 
bPb-2579A bPb-3186 29.1 bPt-0092 
bPb-0003 

10.8 bPb-8292 
30.1 BCD351F 

11.4 bPb-8399 
bPb-1196 11.7 bPb-44818 30.6 

56.9 bPb-9925 
11.9 bPb-5188 31.1 ABC156A 
12.0 bPb-7354 
12.8 bPb-6235 WG516 31.9 bPt-6743 
13.5 bPb-7626 
13.7 BCD175 

32.7 ABG318 
14.3 bPb-0485 
14.7 bPb-1062 
15.2 bPb-0205 33.7 bPb-4821 59.7 bPb-3677 
15.3 bPb-4286 

61.3 bP!-8775 15.7 bPb-9220 
34.5 BCD221a 61.8 bPb-6735 15.9 bPb-6848 bPb-5991 

62.2 bPb-6881 bPb-3056 
16.0 bPb-9183 

63.0 Bmac0093 16.3 bPb-2086 
63.1 MWG557 16.8 bPb-7557 bPb-5631 B 
63.5 bPb-2219 bPb-2225 

17.0 bPb-5519 bPb-0471 36.2 bPb-7229 
63.7 bPb-0088 17.1 bPb-40258 

37.1 bPb-4261 63.8 Bmag0518 17.4 bPb-5900 
37.3 bPb-4875 64.4 bPb-6438 

17.5 bPb-7969 
37.4 bPb-9682c 64.6 bPb-1628 

18.1 bP!-4191 bP_b-0615 
38.1 bPb-7906 bPb-4877 bPb-5087 bPb-1072 

18.2 Bmac0134 
38.2 bPb-9682s 64.7 bP!-5796 18.3 bP!-8112 
38.5 bPb-2501 bP!-0202 65.2 bP!-4471 18.5 bPb-7024 
39.2 bPb-5629 AWBMA33 bPb-1836 

~8.7 MWG878 
39.4 bPb-2428 65.3 PSR126 bPb-6970 

18.8 bP!-0283 bPb-9757 
39.5 bPt-8049 bPb-3190 AWBMA14 

19.0 bPb-6792 
39.8 bPb-1212 ABG316C 

19.1 bP!-6353 
40.4 bPb-4916 Bmac93 bP!-5946 bP!-2619 
40.6 bPb-9682 bP!-1909 19.2 bP!-0245 bP!-3556 
40.9 MWG858 WG222e bP!-6238 bP!-3599 
41.5 bPb-3519 WG789b CD0370 

19.4 bP!-6523 
41.7 bPb-6755A WG996 

19.7 bPb-7803 
42.4 ABG358 WG222d 19.8 bPb-4774 
42.6 bPb-8038 bPb-8779 19.9 Bmac134 
43.3 bP!-9048 CD0474a ABC468 20.1 bP!-3973 
43.8 bP!-8392 bPt-3594 HvHOTRI 

20.3 bP!-1383 bP!-5884 
44.4 bPb-8449 ABC309 

20.4 bP!-8754 
44.5 bPb-7975 bPb-5439 

20.8 bPb-2923 
45.0 bPb-3574 bP!-1759 20.9 bPb-2833 
45.2 bPt-4961 bPb-8700 bP!-6117 21.1 bPb-0964 
45.4 bPb-0653 ABC167B 21.3 bPb-1422 
45.5 bPb-1664 AWBMA27 21.4 bPb-4148 
45.7 bPb-6992 bPb-0220 

21.5 bPb-9510 
45.8 bP!-6333 bP!-9839 bP!-7153 21.6 bPb-3608 bPb-6963 
45.9 bPt-0193 bP!-7209 

21.7 bPb-0647 
46.0 ABG459 bP!-3082 

22.2 bPb-6466 
46.7 bPt-9234 bPb-9754 

22.5 bPb-8445 bPb-6052 
47.3 bPb-6835 bPb-5440 

22.8 bPb-7502 
47.8 bPt-1707 bPb-6088 

22.9 bPb-5444 bPb-4040 
23.4 bPb-6494 bPb-4715 bPb-9802 bP!-4848 
23.8 bPb-83748 bP!-0858 
24.0 bPb-2355 bBE54D bP!-6088 
24.3 bPb-2782 bPb-8100 bP!-4657 
24.6 bPb-6128 bPb-8750 Pox CD0366 bPt-5317 
24.7 bPb-4523 bPt-7362 bP!-4575 
24.8 bPb-1098 bP!-6367 
25.2 bPb-7057 bP!-6949 
25.4 bPb-5489 CD0588 
25.5 bPb-9681 Bmag378 
25.6 bPb-8959 bP!-3512 
25.7 bPb-5191 
25.8 AWBMA28 
25.9 bPb-4285 
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78.3 CD0474b 131.7 ABC157 

