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Abstract 

Increased energy production from renewable resources is currently a high priority in 

Europe as a result of dwindling fossil fuel reserves and the need to produce energy in 

ways that are non-polluting. The generation of energy from biomass sources can 

contribute towards a solution. Several willow species have been highlighted as 

particularly suitable for this end-use when grown as Short Rotation Coppice (SRQ. 

Although efforts to breed high-yielding varieties for this purpose have resulted in 

significant improvements in recent years (Larsson, 2001; Lindegaard et al., 2001), the 

scope for further progress remains great. However, current breeding efforts are 

hampered by inefficient selection regimes and the limited knowledge available on the 

genetic basis of important agronomic traits. The main objective of this thesis was to 

use molecular markers in genetic mapping strategies to address both of these issues. 

Two genetic linkage maps, based on two different full-sib biomass willow mapping 

populations, were generated, largely based on microsatellite and AFLP markers. Both 

maps were produced according to a double pseudo-testcross strategy in which separate 

parental maps were constructed before integration to form a consensus map 

(Grattapaglia and Sederoff, 1994). The first map was derived from a pre-existing 

population (M), comprised of only 66 progeny. A second, much larger, full-sib 

population, K8, was established to underpin subsequent trait analyses and QTL 

mapping. This population comprised 947 full-sib progeny and was planted in a field 

trial at Long Ashton Research Station. This trial was used for assessments of traits of 

agronomic importance, including total yield, several components of yield (e. g. height, 

diameter, etc. ), resistance to Melampsora rust diseases and resistance to willow beetle 

herbivory. Laboratory-based assessments of disease and pest resistance were also 

performed. All resulting trait data were used in conjunction with genotype and linkage 

information to map genomic regions influencing these traits via QTL analyses. 

Putative QTL for all target traits were identified, with indications of robustness 

provided by the identification of corresponding QTL positions for correlated traits and 
by the detection of several QTL that were consistent over different assessment years 

and environments. 

These data provide the most comprehensive QTL mapping study of traits of 
importance in biomass willow performed to date and represent a valuable resource for 

future willow research and molecular breeding of improved biomass varieties. 
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This thesis describes the results of genetic mapping of agronomic traits in willows 

grown for biomass production through the application of molecular marker techniques. 

This chapter introduces willows in the context of their use for biomass production, 

outlines the main molecular marker techniques available and then reviews how 

molecular markers can contribute to crop improvement programmes. The chapter 

concludes with the specific aims and objectives of the thesis. 

1.1 The genus Salix 

Willows (genus Salix), and also poplars and aspens (genus Populus), belong to the 

family Salicaceae. The genus Salix is very heterogeneous, comprising over 300 

species (Stott, 1984) with considerable variation in size and growth form. Three main 

subgenera are recognised (Table 1.1), although below this level of classification 

considerable confusion exists in the taxonomy. However, one of the most widely 

accepted classifications is that of Skvortsov (1968). 

Table 1.1. The three main subgenera of the genus Salix. 

Subgenus Characteristics Examples 

SaILx Upright, pendulous or semi-pendulous trees S. alba, S. babylonica, 

(true willows) and large shrubs with narrow, serrate leaves S. fragilis, S. nigra 
Caprisalix Shrubs and small trees with great variation S. caprea, S. cinerea, 

(osiers & sallows) in leaf form S. aurita, S. viminalis 

Chamaefia Small mountain or Arctic shrubs with S. reticulata, S. herbacea, 
(dwarf willows) rounded or blunt leaves S. retusa, S. myrsinites 

The genus Salix is thought to have originated in what are now the mountains of Eastern 

Asia. This is supported by apparent links in this region between the Chosenia, which 

have many basic Salft features, and some primitive members of the genus Populus. 

The genus is thought to have spread over considerable distances following the most 

recent ice age, when glaciers linking the continents of the northern hemisphere melted 
to form vast rivers that carried sediment across Asia, Europe and North America. 

Being one of the earliest colonisers of glacial sediment, Salix thrived during this period 

and became well distributed. As the glaciers receded, Salix populations remained 

widely disseminated, mainly in temperate and Arctic regions of the northern 
hemisphere. Today, willows can be found, through natural distribution or introduction, 
in most parts of the world. 

4 



In willow, the haploid chromosome number is 19, but many species are tetraploid and 
higher ploidy levels are commonly found (HAkansson, 1955; Suda and Argus, 1968, 

Bilchler, 1985,1986). Willows are dioccious, with individuals bearing either all male- 

or all female-flowered catkins. Hybridisation between Salix species occurs frequently 

in nature (Nilsson, 1954; Argus, 1974), with the exception of hybridisation between 

members of the Salix subgenus and those of the Caprisalix and Chainaetia subgenera, 

which does not generally occur (Stott, 1984). Many factors such as dioecism and the 

varying flowering times associated with different species, also affect hybridisation 

success (Newsholme, 1992). Most hybrids within the subgenera are fertile and can 

cross with other species/hybrids, further complicating the problems associated with 

classification and identification. Common hybrids in the UK include those between S. 

alba and S. fragilis (true willows) and those between S. repens and S. aurita (sallows). 

The relative ease with which hybridisation occurs in nature, and the existence of a 

large number of willow species, has resulted in tremendous diversity within the genus. 

1.2 Short Rotation Coppice (SRQ willow as a biomass crop 

Increased energy production from renewable resources is currently a high priority in 

Europe as a result of dwindling fossil fuel reserves and the need to produce energy in 

ways that are non-polluting. The generation of energy from biomass sources can 

contribute towards a solution. Ambitious goals have been set for increasing energy 

production from renewables within the European Union, including a commitment to 

increase the energy production from biomass from 3% in 1997 to 8.5 %, or 90 million 

tonnes of oil equivalent (mtoe) per year, by the year 2010 (European Commission 

White Paper; Anon, 1997). While agricultural residues, such as those from forestry, 

straw and poultry litter, may provide a potentially valuable biomass resource, energy 

crops grown specifically for this purpose will be required to meet this target. It is 

estimated that planting biomass crops on 7.1 % of all EU agricultural and forestry land 

(10 million hectares) will be necessary. Willow grown as Short Rotation Coppice 

(SRC) has been highlighted as a crop particularly suited to this purpose (Corbett and 
Britt, 1997). 

SRC willows make an attractive biomass crop for a many reasons. SRC is a fast- 

growing, high production, low input crop, with minimal labour, fertiliser and chemical 

requirements. Plantations are clonally propagated and can be harvested every three to 
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five years, after which cut stools regenerate to provide another harvest and may 

continue to do so up to six times, giving a productive lifespan of 20-30 years. This 

provides a regular income to the farmer with faster returns than those associated with 

conventional forestry (Dawson, 1992). 

Furthermore, energy production from biomass willow is a non-polluting, closed-carbon 

system producing no net increase in the emission of greenhouse gases associated with 

global warming (Pitcher and Hilton, 1997). Carbon dioxide produced by the burning 

process is recycled via photosynthesis in stands growing to replace those harvested. 
As planting new trees increases carbon fixation in the soil, net emissions of carbon 
dioxide may even be negative (Hall et al., 1997). The recurrent use of land may 

provide a more efficient and cost effective method for negating carbon emissions from 

other sources than the sequestration of carbon in new forests which may cease after 20 

years (Hall et al., 1997). This environmentally sound system has a high potential for 

public acceptance. 

A further benefit associated with growing SRC willow as a biomass crop is the 

potentially positive impact on biodiversity, as SRC stands can provide shelter for a 

number of birds and mammals (Larsson, 1996). Also, in Britain, more insects live on 

willows than on any other tree species (Kennedy and Southwood, 1984). While many 
feed on willow, substantial damage needs to be occur before there is a negative impact 

on yield. The large numbers of insects in SRC plantations contributes to the 

biodiversity of intensively-farmed land (Tucker and Sage, 1999) and may also serve to 

attract greater numbers of insectivorous birds and small mammals. 
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1.2.1 Energy production fmm SRC 

Three main technologies exist for the production of energy from SRC energy sources. 
These are gasification, pyrolysis and direct combustion (Figure 1.1). 

Figure 1.1. The three main technologies used to generate heat and/or power from 

SRC. 

Flut zu 
CAZIRCATION 

Air 

c«nbuodm am 
clos dunw4 In a e- -Ob-. ^ah 
lf ne"a" ps turw90 

wo> 

%*naß 

comomy 

Air 

F" COR*Nnd» 
b"t 

seaw 
seum EntwA 

Heu pbwe a, -Vcy Hffl 
F"OLYM 

F%W Wood 

P-P-M"n fi»i 

äý 

014 Passibis 
ther P .. 0 --mw 

If necesawry bl-wpawt 
or Ims Vol produced 

Source: Short Rotation Coppice for Energy Production 

Combusdim 
ýAt Fkw IN 411w in an Of4ow 

or 

TýT 
pbwe amuce How 

Good Practice Guidelines, British Biogen. 

(http: //www. britishbiogen. co. uk/gpg/srcgpg/srcgpgfront. h tin). 

At present, the favoured method is gasification, a thermochernical process involving 

the partial oxidation of the carbonaceous fuels at high temperatures and generally 

under high pressure (Nordin and Kjcllstr6m, 1996). A stable fuel gas results, 

consisting mainly of carbon monoxide and hydrogen with lesser amounts of methane 

and higher hydrocarbons such as ethane and ethylene (Dumbleton, 1997). This gas 
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can be cleaned if necessary and used in gas engines, boilers or in gas turbines to 

generate heat and/or power. Resulting flue gases are alkaline or neutral and are, 
therefore, environmentally friendly. 

An alternative technology, pyrolysis, entails the thermal degradation of carbonaceous 
fuels in the absence of air or oxygen and results in the production of solid, liquid and 

gaseous products (Nordin and Kjellstrbm, 1996). Resulting pyrolysis oil can be then 

be combusted in engines or boilers to produce heat and power. One advantage 

associated with this technology results from the ability to separate the pyrolysis 

process from the final energy conversion process in terms of both space and time 

(Dumbleton, 1997). This would allow transport of pyrolysis oils to a centralised 

energy production plant if required. Storage of liquid fuel might be possible although, 
due to the chemically and physically unstable nature of this product, storage times 

would be limited. 

The direct combustion of biomass fuels is unlikely to be used on a commercial scale 
for the generation of heat and electricity. In this process, steam is generated as a result 

of combustion and used in engines or to drive turbines to produce electricity. The 

production of steam by combustion is a relatively efficient process although the 

conversion of steam to electricity is less so (Dumbleton, 1997). Therefore, although 

steam technologies are well proven and robust, they are not economically competitive 

for most biomass energy applications. 

1.2.2 Growing SRC willows 

In recent years considerable research has focused on the optimisation of agricultural 

practices for maximising yield in SRC plantations. As a result, a number of standard 

recommendations are now in place regarding planting, harvesting, soil type, etc. In 

general, SRC willows are grown in dense plots of between 10 000 and 20 000 stools 

per hectare (Figure 1.2), with spacings of 1.25 mx0.75 rn (Turnbull, 1997). Cuttings, 

normally between 15 - 20 cm in length, are planted by hand or specialised machinery 
during early spring months, typically in twin rows to facilitate subsequent mechanical 
harvesting. Growth is both rapid and vigorous, with one-year old stems reaching up to 
5 metres in height. The standard rotation is three years although rotations of five years 

are not uncommon. Following each harvest, stems are generally chipped and dried 
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prior to use in energy production. The ability to store rcsulting woodchip for future 

use provides an advantage over other renewable energy sources, such as wind, where 

this is not possible. 

Figure 1.2. A SRC willow plantation. 

1.2.3 Threats to SRC yield 

Pests, diseases and competition firorn weeds are important factors that potentially 

threaten to decrease yields from SRC crops (Tucker and Sage, 1999). Such pressures 

are of critical consideration, given that SRC is a low cash crop and economic viability 

is reliant upon obtaining consistently high yields while employing low-input 

agricultural practises. In response, numerous research studies are underway to further 

understand these potential problems and identify suitable methods for sustainable 

management. 

Diseases of SRC willow 

1.2.3.1.1 Rust diseases 

Rust diseases are caused by fungi of the order Uredinales, a diverse group of plant 

pathogens comprising 5 000-6 000 species with highly specialised pathogenicities (Pei 

el al., 1999). Rust fungi are found globally, with the exception of Antarctica. They 

infect almost all plant types and can be economically devastating to many crops. 
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Rusts caused by Meltimpsorti spp. pose the greatest threat to SRC willow productivity 

in the UK and Europe (Pei ei eit., 1997). In scverc cases, premature defoliation call 

occur, at times leading to it predisposition to secondary Infection and, ultimately, 

potential yield of up to 40 (X, (Pei ef (it., 1997). In the most susccptible clones, such as 

S. bujwica, Korso, complete crop failure can occur (Dawson and McCracken, 1994). 

Seven species of' Melampsora have heen desci-ihcd on willows in the UK (Pci el a/., 
1993). M. epitea and M. cupraearum are common on shruh willow species I'avoured in 

SRC plantations. Both have complex life cycles typical of' the hctcrocciOLIS 

Mclampsora rust fungi (Figure 1.3), comprising five spore stages and involving an zn 
alternate host, mainly European larch (Larix decidua). 

Figure 1.3. The life cycles of Melampsotw epiteci and M. ctipmearuni. 

Source: Pei et al., 1997. 

Uredimospores harhoured in uredinia (pustules) are the cause of many cycles of' 

disease during the growing season and can be ohserved on leaves during late spring Z-- 
through SLIMMCI- (Figure 1.4). During aUtUmn, tchospores I'orrn on lnf'ccted leaves and 

over-winter until germination and the production of' basidjospores in spring. 

Basidiospores Own iffect the alternatc host larch and produce spermatia and receptive 
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hyphae. Fertilisation is followed by the formation of aeciospores and the cycle begins 

once more. 

Figure 1.4. A willow leaf infected with rust. 