78.8 TLM3 133.3 bPb-7816 

78.9 bPt-7557 133.6 bPt-0914 

79.4 Bmag381 133.8 bPb-3334 bPb-7890 
133.9 bPb-8008 

80.4 bPt-1926 134.0 bPb-0659 bPt-1193 

80.5 bPb-0827 106.5 ABG072 134.1 bPt-0611 

80.7 bPt-8302 1342 bPt-7803 BCD266 
107.2 Crg3A 134.5 bPb-6047 bPb-1066 

81.5 ABC152D 107.5 bPb-8274 134.7 bPb-4768 
134.8 bPb-0326 

108.2 bPb-2481 135.0 bPb-4094 
82.6 bPt-0037 108.7 bPb-3870 135.4 bPb-0775 

135.5 bPb-4228 bPb-1154 
135.6 bPt-1858 
136.3 bPb-9857 

110.3 bPb-6822 136.8 bPb-8204 

110.6 bPb-0994 137.4 bPb-9800 

110.9 bPb-9695 138.0 bPb-8948 

111.2 bPb-17458 139.5 ABG317B 

85.8 bPb-4482A 
139.9 bPb-6087 
140.0 bPb-2244 

86.6 bPb-8484A 112.5 bPb-6876 140.1 bPt-0403 
140.3 bPb-4092 
140.4 bPb-9199 

87.7 2R/6R 
140.6 bPt-0844 

88.0 bPb-0858 114.0 bPb-8949 
140.7 bPb-2831 
140.8 ABC153 

bPb-75888 
140.9 bPb-7211 ABC165 

bPb-9258 
141.0 bPb-1815 

89.6 bPb-7991s bPb-1266 
141.2 bPb-2587 bPt-4590 
141.3 bPt-8070 bPb-7841 

116.1 bPb-2680 141..5 bPb-5203 
142.0 bPt-6946 

116.8 KSUD22 142.3 bPb-5619 

91.3 bPt-0663 117.4 bPb-4184 142.4 bPb-1986 bPb-0303 

91.7 KSUF15 117.6 bPb-0541 142.5 KSUF41 

92.1 bPt-8737 117.9 bPt-8117 142.7 ABG317A 

118.0 bPt-8621 142.8 bPb-7208 

92.8 bPb-8143 118.2 bPb-1493 143.0 bPb-5460 

93.1 bPb-1179 118.9 bPb-53428 143.8 bPb-8530 

93.5 bPt-3891 119.4 bPb-7124 143.9 bPb-8255 
144.2 bPb-1593 

94.3 MWG503 120.4 
144.6 ABG316E 

CD0665 145.9 BCD292 

94.9 bPb-7991 120.8 bPb-0590 146.9 Pcr1 

121.4 
147.9 CD0678a 

95.9 bPb-3563 121.8 
149.2 bPt-1040 

96.1 bPb-1926 122.2 
149.6 CD036 

96.4 bPb-3769 
150.0 bPb-7934 
150.2 bPb-6777 

123.1 bPb-3858 150.5 bPb-8279 
150.6 cMWG720 

97.8 bPb-6194 150.7 bPb-7212 
bPb-4232 bPb-1510 

98.4 EBmatc39 124.4 bPb-3925 bPb-1611 bPb-4601 

124.9 bPb-1103 bPb-3698 

125.3 bPb-8302 151.4 bPb-1181 Bmag0749 
151.6 bPb-3533 

126.0 ABC252 151.7 bPt-0572 bPb-9368 

100.8 bPb-3653 
152.1 bPb-8240 BCD410 

101.0 5120 127.0 bPb-5755 
1522 bPt-3858 

101.3 bPb-4577 bPb-1772 
152.5 bPb-0689 bPb-1415 

101.5 bPb-8737 bPb-0223 bPt-6659 153.0 AWBMA17 
127.8 bPb-2971 153.6 bPb-0299 

102.3 AWBMA21 153.8 WG645 
153.9 bPb-0018 
154.1 BG123A 
154.2 bPb-9587 
154.4 bBE54C 
154.7 bPt-9121 bPb-7455 
154.8 bPt-3792 
154.9 bPb-4691 
155.5 bPb-9794 
156.0 bPb-8698 
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Chromosome 3H 

156.3 bPb-2408 
0.0 bPb-4308 

156.4 BCD339 26.2 BCD15 
156.6 bPb-0305 
157.0 bPb-9909 
157.1 bPb-3102 

157.4 
bPb-1085 bPb-3993 
bPb-6296 

157.6 bPb-6048 
158.2 bPb-5015 
158.3 bPb-4093 3.6 bPb-4022 
158.6 bPb-5030 4.0 bPb-2553 
159.4 BG123 4.1 bPb-3815 

4.2 bPb-8756 
4.4 bPb-1857 
4.5 bPt-5032 bPb-4895 
5.1 bPb-6884 
5.3 bPb-5555 
5.6 bPb-4472 

7.2 bPt-9767A 32.9 CD0395a 
7.8 bPt-4566A bPb-1688A 
8.5 bPb-0476 
9.4 bPb-9583 
9.6 bPt-3865 

bPb-9903s 9.8 bPt-4272 34.6 
10.1 bPb-5995 MWG571C 

bPb-4976A bPb-1799 
10.5 bPb-7705A bPt-1994 36.6 bPb-9213 

bPt-0386 bPt-4246 37.2 bPb-3569 
bPb-1137 bPb-3025 37.6 bPb-2415 

10.6 bPb-2891 bPt-6264 37.7 bPb-2838 
bPb-0650 37.8 bPb-4259 

11.2 bPb-9945 37.9 bPb-5289 
11.5 bPb-4611 bPt-6200 bPb-6878 
12.0 bPb-7918A 38.0 bPb-7350 

38.1 bPb-9903 
38.2 bPb-6664 
38.9 MWG798B 

39.4 
bPb-3642. bPb-2203 
bPb-0527 bPb-1814 

39.9 bPb-5487 

16.3 bPt-8150 
16.6 bPb-7770 bPt-1470 bPt-5682 bPt-4216 
16.8 bPt-5104 42.9 bPt-0519 
17.6 bPb-9402 43.5 MWG584 

17.9 
bPt-3446 bPt-1217 43.9 ABG471 
bPb-6127 

44.6 bPb-2548 

19.5 bPb-5490 45.3 bPb-7002 

19.6 bPb-0654 
20.2 bPt-0594 
20.3 bPt-7832 
20.7 bPb-7448 

47.6 bPt-3689 
21.8 bPb-6978 47.7 bPt-2240 

48.1 bPb-6275 

49.4 bPb-4660 
49.9 bPb-0312 

24.4 bPt-96408 bPb-4824A 50.0 bPb-4859 

24.6 
bPb-0663A bPb-0548A 
bPb-3865A 

24.7 bPb-3229 ABC171 
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52.2 bPb-7989 78.2 bPt-7448 

52.6 
bPb-38658 bPb-05488 78.3 bPb--0079 104.1 bPt-0506 

bPb-48248 bPb-06638 78.5 bPt-3628 

52.7 bPt-9640A 78.6 bPt-9682 bPt-1627 105.0 ABG499 

78.7 PSR156 bPt-0429 105.1 bPt-6266 

79.1 Bmag112 105.2 
bPt-4289 bPt-6567 

54.0 bPt-2380 79.3 bPb-8410 bPt-7238 

54.4 bPt-4783 79.9 WG178 105.3 bPt-4614 

54.8 bPb-2324 
106.1 bPt-6432 MWG571A 
106.5 bPb-2406 
107.0 CD0113 

82.0 bPt-5292 bPt-1084 

56.7 bPb-9383 
83.0 bPb-7872 

85.7 bPb-1183 
60.0 bPb-3332 86.0 bPb--0353 

61.3 bPb-6347 87.3 ABG377 
87.4 bPb-6765 

63.7 bPb-5145 87.8 bPt--0758A 

64.4 bPt-1679 88.1 bPb-8015 

bPb-8110 bPb-3320 88.7 bPb-3825 
65.0 bPt--0018 bPt-1148 89.1 bPb-8024 

bPb-2040 
Bmag0006 AWBMA15 
bPb-0736 
bPb-4747 
bPb-2394 90.8 HVM60 

bPb-1301 bPt-97678 
bPb-2433 91.7 MWG555B 
Bmag6 BCD828 

67.1 bPt-1100 bPb-5351 
bPt-88968 

67.2 
Bmag603 bPt-7959 
HvPEPDIPR bPb-4645 

67.3 bPb-1707 94.0 bPb-1460 119.9 bPt-2040 

67.5 bPb-8283 94.1 Myb 120.4 bPb-4386 

67.9 bPb-0068 bPb-6771 94.3 bPb-44608 120.5 bPb-7785 

68.0 bPb-77058 
120.6 bPt-1348 

68.1 bPb-7937 
120.8 bPb-4925 

68.7 bPb-5012 121.7 bPt-3489 bPb-1961 

68.9 bPb-0094 121.9 bPt-4266 

69.0 bPb-0979 96.5 bPb-4303 122.4 bPb-9110 

69.4 bPb-1012 
70.3 Bmag0828 
70.9 bPt-45668 
71.0 bPt-7214 

bPt-1566 MWG680 
124.0 Bmag0606 

71.1 bPb-3805 
71.2 bPb-0040 

98.8 bPt-4125 

71.7 bPb-79188 

74.3 bPb-6923 

101.5 WG940 

102.2 bPt-05978 

103.1 bPb-6722 
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Chromosome 4H 

156.2 bP!-9945 bPb-0032 0.0 bPt-7602 

130.5 ABG004 156.9 bP!-8453 
157.2 bPb-1829 
157.4 bPb-7161 
157.5 bPb-0302 1.4 bPt-6048 

157.7 ABG495B 
158.8 bPb-1928 2.3 bPt-7247 

159.0 bPb-8907 2.4 bPt-5970 

159.1 bPb-8322 
133.4 WG110 159.3 bPb-7164 

159.5 bP!-2488 
159.6 bPb-7257 

30.8 bPb-2209 
5.1 MWG634 

31.4 B32E 
162.7 bPb-18938 bPb-1411 6.0 bPt-7852 bP!-2834 
163.0 bPb-0361 6.6 bPt-8558 
163.3 bP!-0602 6.9 bPt-7135 
163.5 bP!-3853 7.1 bPt-7179 