Within SRC plantations, rusts are also highly variable within species. For example, 

based on pathogenicities to differential willow hosts, 14 distinct pathotypes of 

Melampsora epilea var. epitea have been identified in the UK (Pei et al., 1997). These 

pathotypes can be assigned to the form species: larici-epitea typica (LET), larici- 

daphnoides (LD), larici-retusae (LR) and ribesii-purpurea (RP) (Pei et al., 1996). The 

form species have been shown to be genetically distinct by in vitro hybridisation 

experiments in which genetic barriers prevent the free exchange of genetic material 

between isolates of the different form species (Pei et al., 1997). 

The emergence of new pathotypes with novel virulences has been observed over the 

past decade (McCracken, 2001). For example, the cultivar S. x mollissima, "Q83", 

was rust resistant prior to 1992 when a new pathotype, LET4, emerged. By 1993, this 

pathotype was well established and was attributed to be the cause of severe infection 

on "Q83" at a number of UK sites. Similarly, S. burjatica "Germany", a previously 

resistant cultivar, succumbed to severe rust infection in 1994 as a result of the 

emergence of the new pathotype, LR3 (Pei et al., 1997). Selection for new virulences 
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may have occurred as a result of the establishment of an increasing number of willow 

plantations, consisting of mainly rust resistant clones, in recent years. 

1.2.3.1.2 Disease management 

In high value crops, such as wheat, the use of fungicides to control disease is 

economically justified. Furthermore, the seasonal changing of crop lines contributes to 

effective disease control. In SRC willow crops, the use of fungicides is not 

economically viable, and stands must remain productive for up to 25-30 years 
following establishment, with little or no intervention. Consequently, the threat from 

disease has serious implications regarding the future success of SRC as a crop, and 

alternative management strategies are urgently required. Studies have shown that the 

use of clonal mixtures in SRC plantations may be effective in reducing the impact of 

rust disease (McCracken and Dawson, 1997; Hunter and Peacock, 2001; McCracken, 

2001). This strategy has also been successfully employed for disease control in cereals 

although concerns have been expressed over the emergence of pathogen 'super-races' 

that are capable of infecting all clones. However, to date there is no evidence of this 

occurring in willow (McCracken and Dawson, 1997). 

1.2.3.2 Invertebrate pests 

SRC willows are known to provide a habitat for a large number of invertebrate species 
(Sage and Tucker, 1997) and their cultivation may prove beneficial in increasing 

biodiversity on farmland (Tucker and Sage, 1999). However, there is risk of some 

species becoming sufficiently numerous to be considered as pests. 

1.2.3.2.1 Leaf-feeding willow beetles 

In UK willow plantations, the most abundant invertebrates are herbivorous leaf beetles 

(Coleoptera: Chrysomelidae) (Sage and Tucker, 1997), of which, Phratora 

vulgatissima (the blue willow beetle), A vitellinae (the brassy willow beetle) and 
Galerucella lineola (the brown willow beetle) have been consistently highlighted as 

the most damaging (Kendall et al., 1996; Sage and Tucker, 1997; Wiltshire et al., 
1997) (Figure 1.5). 
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Figure 1.5. The three main willow beetle species that cause damage to SRC 

plantations - Phratora vulgatissima (A), Phratora vitellinae (B) and Galerucella 

lineola (C). 

/ \ /' 

These beetles have also been reported as serious pests throughout Europe, in countries 

including Sweden (Wiren and Larsson, 1984), Finland (Kolehmainen et al., 1995), 

France (Rowell-Rahier, 1984), Belgium (Soetens and Pasteels, 1994) and Ireland 

(Kelly and Curry, 1991). The level of defoliation caused by the chrysomelid beetles 

can be considerable and cause substantial yield loss (Sage and Tucker, 1997). 

Complete defoliation of a willow plantation by P. vulgaiissima has been reported 

(Kendall et al., 1996). Leaf damage caused by P. vulgatissima is shown in Figure 1.6. 

Figure 1.6. Leaf damage caused by Phratora vulgatissima - the blue willow beetle. 

The life cycles of P. vulgatissima, P. vitellinae and G. lineola have been studied across 

a number of sites and are reported to be very similar (Hutchinson and Kearns, 1930a, 

b; Kelly and Curry, 1991; Kendall and Wiltshire, 1998; Rank et al., 1998). In brief, 

adult beetles aggregate and hibernate in winter in sheltered sites local to SRC 
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plantations. Such overwintering sites include loose bark and cracks on trunks and 
branches of hedgerow trees such as hawthorn, maple and willow, under moss, ground 
debris, leaf litter and in weed vegetation on the plantation floor. Stem cankers, caused 

by stem-infecting rust, have also been shown to shelter hibernating P. vulgatissima 

aggregates. Emergence from diapause is generally concurrent with bud burst and is 

dependent on climatic cues that may vary according to geographical location. At Long 

Ashton Research Station (LARS), this usually occurs during early April to mid May 

(Kendall and Wiltshire, 1998) although in colder climates, such as in Finland, this may 
be delayed (Rank et al., 1998). Emerging beetles colonise young leaves of salicaceous 

trees, particularly on uncut stools where bud burst is earlier than in previously 

coppiced stools. A period of feeding ensues, followed by mating then oviposition over 

a three to four week period ending in mid June. Larvae hatch after one to two weeks, 

develop through three larval instars and pupate before a new adult emerges after a total 

development time of approximately 65 days. Ecolded adults then feed on the crop 

prior to hibernation in autumn. Thus, throughout the growing season there is always a 

life stage present in the crop capable of causing sustained defoliation. While P. 

vulgatissima are univoltine in the UK, with only one generation per year, P. vitellinae 

and G. lineola are capable of producing a complete or partial second brood in late 

summer if climatic conditions are suitable. The frequency of occurrence of a second 

generation may affect defoliation levels incurred throughout the season and may, 

therefore, have significant economic implications. In Sweden and Finland, where the 

climate is colder, P. vitellinae are always univoltine (Denno et al., 1990). 

Studies perfon-ned throughout Europe indicate that there is considerable variation in 

the susceptibility of willow and poplar cultivars and species to feeding damage by 

willow beetles (Rowell-Rahier, 1984; Wiren and Larsson, 1984; Tahvanainen et al., 

1985; Kelly and Curry, 1991; Soetens and Pasteels, 1994; Kendall et al., 1996; 

Wiltshire et al., 1997). These beetles have been shown to discriminate between host 

species and consistently feed on some cultivars in preference to others. In addition, 

there is evidence that the preferred host choice differs between the willow beetle 

species, i. e. P. vitellinae prefers to feed on different clones to A vulgatissima and G. 

lineola, which have been shown to have similar feeding preferences in some studies 

(Wiltshire et al., 1997). Various chemical and morphological characteristics of willow 

leaves have been implicated in host-plant selection including water and nutrient status 

of the leaf (Mattson, 1980) and leaf texture (Rowell-Rahier and Pasteels, 1982). 
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However, the chemical composition of secondary metabolites in the leaves has been 

implicated as the most important factor influencing feeding preference, with phenol 

glucosides such as salicortin, salicin, saldroside and tremulin playing key roles 

(Tahvanainen et al., 1985; Kolehmainen et al., 1995). Species-specific differences in 

concentration and composition of these compounds have been reported for different 

willows (Thieme, 1971; Palo, 1984), leading to the widely accepted hypothesis that 

these metabolites influence the host-plant selection of the beetle pests. For example, in 

laboratory and field-based studies, P. vulgatissima and G. lineola have been shown to 

prefer feeding on willows containing low concentrations of phenol glucosides, such as 

S. viminalis and several hybrids of S. viminalis, S. aurita, S. caprea and S. cinerea. 

Willows containing moderate to high concentrations of these secondary metabolites, 

such as S. burjatica, S. dasyclados, S. purpurea and S. triandra, were least preferred 

(Wiltshire et al., 1997). In contrast, the feeding preferences of P. vitellinae positively 

correlated with moderate to high concentrations of particular phenol glucosides, 

particularly salicin or salicortin, in host leaves (Pasteels and Rowell-Rahier, 1992). 

1.2.3.2.2 Willow beetle management strategies 

The most obvious strategy for willow beetle management would be the use of 

insecticides. However, such an approach has limited economic value for this low-cash 

crop and application is difficult due to the dense nature of agroforestry plantations 

(Kendall et al., 1996). Furthermore, the broad-spectrum activity of such chemical 

agents may have major environmental side effects (McCracken and Dawson, 1997) 

and negate the benefits associated with SRC as a habitat for wildlife and a potential 

source of beneficial organisms in agroecosystems. 

Alternative approaches, aimed at decreasing the levels of damage inflicted by these 

pests, have been suggested. The first targets the hibernation stage of the willow beetle 

life cycle. It is believed that the removal of overwintering sites local to SRC stands 

may be beneficial in decreasing the number of beetles present for spring invasion. 

This may be aided by improved attention to crop hygiene, such as the removal of plant 
debris from the site and effective weed control. Furthermore, the establishment of 

willow plantations on sites that are well isolated from surrounding hedgerows and 

woodland may be beneficial. 
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A second proposed management strategy exploits differences in feeding preferences 

associated with different willow beetle species. It has been suggested that the selection 

of willow clones for a particular site should be influenced by the feeding preferences 

of the dominant willow beetle species in that location (Sage and Tucker, 1997). 

Furthermore, as with reduction of rust disease, the use of clonal mixtures in SRC 

plantations has been highlighted as a promising method for reducing damage sustained 

through beetle feeding (Peacock et al., 2001). 

Although considered to some degree within the willow breeding programmes 
(Lindegaard and Barker, 1997), resistance to willow beetle herbivory has not been a 

primary focus for selection, mainly due to the limited damage caused by these pests at 

present. However, as more SRC plantations are established at a greater number of 

sites, problems relating to insect pest damage have the potential to increase. Given the 

contrasting feeding preferences of the different willow beetle species, it may be 

possible to breed improved varieties that incorporate the naturally occurring 

resistances derived from different willow species into single highly resistant varieties. 

1.2.3.2.3 Other insect pests 

In addition to the chrysomelid beetles, several other insect species are capable of 

causing damage to SRC plantations. In Sweden, galling midge species have been 

reported to be the most serious pests of SRC plantations (Sage and Tucker, 1997). 

These insects also occur in the UK but have not yet been implicated as the cause of 

severe coppice damage. However, in a Swedish study, the leaf roll gall midge 

(Dasineura marginemtorquens) was shown to cause 38 % growth loss in willow 

(Glynn, 1996). The aphids Tuberolachnus salignus and Pterocomma salicis are also 

potential pests commonly observed in SRC plantations (Collins, 1999) although, to 

date, the extent of damage caused by these organisms remains unclear. 

1.2.3.3 Mammalian herbivores 

Grazing by mammalian herbivores such as deer, hares and rabbits can also cause 

severe SRC yield losses. This is of particular consequence in small, isolated, newly 

established coppices at sites inhabited by significant populations of these animals. In 

larger plantations, the affect of grazing is of lesser importance (Larsson, 1996). 
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Differences in palatability have been described between willow cultivars (Larsson, 

1996), indicating that 'resistance' to mammalian herbivory may potentially be 

incorporated into willow breeding regimes. 

1.2.4 Breeding of improved biomass willows 

As the commercial success of SRC willow plantations is highly dependent on yield it 

is crucial that highly productive, pest and disease resistant varieties are developed. 

Furthermore, in order to meet renewable energy targets as outlined in Section 1.2, new 

and improved high yielding willow varieties will be required. 

1.2.4.1 Historical overview 

Willows have been cultivated for centuries for use in basketry and to make furniture 

(Stott, 1992). However, many varieties used for such purposes are not ideally suited 

for use in energy plantations where the importance of total above-ground biomass is 

paramount. To address this problem, a breeding programme aimed specifically at the 

production of varieties suitable for biomass uses was initiated in 1987, by the Swedish 

plant breeding company, Svalbf Weibull AB (Ahman and Larsson, 1994). Later, in 

1996, the European Willow Breeding Partnership was formed and sited at LARS, 

bringing together both the Swedish and UK efforts. 

Initially, these breeding programmes centred around a number of candidate species 
identified as having good potential for biomass use (Stott, 1984), the majority of which 

were basket willows of the Caprisalix sub-genus. However, in order to increase 

genetic diversity in the breeding populations, additional material from wider 

geographical locations has been incorporated more recently, e. g. S. schwerinii and S. 

dasyclados clones from Siberia (Larsson, 2001). In addition, collections such as the 

UK National Willow Collection (NWC) held at LARS, which contains 1300 clones 

comprising 120 different species, have been used as a valuable source of additional 

genetic variation. A second germplasm collection is maintained by Sval6f Weibull AB 

in Sweden. 

17 



The genetic improvement of SRC willow as a crop has been both significant and rapid 
in recent years. This is not surprising given the broad genetic base of available starting 

material and that the breeding of willows for biomass is a relatively novel endeavour. 
The first new varieties aimed specifically at biomass use were bred in Sweden by 

Sval6f Weibull AB and were released during the early nineties. These varieties, 

namely Orm, Rapp, Ulv, Jorr and Jorrun, were reported to produce yields 15 - 20 % 

higher than those achieved with earlier non-bred clones (Larsson, 1996). Since then, 

the release of new and improved varieties has continued, with clones such as Bj8m and 

Tora (bred in Sweden) and Ashton Stott (bred in the UK) being the most promising to 

date. Yield increases of approximately 50 % have been reported more recently 

(Larsson, 2001). 

1.2.4.2 Breeding objectives and strategy 

In general, the Swedish and British breeding programmes have common goals, as 

outlined in Table 1.2. However, some differences exist due to climatic variation and 

dissimilar pest and disease pressures at specific geographical locations. For example, 

varieties produced for colder climates, such as in northern Sweden and Finland, must 

show a greater tolerance to frost than those produced for UK conditions. 