mPub 
163.6 bP!-6336 7.2 bPt-2796 
164.0 bPb-8123 7.3 WG622 

bPb-0716 164.1 bPb-0164 
164.2 bP!-7854 8.3 bPb-1469 

138.7 Bmag0013 164.7 bP!-9064 8.8 bPt-3899 
138.8 bP!-1408 bPb-1062 164.9 bP!-3699 9.0 bPt-6121 34.8 GERM IN 

139.2 bPt-0516 165.4 bPb-1893 9.2 bPt-0878 
165.5 bPb-6221 9.6 bPb-9304 

35.9 bP!-6884 
140.9 ABC161 165.9 

bPb-7684 bP!-6853 

141.8 bPb-8894 bPb-2586 10.4 bPb-2837 

142.1 bP!-6133 166.1 bPb-4112 10.9 bPb-8569 

142.2 bP!-3984 166.3 bP!-2888 

142.3 bPb-9543 166.5 bPb-5864 11.7 bPb-7275 
142.9 bPb-4830 166.6 bPb-7238 

144.0 bPb-1609 166.7 bPb-5570 

144.5 bPb-1481 167.2 ABG319B 

144.6 bPb-4564 bPb-7335 167.5 bPb-9207 

145.3 bPb-6249 167.6 bPb-08488 

145.6 bPb-9111 168.0 bPb-0347 

146.4 bPb-7245 168.3 bP!-4674 

.146.5 bPb-2550 bPb-8621 168.5 bPb-7069 40.6 BCD351D 

146.9 bPb-5298 bPb-4156 168.6 bPb-7738 

147.1 bPb-7689 168.8 bPb-5569 41.2 BCD402B 

147.4 bPb-3623 169.2 bPb-9923 

147.7 bPb-5374 170.5 bPb-6769 

148.1 bPb-4748 171.3 bPb-7247 

148.5 bPb-1253 bPb-6228 171.7 bPb-8962 42.8 AWBMA30 

148.6 bPb-4739 
17.0 bPb-8341 

148.7 ABG654 
148.8 bPb-6805 174.1 bPb-5355 
149.6 bPb-3109 44.4 MWG635A 
149.8 bPb-5312 bPb-0789 
150.0 bPb-2420 175.2 bPb-0136 
150.1 bPb-3634 
150.5 bPb-6383 bPb-7827 19.8 ABG313B 

bPb-1627 
151.2 bPb-9118 176.2 bPb-5346 46.1 

151.3 bPb-8557 46.3 bPb-8966 

151.5 bPt-1663 176.8 bPb-7724 

151.7 bPt-8205 
152.1 bPb-3699 
152.2 bPb-2888 48.1 QZDH WG876 
152.5 bPb-9599 178.4 bPb-5256 22.5 MWG077 
153.8 Glb4 
154.7 bP!-7973 23.1 HVM40 

154.8 bP!-8839 
154.9 bPb-4456 
155.2 bPb-8419 
155.3 bPt-1063 24.5 CD0669 

155.5 bPb-7815 180.8 bPb-3933 51.0 BCD265a 

155.6 iBgl 51.2 bPb-6427 

155.7 bPb-0200 51.6 TubA 1 bPb-7 436 

155.9 bP!-4092 52.0 BCD808c 

156.0 
bPt-7630 bP!-5480 
bPb-5150 
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130.2 ABG319C 

bPb-7924 131.1 bPb-3468 
bPb-1148 

80.1 bPb-8013 105.9 bPl-4621 

bPl-8294 80.2 bPb-0098 

bPb-1408 

bPb-8437 
Dhn6 
bPb-6640 108.1 Ebmac0679 134.0 HvBamy 

bPb-1762 108.6 WG114 
bPb-6404 
bPl-6067 bPb-6611 
bPl-7385 

83.4 bPb-3556 

WG1026B 
bPb-8896 110.3 iHxk2 

bPl-3681 110.9 
bPl-9110 85.2 BCD453B 

ABG500B 

bPl-3249 137.4 bPb-3717 

Adh4 
bPb-0130 

112.0 bPb-8164 

bPb-0365 bPb-2427 112.5 bPb-1325 

bPb-0513 bPb-3684 
ABA003 bPb-3268 
bPl-8161 ABG484 113.8 bAP91 

bPb-4333 88.1 bPb-8701 113.9 ABG366 139.9 bPb-5265 

bPl-2152 88.2 bPb-1329 114.0 bPb-9867 

bPl-1681 bPt-2051 114.2 bPb-6107 140.5 bPb-9668 

bPb-9086 bPb-4975 89.3 ABC152a 
114.6 bPt-4648 

bPl-4096 bPl-6055 114.7 ABG397 

bPb-4990 115.1 bPl-6555 

bPl-4515 90.4 bPb-3739 
115.5 HvMLOH1 

bPb-95048 116.4 bPt-7069 

bPl-0654 90.9 bPb-6096 116.7 bPt-4691 
142.7 bPb-4765 

MWG058 117.1 CD01312 

bPb-3512 92.0 
ABG472 bPl-0771 117.2 bPb-6523 

bPb-5576 bPt-9111 bPt-3574 117.8 CD063 

CD0795 92.4 bPb-9998 118.4 bPb-9859 

bPb-4896 92.6 bPb-9048 bPb-3029 

ABC321 bPb-5480 
bPl-3598 bPl-4303 

66.8 bPb-9504 
67.1 WG232 
67.2 bPb-4216 
67.7 PSR163 
68.0 bPl-2326 bPb-4290 
68.2 AWBMA29 CD0358 95.7 bPl-4864 

68.3 bPb-6259 
68.7 KFP195 
69.8 bPb-6872 96.9 bPb-5408 
69.9 bPb-2305 
70.4 bPb-6949 
71.0 WG464 98.1 bPb-0610 
71.9 B-Aleu 
72.0 bBE54A 

100.2 KSUG10 
74.6 Bmac0310 bPb-4214 

126.4 ABC305 

75.7 bPl-3306 

102.4 bPl-7321 128.5 HVM67 

77.6 CD0541 
77.9 HVM68 
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Chromosome SH 

0.0 bPb-83446 

0.6 bPb-8845 26.6 
bP!-5847 bPt-1593 
bP!-6207 

27.4 bPb-1482 
27.8 CD0484 
28.1 AWBMA32 

2.5 bPb-2758 
28.9 bPb-6179 bP!-5439 

29.5 bP!-6403 

30.7 bPb-4595 bPb-54136 

31.8 bPb-1965 
32.1 bPb-4621 
32.4 bPb-7742 58.2 bPb-8319 

32.5 bPb--0877 58.6 ABG495A 
32.7 ABG390 

59.8 BCD221b 
34.3 bPb-2314 

8.5 GS2 34.4 bPb-5854 60.4 bPb-4318 bPb-4970 
34.6 bPb-3138 61.0 bPb-2006 
35.4 bP!-4602 61.3 MWG877 
35.5 bPb-8070 61.5 bPb-5845 

10.0 bPb-4479 35.7 ABG391 62.1 bPb-6578 
36.1 bPb-8684 62.2 bPb-5179 

62.4 bPb-7277 
62.5 bPb-1420 
63.2 BCD265b 
63.3 bPb-1494 
63.5 bPb-4058 

12.6 MWG851B 63.8 bPb-5379 
64.4 iEst9 

65.0 
WG908 bP!-0606 

13.7 bPb-3939 bPb-3887 

40.1 bPb-9147 65.4 bPb-7214 

40.5 bPb-7046 65.6 bPb-7404 

40.9 bPb-5238 66.4 bPb-2960 
15.8 bPb-4725 67.0 bP!-4378 
16.8 bP!-6671 41.5 bPb--0171 67.5 bPb-3910 bP!-2960 

17.3 
bPb-7360 bPb-7292 67.8 bPb-3700 
bPb-9244 67.9 bPb-8462 

17.5 bPb-5766 68.5 bP!-6972 
17.6 MWG851C 43.1 ABC482 68.6 bPb-2580 
18.0 bPb-3973 69.2 CD0504 
18.3 CD0506 
18.4 bPb-7008 44.0 bPb-3590 

18.5 bPb-2419 44.5 bP!-6438 
18.7 bPb-5333 44.8 bP!-9923 
19.3 bPb-4809 
19.4 bPb-6239 
19.7 bPb-9660 
20.0 ABG314B 

46.5 CesA3 
20.3 bPb-4971 72.7 bPb-4494 
20.6 bP!-7676 
20.7 bP!-3714 bP!-2881 73.6 bPb-8731 
20.9 bP!-3067 73.7 bP!-5570 
21.0 bP!-4029 48.3 bPb-6367 74.5 bP!-6165 
21.5 bPb-2689 48.4 ABC155 75.0 bPb-4758 bPb-0071 
21.6 bPb-1217 75.1 bPb-7953 MWG514B 
22.2 bP!--0617 75.3 bPb-4115 
22.5 bP!-5508 75.5 bPb-8771 
22.8 bPb-8754 49.9 AWBMA3 

75.6 bPb-3241 
23.1 bP!-4178 ABG463 75.8 bPb-32416 
23.3 bP!-0550 bPb-4378 76.6 bPb-9518 
23.8 bPb-9868 bP!-8889 
24.2 bP!-6933 51.4 GMS27 
24.9 bP!-8940 
25.1 bPb-5413 
25.9 bPb-3306 
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130.3 bPb-1485 
130.4 bPb-9186 

79.7 bPb-7854 

80.4 bPb-2325 

134.2 bpt-5196 
108.5 bPb-7170 

109.1 WG364 

83.8 bPb-5281 
84.1 bPb-3603 

135.9 bpt-4821 

110.8 bPb-6967 
85.1 bPb-0710 
85.5 bPb-6135 111.5 bpt-2855 

137.8 ABC302 
138.2 bPb-7852 bPb-0029 

139.3 bPb-7763 

140.0 bPb-2147 
140.2 bPb-9618 

88.5 bPb-1462 140.4 bPb-4067 
141.0 bPt-0223 

115.3 bpt-38878 141.2 bPb-0325 

116.1 mSrh 
141.5 bPb-0686 

116.2 bPb-9719 
116.5 bPb-5532 142.7 bPt-2415 
117.1 KSUA1 

91.5 bPb-4744 143.6 bPt-7742 bpt-1256 

117.9 bpt-44278 144.2 PSR123 

118.2 bPb-8179 bpt-52988 144.4 ABC324 
144.5 PSR128 PSR156 
144.7 bPt-2838 

93.3 bPb-7187 bPb-6126 

145.9 bPb-9676 

94.8 bPb-3879 120.9 CD057B 

148.6 _bPb-5910 

97.2 bPb-4334 
148.8 bPb-1813 

97.5 bPb-7015 
149.8 bPb-6026A 

124.4 bPb-0709 bPb-7561 150.2 WG889 

99.1 bPb-5596 

99.6 bPb-7395 151.5 bPb-7287 
151.9 bPb-3852 

152.4 bPb-7627 

127.0 WG564 152.8 bPt-0468 
153.2 Bmag0337 

153.8 bPb-6710 

128.3 bpt-7250 153.9 bPb-9930 

128.4 EBmac854 154.4 WG530 
103.1 bPb-8022 129.0 bpt-4135 
103.6 bPb-9476 129.5 bPb-0602 
103.7 bPb-2425 129.6 bPb-4891 bpt-3919 155.5 bPb-7570 

103.8 bPb-8101 129.9 bpt-4209 
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156.7 
157.4 
157.7 
158.2 
158.8 
159.2 
159.3 
159.8 
160.0 
180.6 
160.8 
161.2 

161.6 

161.9 
162.0 
162.8 
162.9 

163.6 

163.7 
164.1 
164.4 
164.5 

165.8 
165.9 
166.3 
166.5 
167.0 
167.1 
167.5 

168.9 

169.9 

171.7 

174.7 
175.2 
175.3 
175.7 
175.9 
176.3 
176.4 

180.3 

180.9 

WG541 
182.1 

Bmac0113 
bPb-8775 
Bmag0387 
Bmac0096 
KSUA3a 
bPb-0845 
BCD21 ABC164 
bPb-9306 185.5 
bPb-5584 185.6 
bPb-0503 
bPl-5057 
bPl-1893 bPl-8681 186.7 
bPl-0964 bPl-9884 
Bmac0163 187.4 

bPb-5727 
bPb-9163 188.3 
bPb-2424 
bPl-5596 Ubi2 
bPl-1576 189.4 
bPb-2762 
bPb-0899 190.3 
bPb-3792 190.4 
bPb-0909 