Table 1.2. Fundamental objectives of British and Swedish biomass willow breeding 
programmes. 

Several crossing strategies have been employed within breeding programmes to 

achieve the desired objectives. These include intraspecific crosses, such as those 
between S. viminalis clones that produced the early Swedish varieties Orm, Rapp, Ulv, 

Jorr and Jorrun. However, gains associated with this type of cross may be limited due 

to the narrow genepool involved. Alternatively, interspecific crosses may be 
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performed and may result in heterosis (hybrid vigour), where all desirable traits of the 

parents are incorporated into the progeny resulting in offspring that exceed the 

expected performance of the parental mean. An example of this phenomenon resulted 
from a cross between S. viminalis, Bowles Hybrid, and S. burjalica, Korso, that 

produced Ashton Stott, a clone that consistently performs better than the mean 

performance of the two parents (Lindegaard and Barker, 1997). Crosses between 

superior native clones and exotic relatives have also proved successful, illustrated by 

the creation of the high-yielding and disease-resistant varieties, Bjbm and Tora. More 

speculative interspecific crosses involving species previously unused for SRC, and 

those that produce triple hybrids, have also been attempted. 

1.2.4.3 Breeding practicalities 

Several characteristics of willows make them particularly amenable to breeding. 

Firstly, willows generally reach sexual maturity in the second year of growth. This is 

relatively early in comparison to other tree species (Lindegaard and Barker, 1997). In 

addition, the dioecious nature of willow means that pollen can be transferred directly 

to the female plant without any need to guard against self-pollination. This is in 

contrast to monoecious crops, such as maize, where male components of a flower must 

be emasculated to prevent this occurring. Furthermore, as willows can be propagated 

from cuttings, crosses can be made using cut material in the glasshouse. 

At LARS, crossing is usually performed in January or February, at which time shoots 

bearing flower buds are transferred to the glasshouse and grown in glass jars 

containing water. At this stage male and female cuttings are isolated from one another. 
Pollen is collected from the males and applied to receptive female stigmas using a 

small brush. Seed-set is normally observed after a period of three to six weeks. When 

mature, seeds are threshed and subsequently sown in trays containing peat and sand. 

When a height of approximately 3 cm. is reached, seedlings are pricked out and 

transferred to peat-filled polystyrene cell modules. At a height of 10 cm, seedlings are 

then transferred to trays containing soil and slow-release fertilizer and re-located 

outside to the nursery. 
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1.2.4.4 Current breeding and selection schemes 

Within the LARS breeding programme, initial selections are performed in the nursery 

on the basis of easily observed traits such as resistance to Melampsora rust, height and 

growth form. Selected individuals are then planted in two field-based observation 
trials that differ in planting design. Further assessments are then performed focusing 

on pest and disease resistances and rough estimates of yield obtained from the 

measurement of potential yield components such as stem height, stem diameter and 

number of shoots per stool. Genotypes that perform well according to the selection 

criteria are then planted in yield trials, which also contain reference clones for ease of 

comparison and early identification of elite individuals that may eventually be named 

as new varieties. A more comprehensive description of the LARS breeding scheme is 

provided by Lindegaard and Barker (1997) and Lindegaard (2002). 

1.2.4.5 Future breeding prospects 

Given the relative infancy of biomass willow breeding programmes in comparison to 

those for more conventional food crops, it is likely that the potential for producing 

superior genotypes is immense. Moreover, the vast levels of genetic diversity within 
SalLx, and the ease with which hybridisations can be achieved, suggest that there may 

still be much to gain from the incorporation of previously untapped germplasm 

sources. However, at present, breeding efforts are hampered by a paucity of 
information regarding the genetic basis of agronomically important traits and 
inefficient and time-consuming selection procedures (which are often based on 

simultaneous selection for numerous traits). Despite these potential limitations, 

significant progress has resulted from the both Swedish and UK-based programmes in 

recent years (Larsson, 2001; Lindegaard et al., 2001). However, the efficiency of 
future breeding efforts is amenable to significant improvement by the effective 

coupling of conventional breeding techniques with molecular marker technologies. 
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1.3 Genetic markers 

Genetic markers are heritable chromosomal landmarks that can be monitored and used 
in genome analysis and inheritance studies. There are two main categories: 

morphological, and biochemical or molecular markers. 

1.3.1 Morphological markers 

Morphological markers are based on the visualisation of simply-inherited phenotypic 
traits under the control of a single locus. Such markers have been extensively used in 

classical studies of heredity. It was through the use of carefully selected morphological 

markers that Mendel conducted his experiments with garden peas and deduced the 

fundamental laws of genetics. Morphological markers also enabled early geneticists to 

recognise and investigate linkage, sex-linkage, gene interactions and the difference 

between discontinuous and continuous (or quantitative) variation and to study genes in 

populations. However, the number of potential morphological markers available to 

geneticists is limited and, to be useful, markers of this type must be expressed and 

distinctly recognisable over a range of environments. Also, their expression may be 

further complicated by genetic factors, such as epistatic or pleiotropic interactions 

(Staub et al., 1996). Furthermore, morphological markers often have such large effects 

on phenotype that their use is limited for many applications, e. g. in plant breeding 

programmes (Tanksley et al., 1989). 

1.3.2 Molecular markers 

The use of molecular markers revolutionised genetics principally by providing a new 

supply of character differences that could be detected in laboratory assays, rather than 

through analysis of growth or morphological characteristics. There are two distinct 

classes: those based on detection of difference in proteins and those based on detection 

of variation in DNA. 

Initial molecular marker studies were protein-based, focussing on isozymes. These are 

variant forms of the same enzyme that differ in charge, and can, therefore, be separated 
by electrophoresis on starch gels (Markert and Moller, 1959). The advent of this 

technology greatly enhanced genetic studies at the time, although these techniques 
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have a number of associated disadvantages. Firstly, biochemical markers are products 

of gene expression and may, therefore, be subject to post-translational modifications 

that can often restrict their usability (Staub et al., 1982). Furthermore, sensitivity to 

environmental factors and a general lack of isozyme loci may also restrict their use 

(Staub et al., 1996). 

The use of DNA-based molecular marker systems circumvents many of these 

problems. Such markers are not products of translation and are subsequently 

unaffected by environment. Also, the number of potentially useful markers is 

immense and is not generally a limiting factor for most applications (Kumar, 1999). 

Furthermore, DNA is present in virtually all cells of organisms, it can be recovered 
from both living and dead tissue, and, in many cases, only nanograrn amounts are 

required for analysis. 

The immense growth in application of molecular marker over the past decade has 

yielded many significant developments in this field, with the advent of many novel 

marker technologies and significant advances in their application to a variety of 

genetic disciplines (Bachmann, 1994; Lee, 1995, Karp et al., 1996; Karp et al., 1997; 

Lee, 1998; Kumar, 1999). Numerous DNA marker systems are now available to the 

scientific community, the most common of which are described below. Particular 

attention is afforded to microsatellite and amplified fragment length polymorphism 

(AFLP) markers, which have been most intensively employed in the research 

described later in this thesis. 

1.3.2.1 Restriction Fragment Length Polymorphism. (RFLP) 

The first widely used DNA-based molecular marker systems relied on hybridisation 

methodologies to detect polymorphisms. One such marker class is Restriction 

Fragment Length Polymorphism (RFLP), a technology which takes advantage of 

naturally occurring variation in restriction sites (Sambrook et al., 1989). This variation 

occurs as a product of stable, heritable, mutations that may cause loss or gain of 

restriction sites, providing a rich source of polymorphisms that can be exploited in 

genetic studies. As the genomes of most plants contain between 108 and 10'0 

nucleotides, mutations in a small proportion of sites can give rise to a large number of 

putative DNA markers (Paterson et al., 1991). To detect polymorphisms, genomic 
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DNA is first digested with restriction enzymes to produce a pool of differently sized 
DNA fragments. The composition of the resulting pool is dependent on the number 

and genomic distribution of restriction sites in the original sample. The fragments are 

then separated by gel electrophoresis, blotted onto a nitrocellulose or nylon filter, and 

probed with small lengths (usually 500 - 3000 bp) of radio-labelled cloned genomic 
DNA or cDNA. The location of the probes on the filters is then visualised via 

autoradiography revealing a banding pattern that can be used in a variety of genetic 

studies. 

Markers based on RFLP technology are co-dominant, enabling homozygotes to be 

distinguished from heterozygotes. A further advantage is the high level of 

reproducibility between laboratories. Disadvantages associated with this marker type 

stem from the requirement for sufficient numbers of probes and the time-consuming 

blotting and hybridisation steps that cannot be easily automated (Mazur and Tingey, 

1995). Also, relatively large amounts of high quality DNA are required. 

1.3.2.2 Arbitrary priming marker classes 

The development of the Polymerase Chain Reaction (PCR) (Saiki et al., 1988) brought 

about the rapid development of a range of new marker technologies that were able to 

surmount some of the technical limitations of RFLP. Several of these markers systems 

employ arbitrary priming in PCR to detect polymorphisms, i. e. one or more synthetic 

oligonucleotides of arbitrary sequence are used to amplify specific, but unknown, sites 
in a genome. Examples of markers systems based on arbitrary priming include 

Randomly Amplified DNA Polymorphism (RAPD) (Williams et al., 1990), Arbitrary 

Primed-PCR (AP-PCR) (Welsh and McClelland, 1990) and DNA Amplification 

Fingerprinting (DAF) (Caetano-Anolles et al., 1999), which differ from one another 

essentially in the length of primer, primer/template ratio, the gel matrix used and the 

method of visualisation. Such strategies have the advantage that no prior sequence 
information is required for the design of specific primers and they can, therefore, easily 
be applied to any organism. However, the resulting markers are dominant and 
heterozygotes cannot be identified. Furthermore, problems relating to reproducibility 
between different laboratories have been reported (Jones et al., 1997). Also, problems 

relating to scoring may arise as amplification products of equal electrophoretic 

mobility will co-migrate to equivalent positions on a gel. 
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1.3.2.3 Amplified Fragment Length Polymorphism (AFLP) 

A number of the disadvantages associated with RFLP and arbitrary priming 
methodologies were overcome with the development of Amplified Fragment Length 
Polymorphism (AFLP) (Zabeau and Vos, 1993; Vos et al., 1995) essentially a hybrid 

of the two earlier strategies. As with RFLP, genomic DNA is first subjected to 

restriction digestion. In AFLP, simultaneous digestion by two restriction enzymes 
(usually a rare and a frequent cutting enzyme) is the norm. Adapters are then ligated to 
the restriction fragment ends to facilitate amplification with adapter-homologous, 
radio-labelled or fluorescently-tagged primers. Since the number of amplified 
fragments is potentially immense, the addition of two or three arbitrary selective 
nucleotides to the 3' end of the primers serves to reduce complexity by allowing 
amplification of only a subset of fragments. Resulting PCR products are separated by 
denaturing polyacrylarnide gel electrophoresis and visualised using autoradiography or 
fluorescence-based detection systems, as appropriate. Size differences of one base pair 
can be resolved by these techniques. 

AFLPs are highly reproducible between different laboratories (Jones et al., 1997) and 
their capacity to generate large numbers of markers, with minimal effort and in 

relatively short timeframes, has made them the marker of choice for many genetic 

studies. Furthermore, as with arbitrary priming methods, no sequence information is 

required for their production. Lesser starting amounts of DNA are required in 

comparison to RFLPs, although slightly more is required compared with RAPDs- 
However, AFLP markers, like RAPDs, are dominant in nature and the information 

they provide may be limited for certain applications. AFLPs are also subject to 

problems associated with co-migration of super-imposed bands of equivalent 
electrophoretic mobility, although to a lesser degree than RAPDs which utilise agarose 

rather than denaturing polyacrylamide gels. 

1.3.2.4 Sequence-based PCR markers 

In contrast with arbitrary priming techniques, sequence-based PCR markers require 
prior knowledge of the sequence at the target site such that amplification can be target 

-specific. Comparison of the amplification product(s) in different organisms allows 
DNA polymorphisms in the target sequence to be detected. Sequence data of this kind 

is the most informative marker data that can be achieved, however, to provide a 
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sufficient number of markers for use in genetic studies, it is necessary to have 

sequence information for a large number of genomic regions and, until recently, such 
information was not available. Advances in DNA sequencing and the undertaking of 

entire genome sequencing projects in several organisms, including humans, the fruit 

fly Drosophila, the weed plant Arabidopsis, rice, a nematode and several bacteria, 

have completely overturned this situation and there is now a constant flow of genome 

sequence information appearing in databases. Moreover, genomic initiatives 

throughout the world are yielding data on expressed regions of the genomes of a range 

of organisms and are assigning functions to an increasing number of sequences. 
Because markers of this kind are detected by amplification of target sequences they 

can be transferred from genome to genome, provided that mutations do not prevent 

primer annealing. This is significant, since the information from one genome (which 

may be a model organism) can be exported for use in another (which may be a specific 

crop). Unfortunately, at the onset of this project no genome sequence information was 

available for a tree crop. Thus, sequence-based markers in the current work have 

mostly been restricted to the use of hypervariable regions (micros atellites). However, 

efforts are now underway to sequence the poplar genome (Anon, 2002) which has 

direct relevance to the present work, given the close taxonomic relationship between 

willows and poplar and a number of genomics initiatives have also recently been 

initiated in poplar. It is anticipated, therefore, that future work in willow will utilise to 

a much greater extent sequence-based markers in genic regions. 

1.3.2.4.1 Microsatellite markers 

Microsatellites (Litt and Luty, 1989), also known as Simple Sequence Repeats (SSRs) 

(Jacob et al., 1991), Simple Sequence Length Polymorphisms (SSLP) (Tautz, 1989) or 

Short Tandem Repeats (STR) (Edwards et al., 1991), are DNA motifs consisting of 

tandemly repeated mono-, di-, tri-, tetra- or penta-nucleotide units (Powell et al., 
1996). 

Repeat units longer than six base pairs (bp) are termed minisatellites (Jeffreys et al., 

1995). In the genomes of both plants and animals di-nucleoticle repeats are most 
prevalent (Gupta et al., 1996) (Figure 1.7). 
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Figure 1.7. Sequence electropherogram of a microsatellite locus showing a perfect di- 

nucleotide [GT]15 repeat motif flanked by unique sequence to which primers can be 

designed for interrogation of size polymorphisms by PCR. 
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Repeat motifs may be 'perfect' or 'pure' having no interruptions to the repeat motif, 

'imperfect' with non-repeat units present within the microsatellite or 'compound' 

consisting of two or more different adjacent repeat unit motifs (Weber, 1990). 

Microsatellites are both abundant and uniformly distributed throughout eukaryotic 

genornes, although there may be under- representation in coding regions. In contrast, 

minisatellites are generally confined to telomeric regions (Gupta et al., 1996). 

Microsatellite polymorphisms manifest as differences in the number of repeat units 

present at a given locus. Mutations that give rise to such variation are thought to be a 

consequence of slipped-strand mispairing during DNA replication (Schl8tterer and 

Tautz, 1992) and occur at a greater frequency than those observed in non-repetitive 

sequences (Kashi et al., 1997). The high mutation rate is consistent with the high 

frequency with which new alleles appear (Jeffreys et al., 1988) and in the highly 

polymorphic nature of microsatellites between species and populations (Tautz, 1989). 

Detection of microsatellite polymorphisms is generally achieved by direct 

amplification of the target locus from total genomic DNA followed by resolution of 

resulting PCR products by agarose or, more commonly, denaturing polyacrylamide gel 

electrophoresis. This approach exploits the phenomenon that, whilst a given 

microsatellite sequence may be present at several sites throughout a genome, those 

sequences flanking the microsatellite are usually unique and facilitate the design of 

locus-specific primers (Figure 1.7) for interrogation of a single, target microsatellite 
locus. 

Resulting markers are co-dominant and highly informative, providing information on 

heterozygosity that, in general, cannot be obtained with dominant marker systems such 
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as AFLPs and RAPDs. Further benefits associated with microsatellitc markers arise 
from their high reproducibility and the ease with which they can be distributed 

between different laboratories as locus-spccific primer sequences. In addition, only 

small amounts of starting DNA are required and microsatellite genotyping is highly 

amenable to automated protocols. 

A major disadvantage associated with this technology stems from the necessity to 

firstly identify microsatellite loci in the organism of interest. This can be a laborious 

and expensive undertaking, generally involving the production small-insert, 

microsatellite-enriched genomic libraries. The development and optimýisation of such 

protocols has been the focus of much attention in recent years, and has resulted in a 

variety of methods becoming available (e. g., Brenig and Brem, 1991; Ostrander, 1992; 

Karagyozov et al., 1993; Nishikawa et al., 1995; Edwards et al., 1996). The 

transferability of microsatellite primer sequences between laboratories may help to 

circumvent this problem in some cases, especially in well-studied organisms such as 

farm animals, crop species and model organisms, where the publication of 

microsatellite primer sequences, via public databases, may be exploited. Furthermore, 

several studies have shown that microsatellite markers developed for a particular 

organism may be used to target homologous loci in related species or genera (Coltman 

et al., 1996; Jame and Lagoda, 1996; Gernmell et al., 1997; Moncrief et al., 1997; 

Hanley et al., 2002). Such markers are also useful for direct comparative studies 

between species and genera. However, it should be noted that the proportion of 

microsatellite loci that may be cross-amplified in related species diminishes as 

evolutionary distance between the species or genus increases. 

A further disadvantage of microsatellites arises from their single-locus nature which 

can present a potential bottleneck in large-scale genotyping programmes. This is 

mainly due to limitations associated with conventional screening methodologies, in 

which radio-labelled primers are used in PCR targeting a single locus followed by 

detection via autoradiography. While these protocols allow for the simultaneous 

amplification of multiple loci in a single PCR reaction, detection systems based on 

radio-isotopes do not permit the assignment of resulting alleles to a particular locus 

unless their sizes are known a priori. Suchý an approach is, therefore, unsuited to many 

genetic studies, e. g. genetic diversity studies involving natural populations. However, 

the development of fluorescence-based detection systems that allow simultaneous 
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interrogation of multiple loci (multiplexing) has significantly increased the throughput 

potential of microsatellite screening programmes. 

1.3.2.4.2 Markers based on expressed sequences 

The increase in random and targeted gene discovery programmes in recent years has 

led to a sharp increase in the amount of sequence information available. In particular, 
sequence data for vast numbers of Expressed Sequence Tags (ESTs) are now held in 

both public and private databases. These resources provide a rich source of 
information that can be exploited in the development of molecular markers based on 

expressed genes. Markers of this type have several advantages over those based on 

anonymous sequences and are now becoming standard, not only in the study of human 

genetic diseases, but also in plant and animal improvement programmes (Saier, 1998; 
Picoult-Newberg et al., 1999). The first advantage associated with markers based on 

0 expressed genes is that if an EST marker is found to be genetically linked to a trait of 

interest, then it is possible that the mapped gene directly affects that trait. Second, 

ESTs that share homology with functional candidate genes (Section 1.4-7) may be 

considered to be good initial targets for mapping studies. Likewise, ESTs that are 
highlighted in analyses of differential gene expression, e. g. in microarray experiments 
(Richmond and Somerville, 2000), may also become targets for further study. Finally, 

as ESTs are generated from coding DNA, which is generally more highly conserved 
than non-coding DNA (Cato et al., 2001), resulting markers are more likely to be 

transferable across more genetically diverse pedigrees and species than are markers 
based on non-coding regions, e. g. microsatellites, RAPDs and AFLPs etc. Therefore, 

these markers may be more suited to comparative mapping studies in which genome 
maps and QTL are aligned (Section 1.4.4). Furthermore, this phenomenon affords the 

possibility of exploitation of EST resources originally developed in model organisms 
in related, less-studied animals and plants. However, taking an alternative viewpoint 
this last consideration highlights one of the potential drawbacks associated with EST 

mapping, in that the associated high levels of conservation within genes may provide a 
bottleneck in the discovery of suitable polymorphisms for mapping. However, several 

approaches have been suggested to circumvent this problem, such as PCR-RFLP 

(Tragoonrung et al., 1992), heteroduplex analysis (Fischer and Lerman, 1983) and 
Single Strand Conformational Polymorphism (SSCP; Orita et al., 1989; Plornion et al., 
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1999). However, one of the most promising approaches to EST mapping is through 

interrogation of Single Nucleotide Polymorphisms (SNPs) (Section 1.3.2.4.3). 

1.3.2.4.3 Single Nucleotide Polymorphisms (SNPs) 

SNPs, as well as small INserts and DELetions (INDELs), comprise the largest set of 

sequence variants in the majority of organisms (Kwok et al., 1996; Kruglyak, 1997; 

Cho et al., 1999). As an example, sequence analysis of the human genome has 

resulted in the identification of over one million polymorphisms of this type 

(Sachidananam et al., 2001). Consequently, significant investment has been made in 

recent years towards the development of technologies for efficient SNP discovery and 

subsequent screening (Kwok, 2000; Gut, 2001; Shi, 2001). Although many of these 

approaches were developed for human study, there is great potential for exploitation in 

plant sciences. Hence, SNP analysis has rapidly been incorporated into crop research, 
for which there is now significant published data (as reviewed by Rafalski, 2002). 

The use of SNPs as genetic markers has great potential for a number of applications 

within genetic research including genome mapping, integration of genetic and physical 

maps and analysis of haplotype structure and linkage disequilibrium (Rafalski, 2002). 

SNP analysis may provide a potentially efficient route to EST mapping, in which the 

rate-limiting step is often the identification of suitable polymorphisms. This approach 

will become increasingly relevant as sequence information becomes more easily 

attainable via more accessible DNA sequence methodologies and exploitation of 

public databases. 

1.3.2.5 Molecular marker summary 

The impact of molecular markers on genetic studies has been immense in the last 

decade. The importance of such approaches has led to significant developments 

regarding both the identification of new sources of exploitable polymorphisms and also 

corresponding genotype screening technologies. A large array of different molecular 

marker classes and interrogation methods has resulted. Therefore, when undertaking 

any genetic study in which molecular markers are to be used, careful consideration 
must be afforded to the choice of which marker types will best fulfil the project 
objectives. For example, in a mapping study in which large numbers of markers may 
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be required, the use of multi-locus marker systems such as AFLPs or RAPDs may be 

preferable. However, while such dominant marker types can rapidly produce large 

amounts of segregation data, there may be a trade-off with regard to the genotype 
information provided. Conversely, co-dominant markers such as RFLPs and 

microsatellites may be more informative in a particular study but require considerably 

more time to develop and screen. In such cases (as in the curTent study), the 

combination of one or more marker type may be beneficial. However, additional 
factors such as the relative costs associated with each marker system, the robustness 

each technique, the amount of exploitable sequence data and differences in the level of 

expertise and laboratory hardware required to implement the various technologies 

should also be considered. 

1.4 The use of molecular markers in crop improvement 

In general, crop improvement refers to the enhancement of the genetic constitution of a 

crop by means of plant breeding. This is most commonly achieved by the creation of 

new genetic variation through the crossing of diverse or complementary genotypes 

with the aim of generating offspring with new combinations of favourable alleles that 

manifest as phenotypes superior to those of either parent - i. e. trangressive 

segregation. However, conventional breeding programmes are hampered by problems 

relating to a lack of understanding regarding the genetic basis of traits and inefficient 

selection procedures. The variety of ways in which molecular markers can be 

deployed to overcome such hurdles are discussed below. 

1.4.1 Investigations into germplasm relationships 

Conventional breeding strategies are generally based on exploitation of existing natural 

variation within elite, wild or exotic germplasm collections. The efficient use of such 

resources in a breeding programme can be aided by an understanding of the genetic 

relationships present within the material and is important for several reasons. 

Historically, plant breeding programmes have been very successful in achieving the 

goal of continuous crop improvement. However, a disturbing consequence of such 

endeavours, has been the narrowing of gene pools in elite lines, resulting in increased 

genetic uniformity across many crop species. This trend may have serious 
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implications for future gains by conventional breeding. For example, grain yields in 

maize have consistently improved since the initiation of US breeding programmes in 

the 1920s. However, the gene pool of elite maize varieties has now become so shallow 

that the rate of genetic gain for grain yield is predicted to decline (Duvick, 1992). A 

further problem of genetic uniformity in crops is the increased vulnerability to biotic 

stresses, such as pests and diseases, and abiotic stresses, such as drought, cold and 

salinity. 

The conservation and informed exploitation of genetic variation is central to the 

continued success of plant breeding initiatives. Molecular markers can directly 

contribute to both these objectives. 

1.4.1.1 Conservation and assessment of genetic variation within gene pools 

Prior to the advent of molecular markers, the study of relationships in crop gene pools 

was limited to methods based on phenotype, geographic origin, parentage and history. 

Such approaches possess significant weaknesses, namely their lack of discriminatory 

power and a paucity of underlying genetic information (Lee, 1998). In contrast, 

molecular marker 'fingerprinting' techniques can directly interrogate levels of genetic 

diversity and the relationships present within germplasm. resources (Lee, 1995; Karp et 

al., 1996; Karp et al., 1997; Van Hintum and Van Treuren, 2002). The huge number of 

publications in the literature describing results in different crops obtained from using 

molecular markers for germplasm. characterisation are testimony to their successful 

application in this area (see Kresovich and McFerson, 1992; Bretting and Widrlechner, 

1995; Lee, 1995; Lee, 1998). The resulting information can be used to build 'core' 

collections or genebanks that are representative of the biodiversity present in a crop. 

Such collections serve to conserve naturally occurring genetic variation that is well 

characterised, in turn, allowing for a more informed selection of parents for crossing 

within a breeding programme. For example, when exploiting heterosis in the breeding 

of hybrid cultivars, diversity studies based on molecular markers can be used to predict 

the yields of crosses between lines from the same germplasm pool (Melchinger et al., 

1992). 

In practise, gene bank managers face many problems in day to day management for 

which molecular markers could make a significant contribution (Van I-finturn and Van 

Treuren, 2002), for example: (1) Acquisition of new material - where molecular markers 
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could provide information to help determine which samples to include; (2) Maintenance 

of existing material - where molecular markers could help assess the effects of 

multiplication practices on diversity loss and assist in the identification of duplicates; (3) 

Characterisation and evaluation of material- where molecular markers could help 

deten-nine where and how the variation is distributed, both ex situ and in situ; (4) 

Utilisation of, and access to, the germplasm - where molecular markers could provide 

information for structured access (through better characterisation) or provide tools to 

screen for specific traits. 

1.4.1.2 Exploitation of genetic variation in breeding programmes 

Germplasm collections containing wild or exotic relatives of elite cultivars may 

harbour numerous alleles of potential benefit to plant breeding schemes. The 

incorporation of such alleles into elite germplasm may result in genotypes that 

outperform original cultivars (Tanksley and McCouch, 1997). However, this procedure 

is challenging as exotic germplasms often have inferior phenotypes for many traits 

when compared to elite lines. The transfer of unfavourable alleles in linkage with 

desirable alleles through 'linkage drag' may hinder the production of superior 

genotypes. In addition, problems relating to polygenic inheritance may also limit the 

utilisation of alleles from these sources to major genes, such as those confer-ring pest 

and disease resistances (Sorrells and Wilson, 1997). Molecular markers can greatly 

assist such introgression strategies by allowing both selection for desired alleles, as 

well as selection against those that may be detrimental. 