190.9 

bPb-8589 
bPb-2273 191.9 
ABG395 192.1 
CD0749 193.0 
bPb-42738 193.1 
bPl-5575 
bPb-4135 194.0 

194.1 
194.3 

ABG708 
195.3 

bPb-0544 
196.3 

bPb-6363 197.6 

198.8 

199.5 
199.6 

bPb-2900 
bPb-6495 
bPb-6067 
bPb-0050 bPb-5504 
bPb-9632 

202.1 bPl-7644 
bPl-2560 

203.1 

204.2 

bPb-9327 bPb-8256 206.2 

bPb-0536 
207.1 

Appendices 

bPb-6183 ~·\;r-208.5 bPb-6485 bPb-5317 

209.1 bPb-7599 bPb-2330 

209.6 bPb-3743 

210.2 bPb-0170 

bPb-3830 
bPb-1807 

bPb-0351 

bPb-0091 

bPb-6568 

bPb-2460 

bPb-2591 
bPb-7407 
bPb-8072 bPl-6777 
bPl-86758 

bPb-2872 
bPb-4814 

bPb-1909 
ABG316B 
MWG920-1A bPb-25918 
bPl-7750 
bPb-1084 bPl-3910 
bPl-3622 bPl-3610 

bPl-7984 

ABC483 

bPb-65178 

bPl-1316 

bPl-0409A 
bPb-8580 

MWG502 

Mad2 

bPl-1586 

bPb-6051 

bPb-0085 
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Chromosome 6H 

ASE1B 

1.1 Bmac0316 

bPb-2380 
bPb-5611 bPb-5903 
bPb-8937 bPb-6693 bPb-5778 
bPb-5433 bPb-8969 
bPb-7068 bPl-6384 29.1 bPb-6661 bPb-6164 bPb-4627 
bPb-0386 

29.7 bPb-8150 bPb-3022 
ABG062 56.6 bPb-4289 
bPb-0359 bPb-8889s 57.4 bPb-0238 
bPb-8889c 57.9 bPb-6235 

4.4 bPb-7323 58.0 Ebmac0806 
4.6 bPb-7030 58.6 bPb-7179 
4.9 bPb-2276 58.7 bPb-9747 
5.8 bPb-3965 58.8 ABG458 
5.9 bPb-0426 59.0 bPt-2579 
6.5 MWG620 59.6 bPt-8894 
6.7 bPb-6511 60.6 PSR167 
7.7 bPt-9049 61.7 bPb-5270 
7.8 bPb-3780 62.1 bPt-5412 

8.1 
bPl-6494 Nar1 62.2 ABC169B bPb-2592 
bPb-3731 bPb-9768 62.6 bPb-2464 

bPt-1266 62.9 bPt-1713 
bPb-9749 63.5 bPb-5822 

9.8 bPb-09148 bPb-2881 63.6 bPt-9390 

10.8 BCD342 36.7 bPb-3921 63.7 bPb-8028 

10.9 PSR119 36.8 bPb-9807 bPt-9867 63.9 bPb-6567 

11.1 ABG378 bPt-8662 bPt-9583 64.0 GMS006 bPb-9114 
36.9 

bPb-3532 bPl-0538 bPt-5091 64.1 bPb-1666 

11.6 bPl-3365 bPt-4067 37.8 bPb-1380 bPb-3487 bPt-8124 

bPb-9075 38.0 PSR106 64.4 bPt-6721 bPl-8266 

11.8 bPb-1009 38.3 bPb-0245 bPl-0937 

12.3 bPb-1001 38.5 bPb-7998 64.5 bPt-1009 

13.2 bPb-3807 
64.7 bPt-2076 

13.3 bPb-2751 
65.0 bPb-6121 

13.7 bPb-8681 
65.3 Bmag0496 

14.3 bPb-7193 
65.5 pTAM10 

14.5 bPb-0914 
40.6 bPb-3427 bPb-6457 65.6 bPt-0136 bPb-0055 

41.2 bPl-8051 65.7 bPt-5014 bPb-3735A 

41.3 bPl-9897 65.9 bPt-9948 

41.6 bPt-0716 66.0 bPt-0178 

42.2 bPb-5910 66.3 bPb-3722 bPb-5698 
66.4 bPb-9702 

43.0 bPb-4555 67.0 bPb-5196 

43.4 ABG387B 67.1 Bmag0173 

43.5 bPt-9178 68.2 d1-650-2 

18.4 bPb-3586 43.8 PSR627 68.4 bPb-7887 bPb-5358 

18.9 bPb-73628 44.3 bPb-3927 68.5 PSR611 bPb-5577 

19.0 bPb-8528 68.6 bPb-2593 

19.1 bPb-6311 69.1 bPt-55998 

19.6 bPb-8708 69.5 bPb-4750 

20.0 bPb-5027 69.7 
bPb-9082 bPb-9835 

20.2 bPb-3202 bPb-9051 

20.4 bPb-4246 71.3 bPb-6735 

21.1 bPb-8473 71.4 bPb-3309 

21.6 bPb-8398 72.0 bPb-6721 

21.8 bPb-6659 72.1 bPb-4369 bPt-3041 

22.0 bPb-9848 72.3 bPb-3883 

22.3 bPb-5610 72.4 bPb-8347 

22.7 bPb-8492 72.6 bPb-1256 

23.0 bPb-8836 72.7 bPb-3230 

23.3 bPb-9651 72.9 BCD340E 

23.5 ABC152A 73.4 bPb-3068 

24.2 bPl-2363 73.6 bPl-8734 

24.5 bPl-6770 74.0 Bmag9 

24.6 bPb-2058 75.0 bPb-6189 

25.1 Bmag0500 bPt-5631 75.7 bPb-4783 

25.2 bPb-97 49s bPb-97 49c 
51.9 bPb-98398 

76.4 bPb-9834 

25.7 cMWG652A 76.9 bPt-7570 
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78.2 130.3 bPt-1745 