1.4.2 Linkage mapping 

In general terms, linkage mapping involves the assignment of genetic markers to 

linkage groups that represent the chromosomes of an organism and the subsequent 

elucidation of marker orders and genetic distances between them. The concept of 

genetic mapping is not new. The first genetic maps of crop species were constructed 

as long ago as the 1930s (Emerson et al., 1935; MacArthur, 1934), predating the 

discovery of DNA as the hereditary material. Early maps were based on 

morphological markers and, later, isozymes. However, both approaches have several 
drawbacks that prevented the realisation of the full potential of genetic mapping 

strategies (Tanksley et al., 1989). Problems relating to non-neutrality and a general 
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lack of marker loci were overcome with the development of DNA-based marker 

systems that had the capacity to provide a rich supply of neutral markers in far greater 

quantities than was previously possible. The first linkage maps constructed using 
DNA markers were based on RFLP analysis in humans (Botstein et al., 1980; Wymen 

and White, 1980). Linkage maps of crop genomes soon followed (McCouch et al., 
1988; Slocum et al., 1990; Burr and Burr, 1991; Gcbhardt et al., 1991; Tanksley et al., 
1992). The potential of linkage mapping studies were further enhanced by the advent 

of PCR-based molecular markers, which can have several advantages over 
hybridisation-based methodologies such as RFLP (see Section 1.3.2.1). Exploitation 

of these technological advances has resulted in the generation of genetic linkage maps 
for many important crop species (reviewed in Paterson, 1996; Kumar, 1999). 

1.4.2.1 The basic underlying principles of linkage mapping 

Linkage mapping is based on the genetic principles of segregation and recombination. 
Segregation is the process by which alleles of a locus separate from one another during 

the formation of gametes during meiosis. Recombination is the process by which 

allelic variants of genes are shuffled during gametogenesis, resulting in new 

combinations of characters in the offspring. It can occur by independent segregation 

of alleles or by crossing over events between homologous chromosomes. 

10- 

For example, a diploid individual, heterozygous for a particular locus A (genotype Aa), 

will give rise to two possible gametes, A or a, which will be produced in a 1: 1 ratio. 
For a second locus B, in the same individual (genotype Bb), a similar outcome would 
be expected, with equal proportions of gametes of type B or b resulting. If loci A and 
B are unlinked, i. e. located on separate chromosomes, then the alleles at each locus 

will undergo independent segregation during meiosis, resulting in the formation of 

equal proportions of four possible gametes: AB, aB, Ab and A If this individual 

(genotype AaBb) is selfed or crossed to another also of genotype AaBb, the four 

gametes will recombine at random to form 16 genotypes in the next generation in the 
following ratio 9A-B-: 3AAB-: 3A-BB: Iaabb (in which the dash refers to either allele 
being present). Consequently, subsequent matings have the potential to result in 

progeny with genotypes that differ from the parents at these two loci. Offspring of this 

type are termed 'recombinants'. However, if locus A and B are linked, Le. located on 
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will only arlse whcn crossom- cvcnts OCCUr hctwccii dic two loci (Figure 1 . 8). 

Figure 1.8. SchematIC i-cpi-csentation of' recombination by crossover cvcnts during 
ITlei0sis. 
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Chromosomes separate and chromosome regions are 
exchanged, leading to new conihinations ol"alleles. 

The likelihood of a crossover event occurring between two linked loci IS .1 function of 

the genetic distance between them, i. e. the chance of a random crossover event 

occurring between two loci at opposite ends ofa chromosome is greater than 11, the two 

loci were located near to one another. It is this assumption that underlies the 

calculation of genetic linkage maps. In a segregating population, it is possible to 

determine the incidence of recombination events between locus pairs, with the 

percentage occurrence of such events in the population providing the recombination 

frequency. The maximum recombination frequency for a linked locus pair is 50 'Yc 

since only two of' the four chromatids involved in mciosis are sub 
. 
ject to a crossover 

event at any one position (Figure 1.9). As this scenario can only occur when loci tire 
located at opposite ends ofthe chromosome, recombination I'l-C(ILIcncies are, in general, 

less than 50 % for most locus pairs. 
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Figure 1.9. Diagram to show how a maximum of 50 % recombinants can result from a 

single crossover event involving two chromatids at the four-strand stage of meiosis. 
Maximum recombination frequencies can only be obtained when two loci are located 

at opposite ends of a chromosome. 

A 

ab 

AB 
Ab 1 

50 % recombinants 
aB 
ab 

Recombination frequencies are used to determine map orders and the genetic distances 

between linked loci. For example, if the recombination frequencies for the three locus 

pairs AB, BC and AC were found to be 12 %, 38 % and 28 %, respectively, it would 
be possible to conclude that the order of the loci on the chromosome would be CAB 

(or BAQ. The genetic distance between loci A and C would be 28 arbitrary map 

units, and the distance between loci A and B would be 12 arbitrary map units (Figure 

1.10). 

Figure 1.10. A simple representation of a hypothetical genetic linkage map based on 

three loci A, B and C (for explanation, see text). 

28 12 

Underestimation of recombination frequencies, as observed with loci B and C in the 

example above, may arise as a result of double or multiple crossover events. In such 

scenarios, although recombination occurs, it may go undetected (Figure IA I). 

Figure 1.11. Diagram to show how double or multiple crossover events can prevent 

the detection of recombination between linked loci. 
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ab 
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For this reason it is important to use mapping functions to convert between 

recombination frequencies and map distances. The simplest of these was derived by 

Haldane (1919) but this function assumes that crossovers occur randomly and 
independently over the entire chromosome. However, this is not quite realistic, as it is 

generally believed that the occurrence of a crossover event inhibits the incidence of 

other crossover events in neighbouring regions. This phenomenon is known as 

'interference' (Lynch and Walsh, 1998) and is taken into account in a second mapping 
function derived by Kosambi (1955). These two mapping functions are commonly 

used today in linkage analysis to calculate map distances from recombination data. 

Map distances are usually reported in terms of Morgans (M), or more commonly 

centiMorgans (cM; 1M = 100 cM), after T. H. Morgan who first postulated a 

chromosomal basis for linkage groups. 

As molecular markers have the capacity to generate a vast amount of data points, 

specialist software packages have been developed to implement linkage analyses, the 

most commonly used of which are derivatives of MAPMAKER (Lander et al., 1987) 

and JoinMapTM (Starn and Van Ooijen, 1995; Van Ooijen and Voorips, 2001). 

It is important to remember that linkage maps are based on genetic distances calculated 
from recombination data and, consequently, do not provide a true reflection of the 

physical distances that may separate loci. The relationship between genetic distance 

and physical distance may vary enormously between different species as shown in 

Table 1.3. Furthermore, recombination events do not occur with random distribution 

across a genome, e. g. recombination rates are suppressed in the vicinity of centromeres 
(Tanksley et al., 1992). In such regions, linkage maps will, therefore, represent a 

distortion of the underlying physical distances. 
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Table 1.3. Approximate relationships between map distance and physical distance in 

different organisms. 
Species Haploid genome size (kbp) Map length (cM) kb per cM 

Yeast 2.2 x 104 3700 6 

Arabidopsis 7.0 x 104 500 140 

Drosophila 2.0 x 104 290 700 

Tomato 7.2 x 105 1400 510 

Human 3.0 x 106 2710 1110 

Maize 3.0 x 106 1400 2140 

Source: Lynch and Walsh (1998) 

1.4.2.2 Linkage mapping in practice 

1.4.2.2.1 Mapping populations 

A major consideration in any mapping study is the choice of mapping population that 

will be used as a basis for linkage analysis. Several types of segregating population 

are obtainable in crop species, the simplest, and most commonly used of which are 

derived from crosses between two homozygous parents. Resulting F, hybrids can 

employed in a variety of ways to generate a segregating population. They can be 

selfed or crossed in pairs to produce a segregating F2 population, or backcrossed to one 

of the parents to give a segregating backcross population. F, hybrids can also used to 

generate recombinant inbred lines (RILs) (Burr and Burr, 1991) or used to produce 

double haploid (DH) populations (Kermicle, 1969; Nitzsche and Wenzel, 1977; Choo, 

1981) by the regeneration of plants from haploid pollen and treatment with colchicine 

to restore the diploid condition. All the mapping population types above have various 

associated advantages or disadvantages (Kumar, 1999) and the choice of which type of 

population to use should be influenced by the specific questions that are to be 

addressed in downstream applications (Haley and Anderson, 1997). 

For several plant species, the type of mapping population that can be produced will be 

severely limited by the reproductive biology of that species. For example, populations 
derived from fully homozygous parents cannot be produced by conventional crossing 

strategies in outcrossing plants such as many trees and turf, forage and range grass 

species unless lengthy intermediary steps are taken, such as the production of doubled 

haploids. As a result, for outcrossing species mapping populations are often full- 
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sibling families derived from a cross between two heterozygous parents. Linkage 

analysis of such outbred populations is possible, although it is far more complicated 

than with populations derived from inbred lines (Maliepaard et al., 1997) (see Section 

3.1.2 for further discussion). 

1.4.2.2.2 Choice of molecular marker class 

Another important consideration when planning a mapping study relates to the choice 

of the molecular marker system (or systems) that will be used. As discussed in Section 

1.3, marker systems vary in many ways, including their relative levels of 
informativeness, their single- or multi-locus nature, or the ease with which they can be 

developed and utilised. Different marker classes may, therefore, have significant 

associated benefits or drawbacks for a particular linkage mapping study. For example, 

when mapping in a backcross or DH population derived from inbred lines, AFLPs may 

be the marker system of choice, as they are informative and have the capacity to 

provide a large number of robust, polymorphic markers in a relatively short timeframe. 

In contrast, for mapping studies based on outbred populations, in which more than two 

alleles per locus may be segregating, the dominant nature of AFLPs may limit the 

amount of information they can provide. For this type of study, co-dominant marker 

systems, such as microsatellites or RFLP, are more suitable. These two marker systems 

are sequence-based and, therefore, have an added benefit in that they may be 

transferable between mapping populations and are useful in comparative mapping 

studies, unlike markers produced by arbitrary priming in PCR or AFLP. However, the 

time required for microsatellite marker development and the laborious screening 

protocols required with RFLP, may limit the efficiency with large numbers of markers 

can be mapped by these methods. 

1.4.2.3 Applications of linkage maps in crop improvement 

Genetic linkage maps are fundamental resources that underpin crop improvement 

strategies based on molecular genetic approaches. Their primary role is in the genetic 

mapping of loci underlying traits of agronomic importance (Section 1-4.3) which, 

when achieved, may provide a plant breeder with key information regarding the 

genetic basis of such traits. Furthermore, the identification of genomic regions 
involved in traits of interest serves as a basis for several downstream practical 
applications, such as marker-assisted selection (MAS) (Section 1.4.5), trait 
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introgression (Section 1.4.1.2), map-based cloning (Section 1.4.6), candidate gene 

analysis (Section 1.4.7) and comparative mapping (Section 1.4.4). 

1.4.3 Genetic mapping of important agronomic traits 

From a breeding perspective, agronomic traits fall into two categories: qualitative traits 

and quantitative traits (Stam, 1998). Qualitative traits are generally under the control 

of so-called 'major' genes that are inherited in simple Mendelian fashion and present 
distinct phenotypes depending on the allelic forms present (Jones et al., 1997). 
Examples of traits of this class include many monogenic resistances to crop pathogens 
(see Kumar, 1999). 

Mapping qualitative traits in segregating populations is relatively straightforward and 

can be achieved using an approach termed 'Bulked Segregant Analysis' (BSA) 

(Michelmore et al., 1991). Here, two pooled (bulked) DNA samples are prepared from 

individual progeny of a segregating population. Each bulk comprises DNA from 

individuals that are identical for the trait of interest. Two pools that comprise 

contrasting individuals for the trait of interest are then compared using molecular 

markers (often AFLPs). Markers that are polymorphic between the two bulked 

samples will be genetically linked to the gene influencing the trait of interest and can 

easily be mapped, in turn highlighting the approximate genomic location of the gene of 

interest. This approach can also be used to identify markers linked to particular map 

regions in which marker saturation is poor or higher saturation levels are required. 
Furthermore, this technique provides a rapid means by which markers linked to traits 

can be identified in populations other than that used to make the genetic map. 

However, the majority of agronomic traits are quantitative in nature (Tanksley et al., 
1989) being under the control of several genes, so-called 'polygenes' (Mather, 1949). 

For traits of this type, the observable phenotype is a consequence of both genotypic 

and environmental variation. As a result, within a population, a quantitative trait will 
be observable as a continuous range of variation that is more or less normally 
distributed (Kearsey, 1998) (Figure 1.12). Quantitative variation is thought to arise 
from the combined effects of allelic differences in structural and regulatory genes 

which may alter the genes action slightly, resulting in minor phenotypic effects 
(Kearsey and Pooni, 1996). Some of the genes underlying a quantitative trait may, 
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Figurc 1.12. Conccptual modcls for quantitativc inheritancc. Graphs rcprcscnt the F2 

progeny derived from the selfing of a Fl generation derived from a cross between 

homozygous parents. 

50 

50 

1. Trait under the control of a single locus. No 
influence of non-genetic factors. 

2. Trait under the control of a single locus, but 
influenced by non-genetic factors. 

AaBb 
AAbb 
aaBB 

Aabb AABb 3. Trait under the control of two unlinked loci (A 

aaBb AaBB and B), and influenced by non-genetic factors. 

aabb 
A 

a: - 

AA60B 

50% 
C 

.5 
C 

I 
50% 

it 

Source: Paterson, 1998. 

An 

4. Trait controlled by four unlinked loci, and 
influenced by non-genetic factors. 

5. Trait controlled by many unlinked loci, and 
influenced by non-genetic factors. 
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however, be of qualitative nature, although their effect on overall phenotype will be 

masked by other sources of variation. An example of a quantitative trait is provided by 

yield in cereals, which may involve many genes influencing several factors, such as 

photosynthesis and metabolism, grain and tiller number, root development, 

germination time, etc. 

The fundamental importance of quantitative variation in commercial agriculture, in the 

breeding of domestic animals and in medicine, has meant that this subject has received 

much attention for over a century (Galton, 1889; Fisher, 1918; Wright, 1934; Mather, 

1949; Falconer, 1960). Traditional methods for analysing quantitative traits were 
based on statistical concepts, i. e. means, variances and correlations between relatives, 

with no knowledge of the number and location of underlying genes. Such approaches 
have proved extremely useful in advancing knowledge regarding the genetics of 
important traits, in understanding processes such as heterosis, and in predicting 

responses to selection within breeding schemes (Kearsey and Farquhar, 1998). 

However, these approaches are limited in application as they do not allow the location 

or identification of individual genes underlying a quantitative trait (Stam, 1998). 

Early attempts to locate polygenes using major gene markers focused on characters 

such as bristle number and viability in Drosophila (Breese and Mather, 1957; Spickett 

and Thoday, 1966; Shrimpton and Robertson, 1988). While significant progress was 

made, the methodologies employed were laborious and centred on major 

morphological or cytological mutants, making the study of populations difficult if not 
impossible (Kearsey and Farquhar, 1998). These shortcomings were overcome with 
the advent of molecular markers that provided the means by which individual loci 

underlying quantitative traits could be studied. 

1.4.3.1 Analysis of quantitative traits using molecular markers: QTL analysis 

In 1975, Mather's description of the genetic factors underlying quantitative traits as 

polygenes was superseded by the term Quantitative Trait Loci or QTL (Gelderman, 

1975). This terminology has been widely adopted to describe the study of quantitative 

traits through exploitation of molecular marker technologies, now commonly referred 

to as QTL analysis. 
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QTL analysis is made possible by the ability of molecular markers to detect large 

numbers of neutral polymorphisms in segregating populations. Whilst the majority of 

polymorphisms detected will be in non-coding regions of the genome, with no direct 

effect on phenotype, some at least will be linked to QTL (Kearsey, 1998). In such 

scenarios, the molecular marker locus and the QTL will not segregate independently, 

and different marker genotypes will be associated with different trait phenotypes. For 

example, in an F2 population, a given marker locus, M, may be segregating for two 

alleles, M and m. If the homozygous condition, MM, was found to be significantly 

associated with a different phenotype value to individuals of genotype mm, then it 

would be possible to infer the presence of a QTL influencing the phenotype linked to 

marker M. 

1.4.3.1.1 QTL mapping methodologies 

Early QTL analysis focused simply on the examination of associations between 

individual marker genotypes and phenotypic values, using statistical methodologies, 

such as the t-test or ANOVA, to test the significance of differences in marker genotype 
for a given trait. Alternative approaches, based on regression of trait values onto 

marker genotype have also been employed (Kearsey, 1998). These strategies do not 
draw directly upon information provided by a linkage map and cannot be used to 

locate a QTL or determine the magnitude of its effect - all that can be concluded is that 

a marker is linked to a QTL. These types of analysis still have relevance to modem 
QTL mapping studies as they provide means by which markers can be scanned for 

QTL associations prior to the availability of a linkage map for the species under study. 
Furthermore, related approaches may be more applicable to non-parametric mapping 

studies involving ordinal phenotypic data sets (Van Ooijen et al., 1993). 

A more sophisticated approach to QTL analysis, termed 'interval mapping, was 

proposed by Lander and Botstein (1989). This method exploits information provided 
by a linkage map and facilitates the calculation of the most likely position of a QTL as 

well as the magnitude of its effect. Trait information for all adjacent marker pairs is 

used to determine the likelihood of a QTL being positioned in the interval between 

them. A likelihood ratio, the LOD (logarithm of odds) score (Barnard, 1949) is then 

determined at defined points along the chromosome. At the same time, the genetic 

effects of the QTL and the residual variance are calculated. 
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A QTL is detected on a chromosome if the LOD score exceeds a predefined threshold, 

with the most likely position of the QTL corresponding to the highest peak in the LOD 

profile (Figure 1.13). The decision as to which LOD significance threshold to use in 

QTL analysis will be dependent on a number of variables, including population type 

and genome size (Van Ooijen, 1999). This question has received much attention and 

several articles addressing this issue have now been published (Lander and Botstein, 

1989; Van Ooijen, 1992; Churchill and Doerge, 1994; Jansen, 1994; RebaY et al., 1994; 

Kruglyak and Lander, 1995; Lander and Kruglyak, 1995; Doerge and RebaY, 1996; 

Van Ooijen, 1999). 

Figure 1.13. A LOD profile identifying a theoretical QTL by interval mapping. The 

most likely position of the QTL corresponds to the highest peak of the LOD profile 

and is located at the 12 cM position. The dotted horizontal line represents the LOD 

significance threshold, below which, the LOD score is statistically insignificant. 
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Interval mapping remains the most commonly used and widely accepted methodology 
for QTL analysis in plants (Kearsey and Farquhar, 1998) although several alternative 

approaches have been suggested, including methods based on multiple regression 
(Haley and Knott, 1992) or marker regression (Kearsey and Hyne, 1994). However, 

interval mapping, in this simple form, only looks for the presence of a single QTL on a 

chromosome. This can generate misleading results if there are multiple linked QTL 

present (Haley and Anderson, 1997). In response, more precise methods based on 

multiple-QTL models, known as MQM mapping or composite interval mapping 
(CIM), have been developed (Jansen, 1993,1994; Jansen and Stam, 1994). Here, 
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following an initial scan to identify QTL, the effect of a particular QTL is then 

removed from the residual variation, increasing the power and precision of future 

analyses. 

As for linkage analysis, several software packages are available for performing a 

variety of QTL-related analyses. These include, MapQTL@ 4.0 (Van Ooijen et al., 

2002), QTL-cartographer (Basten et al, 2002), MapMaker/QTL (Lincoln et al., 1992), 

and Map Manager QTs (Manly and Olson, 1999). 

To summarise, QTL analysis is a broad term describing a range of statistical methods 
that can be used to map loci underlying quantitative traits. This subject has received 

much scientific attention since the development of molecular marker techniques, both 

in terms of the underlying statistical theory and its application to a variety of genetic 

studies. The vast number of publications already available, regarding both these 

aspects, continues to rise as statistical methods improve and increasing numbers of 
QTLs are mapped for a variety of traits in growing numbers of species. 

1.4.3.1.2 Applications of QTL analysis in crop improvement 

The identification and mapping of QTLs can benefit genetic studies in a number of 

ways. First, QTL mapping can provide information regarding the fundamental genetic 
basis of a quantitative trait (Stam, 1998). For example, if a population under study 

segregates for a number of different traits, underlying QTLs can be mapped for each 

trait separately. This provides a powerful method for determining whether related 
traits are under the control of distinct sets of QTLs and is exemplified by a QTL study 

examining yield traits in barley (Stam et al., 1997). Here, a QTL for kernel weight 

was shown to co-locate with one for total grain yield, suggesting (but not proving) that 

a single QTL, not unexpectedly, affected both kernel weight and total grain yield. 
However, a second yield component, number of kernels per ear, was shown to be 

under the control of a distinct QTL that mapped to a different location to the QTL for 

total grain yield and kernel weight. This finding indicated that, in the mapping 

population studied, the number of kernels per ear was unrelated to total grain yield. 
Hence, information on the causal relationships between correlated traits may be gained 
by this type of analysis. 
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A second application of QTL analysis is in the study of genotype-by-environment 
interactions, i. e. if a population is grown in a range of environments and subjected to 

QTL analysis, it is possible to distinguish between those QTL that are commonly 

expressed across all environments and those that are crivironment-specific. An 

example is provided by flowering time in Arabidopsis thaliana, which was studied 

under various day length and/or vernalisation regimes (Jansen et al., 1995). Here, 

several QTL that were commonly expressed over all environments and treatments were 
identified. In contrast, expression for a number of QTL was shown to be specific to a 

particular environment or treatment. This type of study may, therefore, be of great 
importance when breeding crops for a particular environment. 

QTL analysis also has the capacity to play an important role in several other aspects of 

plant breeding and crop improvement, including marker-assisted selections (Section 

1.4.5), germplasm enhancement (Section 1.4.1.2), map-based cloning (Section 1.4.6), 

candidate gene analysis (Section 1.4.7) and comparative mapping (Section 1.4.4). 

1.4.4 Comparative mapping 

During the mid to late 1980s, as increasing numbers of RFLP-based linkage maps were 
being generated, it became apparent that the genomes of certain related crop species 

shared significant organisational relationships (Gale and Devos, 1998a). Early studies 

highlighted significant similarities between linkage maps of tomato and potato 

(Bonierbale, 1988) and between the three diploid genomes of hexaploid wheat where 

the order of genes was shown to be nearly identical (Chao et al., 1988). Such 

comparisons of genome organisation were made possible by the transferability of 

RFLP probes between species (Gale and Devos, 1998b), a phenomenon that would 
later be exploited in mapping studies for species where there remained a paucity of 

available probes, e. g. probes developed in maize were used to map sorghum (Melake- 

Berhan et al., 1993) and wheat probes were used to map rye (Devos et al., 1993). 

Since these early studies comparative genetics has continued to progress, resulting in a 

greater understanding of the genome relationships between growing numbers of 

species, both in terms of synteny (conserved clustering of markers/unique sequences) 

and collinearity (conserved orders of markers/genes). An abbreviated list of examples 
includes comparative studies between almost all of the economically important grass 

crops (Devos and Gale, 1997; Gale and Devos, 1998b), between Arabidopsis and 
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Brassica crops (Kowalski et al., 1994; Lagercrantz et al., 1996), between the 

Solanaceae (Livingstone et al., 1999) and between Arabidopsis and its close relative, 
Capsella rubella (Acarkan et al., 2000). A general observation has resulted from such 

studies, in that gene orders, but not intergenic sequences, tend to be conserved within 

plant families (Gale and Devos, 1998a), with the level of synteny and collinearity 

present appearing to be related to the evolutionary distance between species (King, 

2002). This is a broad statement and exceptions to this paradigm are becoming 

apparent, particularly at the fine mapping level (Schmidt, 2002). 

Comparative genetic studies offer valuable insight into the evolution of genomes (see 

Gale and Devos, 1998a; Paterson, 2000; King, 2002; Schmidt, 2002 for further 

discussion) and may impact upon taxonomic thinking (Gale and Devos, 1998b). 

Furthermore, they also have important applications within crop improvement. It has 

been demonstrated that different plant species contain homologous genes with very 

similar functions (Lagercrantz et al., 1996). If sufficient collinearity is present 

between species under comparative study, then the isolation of a given gene in one 

species can act as a predictor for the location and subsequent isolation of a 

corresponding gene in another, e. g. identification of the Arabidopsis Gibberellin 

Insensitive (GAI) gene has led to the isolation of orthologous Rhtl dwarfing genes in 

wheat (Peng et al., 1997) and dwarfing genes D8 and D9 in maize (Peng et al., 1999). 

Such approaches are of particular importance in several economically important crops 

that possess large, complex genomes, such as wheat, maize, oilseed rape, etc. The 

isolation of genes that have been precisely mapped in complex genomes may be more 

easily achieved via map-based cloning strategies (Section 1.4.6) in the smaller 

genomes of model species such as Arabidopsis and rice (Gale and Devos, 1998a; Gale 

et al., 2002). Furthermore, the identification of homologous genes between different 

species may provide a novel source of allelic variation that has the potential for 

exploitation in the development of improved crop varieties via transformation 

technology (Gale and Devos, 1998a). 

Comparative studies have recently been widened to encompass QTL. An example is 

provided by Gale et al. (2002) in which map-based comparisons of QTL and major 

gene loci related to dormancy were made between wheat, maize and rice. Several 

interesting observations resulted: a set of QTLs identified (in three separate previous 

studies by Anderson et al., 1993; Sorrells and Anderson, 1995; Bassoi, 2002) on group 
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1S in wheat were shown correspond to a major rice QTL on the syntenous short arm of 

rice chromosome 5; a rice QTL on chromosome 3 and a maize candidate gene (see 

section 1.4.7), Lwl, were shown to co-map with the Phs gene (Flintharn, 2000) and 

several QTLs on wheat group 4S; a set of wheat QTLs on group 4S co-mapped with a 

set of rice QTLs on rice group 3S and the Vp5 gene on maize chromosome 4; wheat 

QTLs on group M in the region of a-Amy-2 co-mapped with 116 in maize and a set of 

QTLs on rice chromosome 8S. Additional examples of comparative QTL analysis are 

those between Brassica and Arabidopsis (Lan and Paterson, 2000; Lan and Paterson, 

2001), and between maize, sorghum and foxtail millet (Devos and Gale, 2000). 

Comparative genetic approaches clearly have an important role to play in future crop 

improvement efforts. The ability to exchange genetic information regarding markers, 

genes and traits between well-studied organisms, such as model species and the major 
food-crops, harbours great potential for increasing the efficiency with which advances 
in scientific understanding and crop improvement can be made. This is equally 

important in the development of novel or lesser-studied crops, where there may be 

potential for exploiting existing genetic resources from related species. Furthermore, 

the sequencing of the entire genomes of an increasing number of model plant species, 

such as Arabidopsis, rice and poplar, will provide invaluable resources for future 

comparative genetic studies. 

1.4.5 Marker-assisted selection 

Marker-assisted selection (MAS) is the term used to describe the implementation of 

molecular markers to increase selection efficiency within breeding programmes, by 

providing a means of selection based on genotype rather than phenotype. Sax (1923) 

and Thoday (1961) suggested that the presence of a particular gene may be inferred by 

the presence of a genetic marker that is tightly linked to it, i. e. a gene controlling a trait 

of interest and a genetic marker are likely to be jointly transmitted to a progeny if they 

are tightly linked. As the genetic distance between the marker and the gene affecting 

the trait increases, then the likelihood that they will be transmitted together diminishes, 

due to the increased chance of recombination events occurring between them. If 

sufficient linkage is present, then efficient selections based on the marker genotype 

may be possible without any knowledge regarding the gene itself. 
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Such selection strategies could theoretically provide several opportunities for 

increasing efficiency within breeding programmes, including increasing the efficiency 

of trait introgression strategies (Section 1.4.1) and the ability to select for individual 

factors underlying quantitative traits (QTL), both of which are time-consuming, and in 

the latter case, difficult to implement by conventional selection means. 