79.1 bPb-4125 
130.8 bPb-9413 

79.3 ABC175 bPt-4118 105.5 bPb-9063 
105.7 bPb-6477 

132.3 bPb-1279 

bPb-6607 
107.0 bPb-3844 

bPb-0443 81.4 107.3 bPb-2062 bPb-6385 133.9 
81.5 bPb-9196A 134.2 bPb-7644 
81.7 bPb-6607A 134.8 bPb-1029 
81.8 bPb-4125A 

135.6 
bPb-2304 bPb-2137 

82.4 MWG820 bPb-0403 

135.7 
bPb-7146 bPb-1621 

109.3 bPb-5234 bPb-0649 bPb-0522 

135.8 
bPb-4626 bPb-1695 
bPb-8764 

111.0 BCD221c 136.0 bPb-8054 
85.3 bPb-7608 111.1 PSR154 136.2 bPb-6875 

85.4 
bPb-0105 bPb-1314 111.4 AWBMA16 136.6 bPb-6727 
bPb-2106 bPb-0947 111.5 bPb-7209 

85.5 bPb-6972 111.8 ABC170A 137.9 bPb-8382 

111.9 bPb-2142 

87.2 bPb-1589 139.1 bPb-5515 

113.7 bPb-3470 139.7 bPb-3760 
bPb-6677 bPb-2863 

139.9 bPb-2940 

90.8 bPb-0432 
143.2 bPb-8735 
143.3 bPb-3919 

91.7 Nar7 

118.5 bPb-5748 
118.6 bPb-2054 bPb-3833 
119.2 bPt-1857 145.0 bPb-9890 

119.3 bPb-3131 

94.2 bPb-1724 
120.4 bPt-9856 

94.6 bPb-0451 

bPb-3643 
147.3 bPb-9817 

95.5 
147.7 bPb-2410 

96.2 bPb-4178 122.3 BCD276 

97.4 Amy1 

99.4 bBE54B 
99.5 bPb-0606 
99.7 BCD269 

126.5 bPb-1758 

101.1 bPb-0857 

127.9 BCD1 

128.4 bPb-7446 

129.0 bPt-2842 
103.3 MWG934 

129.7 bPb-7877 
130.0 bPb-1176 
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Chromosome 7H 

--0.9 bPb-0714 
0.0 bPb-9381 
0.4 bPb-8558 
0.7 bP!-5159 
0.9 bPb-4064 
1.0 bPb-8084 

bPb-6706 bPb-9729 bP!-0928 51.4 1.1 bPb-0108 25.3 
51.8 bPb-7836 

1.2 bPb--0398 26.1 51.9 bPb--0037 bPb-1698 
1.4 bPb--0844 52.0 bPt-7991 
1.5 bPb-7559 26.3 
1.8 bPb-3732 26.9 

53.3 Brz 1.9 bPb-84568 bPb-6868 

2.0 
bPb-5259 bPb-6976 
bP!-8463 bPb-8161 
bP!-2230 bPb-7984 
bPb-8921 bPb-3127 bPb-6747 56.9 ABC156D 2.1 bPb--0043 bPb-8272 bPb-5494 59.1 bPb-4541 bP!-9585 ABC167A 59.5 bP!-3102 bPb-2718 bPb-4049 bP!-4481 59.6 bP!-9981 bPt-0653 
bP!-2460 bPb-5846 bPb-8660 bPb-1105 bPb-8460 bP!-1961 bPb--0670 bPb-9202 61.3 bPb-4597 bP!-5336 bPt-1485 61.4 bPb-3157 bP!-1177 bPb-2828 61.5 bPb-8568 bPb-1221 Ebmac0603 62.8 bPb-4219 bPb-7038 ABG380 63.6 bPb-1952 bP!-1181 bPb-8933 bPb-5172 63.7 bPb-7952 bPb-4029 bP!-6794 bPt-4824 64.9 bPb-52948 bP!-3429 bPt-7559 bPb-5972 65.5 MWG911 bPb-7004 bPt-5494 bP!-2576 66.2 bPb-3561 bP!-8978 bP!-6376 66.4 bPb-79528 bPb-2678 bPb-2533 66.5 bPb-5294 
bP!-3719 bP!-3623 bPb-1360 66.9 KSUA3c bPb-4445 bPb-0678 67.7 bPb-8117 bP!-5379 RISIC10A bPb-6156 bPb-0324 68.1 bPb-1447 bPb-6660 bPb-2595 bPb-8011 68.5 bPb-3394 