The practical realisation of such approaches remained largely unattainable prior to the 

development of molecular markers, which facilitated the initial identification of 

marker-trait associations for both qualitative and quantitative traits, and provided a 

means by which the inheritance of favourable alleles could easily be monitored and 

tracked through a breeding programme. The ability to select genotypes on the basis of 

tiny amounts of DNA obtained at the seedling stage, rather than on phenotypes that 

may take long periods of time to manifest, was also considered a great advantage. 

The concept of MAS was initially greeted with great enthusiasm by the plant breeding 

community. However, it has since become apparent that such approaches may not be 

as simple to implement as had first been thought. Those traits to which MAS can be 

most successfully applied are often simple and qualitative in nature, and are often 

highly heritable. Given the costs associated with molecular marker screening, MAS 

may be of little benefit in such cases if the trait can easily be scored by phenotypic 

inspection in the field or greenhouse (Young, 1999). However, there are instances 

where MAS has been of great value in the breeding for such simple traits, as illustrated 

by breeding for disease resistance, which is often simple and oligogenic in nature 

(Melchinger, 1990; Young, 1996). In cases where the phenotype is difficult to score in 

the field or in glasshouse inoculation tests, or when several pathogens need to be 

screened simultaneously, MAS can be extremely powerful (Kumar, 1999). An 

example is provided by breeding for resistance to soybean cyst nematode (SCN), a 

pathogen that causes significant yield loses in soybean (Wrather, 1998). The laborious 

and time-consuming nature of phenotypic assays for resistance to SCN resulted in a 

demand for molecular markers linked to SCN resistance for use in MAS (Young, 

1999). As a consequence, several microsatellite markers tightly linked to the SCN 

resistance gene rlzgl have now been identified (Mudge et al., 1997; Cregan et al., 

1999), one of which, Satt309, has been shown to be extremely useful in selecting for 

SCN resistance. (Young, 1999). This is just a single example - several other 
illustrations of the power of MAS in selection for simple qualitative traits, such as 
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many disease resistances, are also published (see Kumar, 1999), clearly demonstrating 

the effectiveness of MAS in the manipulation of qualitative traits. 

The application of MAS to more complex quantitative traits has proven more 

challenging. This is a result of factors relating to the increased genetic complexity of 

such traits, including the potentially large number of genes involved in expression of 

the trait and also epistatic interactions between genes (Ribaut and Hoisington, 1998). 

The fact that many genes may be involved, with each having a potentially small effect 

on the phenotype, suggests that several QTLs must be manipulated simultaneously in 

order to generate significant performance gain. To achieve this goal, accurate QTL 

mapping based on large populations (Beavis, 1994), precise phenotyping (Ribaut and 
Hoisington, 1998), and replications over several years and environments (Young, 

1999) will be required. Any of these aspects may be difficult, expensive or time- 

consuming in practice, making comprehensive descriptions of quantitative traits 

problematic in terms of molecular markers. However, in recent years, the accuracy 

with which QTL can be mapped has improved (Young, 1999), largely due to improved 

experimental design and more powerful statistical methods such as composite interval 

mapping. These advances may have a positive impact on the use of MAS in 

manipulating QTL within breeding schemes. Furthermore, the development of novel 
breeding strategies that can enhance the efficiency of both QTL mapping and MAS 

simultaneously may prove beneficial. An example of such an approach is advanced 
backcross QTL (AB-QTL) analysis (Bernacchi et al., 1998). 

Despite the problems associated the application of MAS to the improvement of 

quantitative characters via the manipulation of QTLs, several encouraging results are 

now emerging in the literature. Examples include selection for malting quality traits 

and yield in barley (Romagosa et al., 1999; Han et al., 1997; Igartua et al., 2000) and 
for increased seed protein concentration in soybean (Sebolt et al., 2000). Such results 
help substantiate the promise of MAS in plant breeding schemes, although clearly this 

subject is one that will require continued scientific attention in order for the full 

potential of this technology to be realised. 
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1.4.6 Map-based cloning 

Once a major gene or QTL is mapped, then gene isolation via map-based (or 

positional) cloning may be a viable prospect (Lee, 1995). This strategy has two major 
requirements which can easily be met for a large number of traits, in that, 1) 

individuals within the mapping population must possess genetic polymorphisms 
underlying the trait of interest, and 2) that the gene(s) responsible for these differences 

are mapped to a chromosomal position adjacent to regions of DNA for which sequence 
information is available, i. e. DNA markers. One approach to map-based cloning is 

provided by so-called 'chromosome walking' in which markers nearby to the gene of 
interest are used to probe genomic libraries and identify a series of overlapping clones 
and subsequent contig construction. This is often continued until a marker situated on 
the opposite side of the gene is reached. However, this method has significant 
drawbacks in that the isolation of overlapping clones and identification of the gene 
within the resulting contig can be time-consuming. While this approach is generally 
applicable to organisms with small genomes, its use may be limited in organisms with 
more complex genomes, e. g. many plants, as vast lengths of genomic DNA must be 

traversed. Here, an alternative method, termed 'chromosome-landing', may be more 
appropriate (Tanksley et al., 1995). This concept is based on the isolation of one or 

more marker(s) within a physical distance of the target gene that is less than the 

average size of insert in a yeast artificial chromosome (YAQ or bacterial artificial 

chromosome (BAC) large insert genomic library. The marker(s) can then be used to 

screen for the clone containing the gene of interest without the need for chromosome 
walking and its associated disadvantages. An early example of the efficacy of this 

approach was provided by the isolation of the Pto gene conferring resistance to the 
bacterial pathogen Pseudomonas syringae in tomato (Martin et al., 1993). Other 

examples of successful map-based cloning outcomes are reported in Arondel (1992), 
Chang et al. (1993), Leung et al. (1994), Meyer et al. (1994) and Mindrinos et al. 
(1994). More recently, map-based cloning strategies have been applied to the isolation 

of genes underlying QTL in tomato (Frary et al., 2000; Fridman et al, 2000) 
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1.4.7 The candidate gene approach 

The candidate gene approach has been proposed as an alternative method for the 

characterisation and cloning of important genes and QTLs (Byrne and McMullen, 

1996). This approach complements more conventional map-based cloning and 
insertional mutagenesis techniques, the success of which may be limited due to large 

genome sizes and/or the lack of transposons in the species under study (Pflieger et al., 
2001). It is broadly based on the hypothesis that previously sequenced genes of known 

function (the candidate genes) may correspond to genes underlying either qualitative 

or quantitative traits under investigation, with molecular polymorphisms within the 

candidate gene being related to variation in phenotype. 

The selection of candidate genes may be made on a 'functional' or 'positional' basis. 

Functional candidates are chosen from cloned genes known to be involved in particular 
biochemical pathways that may play a role in the trait under study, e. g. genes involved 

in lignin biosynthesis may be potential candidates if wood formation is under 
investigation. Studies based on cDNA library screening, or cDNA and oligonucleotide 

microarray technologies can also provide a potential source of functional candidates 
(Mazeyrat et al., 1998; Causse et al., 1999; Etienne et al., 1999; Aharoni et al., 2000; 

Giovanonni, 2000). Positional candidate genes are selected on the basis of linkage 

with a locus under study, i. e. all genes or open reading frames (ORFs) that map to a 

similar location to a trait of interest may be proposed as potential candidates. This 

approach has been successfully applied in the cloning of major resistance genes 
(reviewed by Bent, 1996) and genes involved in flowering time in Arabidopsis 

(reviewed by Koomneef et al., 1998). Positional candidates may also be proposed as a 

result of comparative mapping studies (see Section 1.4.4) as illustrated by research that 

led to the implication of the ACE gene in human hypertension (Julier et al., 1997). 

This gene, now known to play a key role in human blood-pressure regulation, was 
initially proposed as a positional candidate gene due to its location in a region of the 

human genome that was syntenic to a region of the rat genome containing a QTL 

affecting hypertension (Hilbert et al., 1991). 

Once the choice of candidate genes has been made, they are then screened for potential 

associations with the trait of interest. In plants, two methods can be employed to 

achieve this. First, the map location of both the candidate gene and the trait can be 
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compared. Absolute co-segregation (i. e. with no recombinants) of a locus underlying a 

qualitative trait with a candidate gene can provide a powerful indication that the 

candidate gene may indeed underly the trait. Such an approach has proven successful 
in the characterisation of major loci involved in fatty acid and oil production in 

Brassica (Fourmann et al., 1998) and in mature fruit colour in Capsicum annuum 
(Lefebvre et al., 1998). In addition, several examples have been published in which 

sequences sharing homology to known resistance genes (R-genes), so-called 
Resistance Gene Analogues (RGAs), have been shown to co-locate with map regions 
implicated in disease resistance to a wide range of pathogens (Kanazin et al., 1996; 

Aarts et al., 1998; Gentzbittel et al., 1998; MmUlUinen et al., 1998; Leister et al., 

1998; Rivkin et al., 1999). 

Co-segregation approaches are also applicable to the characterisation of QTLs. 

However, the poor precision with which QTLs are often mapped must be considered; a 

confidence interval associated with a QTL may cover a vast genomic region that may 

contain several hundreds, to several thousands, of genes. In such cases, fine mapping 

experiments, along with statistical testing for QTL-candidate gene associations and 

subsequent validation studies, such as genetic transformation, are required (Pflieger et 

al., 2001). 

The second screening method for associations between candidate genes relies on 
determining statistical associations between a candidate polymorphism and a 

phenotype in unrelated lines. For example, in the study previously cited regarding 

mature fruit colour in Capsicum (Lefebvre et al., 1998), a presence/absence 
polymorphism of the candidate gene was shown to be significantly associated with 
fruit colour in 31 unrelated pepper lines, strengthening the hypothesis that the 

candidate gene was indeed the gene responsible for fruit colour. Again, this type of 

approach is more complicated when dealing with traits of a more complex nature. The 

detection of a statistical correlation between a molecular polymorphism within a 

candidate gene and a QTL does not prove a causal relationship; such associations may 

occur as a result of the existence of linkage disequilibrium between the polymorphism 

and the candidate gene (Pflieger et al., 2001). Once more, further validation 

experiments are required in such scenarios to provide evidence of a causal relationship. 
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Validated candidate genes may positively impact plant breeding efforts by providing a 

means of MAS based on polymorphisms within genes that directly affect a trait of 

interest. This is highly desirable when compared to MAS using molecular markers 

that are only linked to a trait, where the usefulness of a marker will be limited if the 

linkage between the trait and marker is not extremely tight. 
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1.5 Specific aims and objectives of this thesis 

This thesis describes a programme of work aimed at taking fundamental steps towards 

future molecular breeding of SRC willow through the exploitation of molecular 

markers technologies. The project focused on the following five main objectives: 

1) Development of additional willow molecular markersfor genetic studies 

The paucity of molecular markers for use in studies of biomass willows should be 

addressed. Development efforts should focus on the generation of highly-informative 

microsatellites to supplement the limited number of these markers that are currently 

available. The AFLP technique will also be use for rapid marker production and will 
be used to complement genotype data afforded by the more informative microsatellite 

markers. Furthermore, the potential to exploit marker resources developed in studies 

of Populus should be examined. 

2) Construction of a genetic linkage map of willow based on the K3 mapping 

population 

Preliminary efforts to construct a first linkage map of willow based on the K3 mapping 

population were initiated by Dr. J. H. A. Barker and Dr. A. Karp as part of a previous 

project at Long Ashton Research Station (LARS) funded by the EU (AIR2-CT92- 

1617). Segregation data resulting from this work should be supplemented in the 

current project, with particular regard to the development and screening of newly- 
developed microsatellite and AFLP markers. When sufficient segregation data is 

obtained, a genetic linkage map of willow should be constructed. 

3) Establishment and assessment of a large mapping population as a basis for QTL 

analysis and trait dissection. 

Due to the small progeny number available for the K3 mapping population, a large 

population more suited to QTL analysis should be established. Efforts should be made 

to select an appropriate cross in order to achieve segregation of important traits of 

agronomic relevance. Once chosen, the mapping population should be established in a 
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field trial and used to generate phenotypic assessment data for use in subsequent QTL 

analysis and to answer more fundamental questions regarding the genetic basis of 

important traits, e. g. do they have a quantitative or qualitative basis? Furthermore, the 

trait assessment data should be used to further understanding of the nature of yield in 

terms of identifying which yield components (e. g. stem height, stem diameter, number 

of shoots per stool etc. ) are important and may warrant further characterisation. 

Primary target traits will include: 

9 Resistance to Melampsora rust 

9 Resistance to herbivory by Chrysomelid leaf-feeding willow beetles 

9 Factors that influence yield, i. e. yield components and overall yield 

4) Generation of a second linkage map based on the newly established large-scale 

mapping population. 

A second linkage map will be constructed based on the newl y-establi shed, large 

mapping population as a basis for subsequent QTL analyses. Focus should be afforded 

to mapping microsatellite markers due to their highly informative nature in QTL 

analysis in outbreeding populations. Due to the vast amount of genotyping that will be 

required, the use of high-throughput screening protocols should be investigated. If 

necessary, AFLP markers will also be used to improve map coverage. 

5) QTL analysis 

Drawing on information generated in objectives 3 and 4, QTL analysis should be 

performed in order to identify genomic regions linked to the target traits. Both the 

newly-establi shed population and the smaller K3 mapping population will be included 

in these analyses. 
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1.6 Chapter summary 

Willows are highly heterogenous and comprise over 300 species and numerous 
hybrids with variation in size, growth form and ploidy levels. 