6.9 bP!-2593 bPb-8939 68.6 bPb-1050 
7.2 bPb-9986s bPb-9986c bP!-3394 68.7 bPb-8051 bPb-2920 
7.3 bP!-7643 bP!--0835 69.0 bPb-4623 
7.4 tiP!-5974 bPt-7008 bPb-8789 69.2 bPb-4967 
7.5 bPb-7769 bPb-5816 bPb-9601 69.3 bPb-4692 
7.6 bP!-8831 bP!-6944 69.7 bPb-1039 
7.9 bPb-9986 bP!-3278 70.0 bPb-6996 
8.2 bP!-6640 bPb-2373 70.5 BCD340a 
8.9 bPb-5667 dRcs1 71.0 bPb-1093 
9.3 bPb-5897 bPb-6348 71.4 bPb-1946 
9.6 bPb-6752 ABC158 72.3 bPb-2379 

10.1 bPb--0810 SSS1 72.4 bP!-2533 bP!-5845 
10.9 bPb-4167 

72.6 bPt-9718 
11.1 bPb-9573 

72.7 Bmag0217 
11.3 bPb-4848 

73.0 ABC308 
12.0 BCD129 

bPb-2097 Bmag0341 
12.5 ABG320 73.2 bPb-3323 
12.8 bPb-4634 

bPb-7915 bPb-5508 
13.7 bP!-3855 73.4 bPb-1770 
14.1 bPb-1497 

73.5 bPb-8396 bPb-3733 bPb-1994 
73.6 bPb-2188 bPb-7863 
73.7 bPb-1476 

14.3 bPb-8639 
73.8 bPb-8956 

14.4 bPb-8043 
bPb-5456 bPb-6975 

14.5 bPb-9237 73.9 bPb-1454 
15.0 bPb-9585 

74.0 bPb-5599 
15.2 bP!-3106 bP!-3573 

74.3 ABG476 
15.3 iEst5 MWG836 

74.4 bPb-7603 
17.0 bPb-7417 bPt-3895 

74.5 bPb-7437 
17.7 bPb-8078 bPt-3825 

74.8 bPb-7044 
17.9 His3A bPb-8049 

74.9 AWBMA24 bPb-8467 
18.2 BCD135 bPb-9269 

75.0 bPb-8970 
18.3 bP!-2081 

bPt-7689 bPt-2790 
19.3 bP!-2828 75.1 bPt--0976 
19.5 bPb-3727 

bP!-2778 bPt-7435 
20.8 bPb-6453 bP!-5262 75.2 Bmac31 bP!-1079 
22.0 bPb-3853 bPb-1209 bP!-9180 
23.1 bPb-467 4 bPb-2778 bPb-2866 bPb-7835 75.3 bP!-3979 
23.6 bPb-7521 

75.4 bPb-7875 bPb-7521 c bPb-7521 s 
75.6 bP!-4482 23.8 bPb-5769 bPb-2526 
75.7 bPb-3330 bPb-9825 

23.9 
WG789A bP!-5748 

75.9 bPb-8020 BCD147 bP!-0877 bP!-2718 
76.0 CD0673 

24.0 bPb-9155 
76.1 ABC154B 

24.1 bPb-4266 
76.4 bPb-5348 
77.0 bPb--0125 
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77.2 KFP194 103.2 bPb-8860 bPb-2855 129.3 bPb-8833 
77.7 bPb-8690c bPb-8690s 
77.9 bPt-6430A 

104.3 ABC305 
104.6 WG686 

79.1 bPb-6687 

80.4 Amy2 132.5 bPb-7628 

133.3 bPb-3232 
133.6 bPb-5898 

108.2 bPb-8498 

135.5 bPb-2854 

136.1 bPb-9563 

bPt-5060 bPt-5013 bPb-3226 
bPt-4623 
bPt-2378 

111.5 bPb-5564 
bPb-2897 

bPb-1596 111.7 bPb-3419 
bPb-34468 bPb-9948 

bPb-8074 111.8 bPb-0182 
112.1 PSR129 

bPb-1272 

112.3 KSUF37 bPb-1858 bPb-9706 
bPt-89668 
bPb-0202A bPb-9884 

113.7 bPb-8539 MWG635B bPt-0526 

bPb-0202 114.0 bPb-1669 bPb-0328 bPb-7027 

bPb-4191A 139.8 bPt-5877 
140.2 PSR106B 
140.9 CD0347 

115.4 bPb-8823 141.5 bPb-8037 
bPb-8109 141.6 bPb-3566 
bPb-3491 142.8 bPb-3130 
bPb-8002 142.9 bPb-1690 
bPb-3446A bPb-4191 

bPb-5571 143.0 bPb-0783 

ABG652 143.1 CD01395 

bPb-6307 143.4 Cat1 

bPt-8907 143.9 bPb-0375 

bPb-7983 144.6 bPb-1737 

bPt-5296 bPb-9704 bPb-5556 

bPb-1631 bPt-8639 145.1 bPb-9865 bPb-0995 

bPt-9086 bPb-1079 
bPb-3484 bPt-1772 bPb-2620 

bPb-0981 bPb-2886 145.5 bPb-0259 

bPb-0409 bPt-8750A KSUE18b 
bPt-8948 bPt-3257 
ABC310B 
bPb-9914 
bPb-7781 
bPb-4924 122.9 bPb-7739 
bPb-6214 123.4 bPb-1793 

123.5 bPb-0758 
124.3 bPb-0889 

98.1 
124.8 bPb-4071 

98.3 
125.1 bPb-2328 
125.3 bPb-6167 
125.6 bPb-8644 

99.2 125.7 bPb-0917 
125.8 bPb-5923 
126.0 bPb-1336 

100.6 126.4 bPb-4394 
126.5 bPb-7345 

101.3 126.7 bPb-1556 

101.7 
126.8 bPb-7623 
127.1 bPb-0773 
127.4 EBmac755 
128.1 bPt-4419 bPt-1504 
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