* Several members of the subgenus Caprisalix have been highlighted as 

potentially useful as biomass energy crops when grown as SRC. 
Biomass has the potential to make a significant contribution to renewable 

energy production, which is beneficial to both sustainable agriculture and the 

environment. 

SRC willow is a low-cash crop and economic viability is reliant on consistently 
high yields which can be threatened by pest and disease pressures. 
Breeding of willows specifically for this end-use has resulted in significant 

progress in recent years, both in terms of increasing yields and resistances, 

although there is still huge scope for improvement. 

Breeding efforts are hampered by a paucity of information regarding the 

genetic basis of important traits -a bottleneck that may be addressed through 

the use of molecular markers. 

Molecular markers, of which there are many classes, can impact crop 
improvement in several ways and may allow for dissection of a given trait in 

terms of its underlying factors. 

The identification of molecular markers linked to genes underlying traits of 
interest may benefit breeding programmes by facilitating marker-assisted 
selections, by increasing the efficiency of trait introgressions, or by providing a 

route to gene isolation aimed at direct selection of favourable genes or genetic 
transformation strategies. 
This thesis describes a programme of work aimed at taking the fundamental 

steps towards future molecular breeding of SRC willow through the 

exploitation of molecular markers technologies in linkage analysis and QTL 

mapping. 
This project aims to identify genomic regions underlying the three main 
important agronomic traits - resistance to Melampsora rust disease, resistance 
to herbivory by Chrysomelid leaf-feeding willow beetles and finally, yield (and 

components of yield). 
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2.1 Biological materials 

2.1.1 Plant material 

All plant material used in this study was collected from willows growing at Long 

Ashton Research Station (LARS). More detailed descriptions regarding the source of 

material for each particular experiment are provided in the relevant sections later in the 

thesis. 

2.1.2 Willow beetles 

Live adult blue willow beetle specimens (Phratora vulgatissima) were collected in 25 

ml Sterilin tubes from willows growing at LARS as part of the UK National Willow 

Collection in 2000 or from SRC willows growing in Redditch, UK in 2001. 

Collections were made no more than one day in advance for use in experiments. 
Where storage was required, beetles were transferred to a 30 x 30 cm ventilated 
Perspex container containing a food supply of willow leaves collected from the same 

source as the beetles. 

2.2 Non-biological materials 

2.2.1 Chemicals 

All chemicals were purchased from BDH chemicals (Poole, UK), Sigma Chemical Co. 

(Poole, UK), Promega (Southampton, UK) or GibcoBRL (Uxbridge, UK), unless 

otherwise stated. Bactotryptone and yeast extracts were obtained from Oxoid 

(Basingstoke, UK). 

2.2.2 Radiochemicals 

RedivueTm adenosine 5, _[Y_33p]tri phosphate ([Y_33P]ATP; specific activity: >74 TBq 

mmol", -2000 Ci mmol", concentration: 10 mCi ml") was purchased from Amersham. 

Biosciences (St Albans, UK). 
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2.2.3 Restriction and modifying enzymes 

Restriction and modifying enzymes were purchased together with associated buffers 

from Amersham Biosciences or New England Biolabs (Hitchin, UK). Taq DNA 

polymerase was purchased from GibcoBRL (Uxbridge, UK), unless otherwise stated. 

2.2.4 Oligonucleotides 

Oligonucleotides were synthesised and desalted by Sigma-Genosys Ltd., unless 

otherwise stated. Fluorophore-labelled microsatellite primers were synthesised and 

desalted by Applied Biosystems (Warrington, UK). 

2.3 Standard solutions 

2.3.1 Molecular biology solutions 

lx TE buffer 10 mM Tris-HCI, pH 8.0 

1 mM EDTA, pH 8.0 

Ix TEO., buffer 10 mM Tris-HCI, pH 8.0 

0.1 mM EDTA, pH 8.0 

lOx TBE buffer 0.89 M Tris-borate, pH 8.3 

0.025 M EDTA 

lOx PCR buffer 100 mM Tris-HCI, pH 8.5 

500 mM KCI 

15 mM MgC12 

0.01% gelatin 

60 



2x Formamide loading buffer for polyacrylamide gel electrophoresis 
98% Formamide 

10mM EDTA, pH 8 

0.05% Bromophenol blue 

0.05% Xylene cyanol FF 

5x Ficoll loading buffer for agarose gel electrophoresis 
15% Ficoll 

0.05% Bromophenol blue 

0.05% Xylcnc cyanol FF 

2.3.2 Liquid bacterial growth medium 

Luria-Bertani (LB) medium 
Per litre: 

10 g tryptone 

5g yeast extract 

10 g sodium chloride 

The pH was adjusted to 7.5 with solid NaOH and the medium was autoclaved prior to 

use. 

2.4 General molecular biology methods 

2.4.1 Isolation of total plant genomic DNA from leaf tissue 

Genomic DNA extractions were performed on fresh leaf tissue collected from field 

sites at LARS. Care was taken not to collect during the annual onset of rust infection. 

Isolation of DNA from the K3 mapping population was performed using the 

NucleonTM PhytopureTm Genomic DNA Extraction Kit (Amersham Biosciences) 

according to the Manufacturers' instructions, except that 10 mM 2-mercaptoethanol 

was added to Reagent I before use. For this method - 125 mg of fresh leaf tissue was 

used in each extraction High-throughput isolation of DNA from the K8 mapping 

population was performed using the DNeasy 96 Plant Kit (Qiagen), using 50 mg of 
fresh leaf starting material, according to the Manufacturers' instructions. All other 

61 



DNA extractions were performed using the DNeasy Plant Mini Kit (Qiagen) according 

to the Manufacturers' instructions. 

Following all DNA extraction protocols, the quality and quantity of DNA was assessed 
by agarose gel electrophoresis (Section 2.4.2) using 0.8% agarose gels. For DNA 

quantification, samples were loaded alongside known concentrations of uncut lambda 

DNA (Sigma) and quantified using the volumetric analysis tools in Quantity One 

(Version 4.2.2) software. 

2.4.2 Agarose gel electrophoresis 

DNA fragments were size separated by electrophoresis through agarose gels 

containing between 0.8% and 2% agarose (GibcoBRL), 1x TBE buffer and 5 gg ml" 

ethidiurn bromide. Electrophoresis was performed using Horizon Tm 20-25 gel 

electrophoresis apparatus (GibcoBRL) and Bio-Rad power packs (PAC 300/3000). 

DNA samples were mixed with 115 volume 5x Ficoll loading buffer and loaded into 

the wells of gels submerged in Ix TBE buffer. DNA fragments were separated at 100 

V for 1-2 hours. Following electrophoresis, DNA was visualised using a 302 nrn UV 

transilluminator (Bio-Rad GelDocTm 2000 Image Analyser). Images were captured 

using Quantity One (Version 4.2.2) software (Bio-Rad) and printed using a Mitsubishi 

digital graphic printer. For DNA fragment size comparisons, 123 bp ladder 

(GibcoBRL) or I Kb DNA ladder (GibcoBRL) was loaded alongside the DNA 

samples. 

2.4.3 Preparation of PCR products for direct sequencing 

PCR products (25 gl) were separated by electrophoresis on agarose gels and excised 

using a clean razor blade. DNA was then purified from gel slices according to Hanley 

et al. (2000) or alternatively, the QIAEXII Gel Extraction Kit (Qiagen) was used 

according to the Manufacturers' instructions. Following the former method, 

precipitated DNA was re-suspended in 20 gl sterile distilled water (SDW). In the 

latter method, DNA was eluted in 30 gl SDW. A3 gl aliquot of the template was 

routinely used in cycle sequencing reactions (Section 2.4.4). 
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2.4.4 Automated DNA sequencing 

Automated DNA sequencing was perfon-ned using either the ABI PRISM@ BigDye TM 

Terminator Cycle Sequencing Kit with an ABI PRISM@ 377 DNA Sequencer or with 

the ABI PRISM@ BigDye v3.0 Terminator Cycle Sequencing Kit and an ABI 

PRISM@ 3 100 Genetic Analyser (Applied Biosystems), using a 36 cm capillary array 

with POPTM-6 polymer (Applied Biosystems). The Manufacturers' protocols were 
followed, except that all cycle sequence reactions were performed in 10 P1 total 

volumes as follows: 

Template DNA 

Primer (100 ng gl-1) 
BigDye Terminator Master Mix 

SDW 

5 [il 
I [d 

4 gl 

to 10 gl total volume 

Unincorporated dye-terminators were removed prior to sample electrophoresis 

according to the isopropanol precipitation protocol recommended by the Manufacturer. 

2.4.5 Sequence analysis 

Sequence analysis and editing was performed using Sequenchefrm (Gene Codes 

Corporation, Michigan, USA), Autoassembler@ (Applied Biosystems) and Chromas 

(Griffith University, Queensland, Australia) software packages. 

2.5 Molecular marker methods 

2.5.1 Microsatellite methods 

2.5.1.1 Characterisation of microsatellite library inserts 

For characterisation of additional inserts from the microsatellite-enriched, small insert, 

willow genomic library (Edwards et al., 1996; Section 3.2.5), 5 gI of each library clone 
(previously stored at -80*C as a glycerol stock) was used to inoculate 4 ml fresh LB 

liquid medium containing filter-sterilised ampicillin at a final concentration of 100 [tg 

ml-1. Cultures were incubated overnight at 37'C in a shaking incubator at 200 rpm. 
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2.5.1.2 Isolation of bacterial plasmid DNA and sequencing of inserts 

Following overnight culture, bacterial suspensions were transferred to 2 ml screw-top 

tubes (Alpha Laboratories, Eastheigh, UK) and the cells pelleted by centrifugation at 

8000 rpm for 2 min in a Microcentaur microfuge (Sanyo). Plasmid DNA was then 

isolated using a QIAprep Spin MiniPrep Kit, according to the Manufacturers' 

instructions, with a final elution in 50 [d sterile distilled water. DNA quantity and 

quality were assessed by agarose gel electrophoresis as described in Section 2.4.2. 

Library inserts were sequenced as described in Section 2.4.4. Primarily, only the M13 

Forward Universal primer (5'- CCCAGTCACGACGTTGTAAAACG - 3') was used 

in cycle sequencing reactions. However, in some instances where insufficient read 

length was obtained, the M13 Reverse Universal primer (5'- 

AGCGGATAACAATTTCACACAGG - Y) was used as an alternative. Routinely, 3 

jil plasmid template DNA was included in each sequence reaction. However, this 

amount was raised or lowered accordingly with individual samples for which low or 

high plasmid yields were observed by agarose gel electrophoresis. 

2.5.1.3 Microsatellite primer design 

Following software-based screening for duplications, forward and reverse primers 

were designed to the flanking regions of unique microsatellites using the Primer 

Version 0.5 software package (Whitehead Institute for Biomedical Research, 

Massachusetts). Suitable primers were identified for each locus according to the 

following criteria: primer length = 21 bp; Tm = 54 - 62"C; %GC = 40-60%; length of 

PCR product = 75 - 300 bp. Primers that conformed to these criteria were then 

examined independently for self-complementarity along the primer and also for 

complementarity specifically at the 3' terminus. Potential forward and reverse primers 

per locus were then tested for pairwise complementarity and compatibility of annealing 

temperatures. The most suitable primer sets were then synthesised by Sigma-Genosys 

Ltd. for testing as described in Tables 3.4 and 5.4. 
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2.5.1.4 Microsatellite amplification and detection 

Three methods for detection of microsatellites were used in this study: 1) radioisotope- 

based detection using [y- 33 P]ATP; 2) detection via incorporation of fluorescently- 

labelled 2'-deoxycytidine 5'-triphosphate ([F]dCTP); 3) detection via use of 

fl uorescentl y-label led primers in PCR. 

2.5.1.4.1 Microsatellite amplification and detection : radioisotope method 

The forward primer of each microsatellite primer set was end-labelled with [y- 33 PI 

in a 0.5 jil total volume reaction comprising: 1x One Phor All (OPA) buffer, 25 ng 

forward primer, 0.5 gCi [y- 33 P]ATP, 1U T4 polynucleotide kinase (PNK)(Pharinacia) 

and SDW to total volume. The labelling reaction was incubated at 37"C for 30 min, 

after which the enzyme was heat denatured at 68*C for 10 min. Labelled primer was 

stored below 4'C until required. 

PCR reaction mixtures contained 10 ng template DNA, 25 ng labelled forward primer, 

25 ng reverse primer, 200 gM of each dNTP (Promega), 0.5 U Taq DNA polymerase 

(GibcoBRL) and Ix PCR buffer. Thermocycling conditions were as follows: 35 

cycles of 94'C for 40 s, 54"C for 60 s and 720C for 60 s, followed by a final 72'C 

extension period of 10 min. A GeneAmp@ PCR system 9700 (Applied Biosystems), 

with 9600 ramping setting, was used for all amplifications. Amplification products 

were mixed with an equal volume of 2x formamide loading buffer and denatured at 

94'C for 3 min and placed immediately on ice prior to loading. 

Amplification products were resolved by denaturing polyacrylamide gel 

electrophoresis (PAGE) on 6% gels (70 ml volume) comprising 29.4 g urea, 10.5 ml 

acrylamidefbisacrylamide 19: 1 (National Diagnostics) in Ix TBE buffer. Following 

the addition of 75 [d TEMED and 375 [d 10% ammonium persulphate (APS), gels 

were poured and allowed to polymerise for at least I h. Gels were then pre- 

electrophoresed at 55 W for at least 15 min on GibcoBRL Model S2 gel apparatus 

using a Bio-Rad PAC 3000 power pack. Denatured amplification products were 
loaded and separated for approximately 2 hours. Gels were then transferred to 
Whatman 3MM filter paper, covered with Saran Wrap and dried under vacuum at 80'C 

using a Bio-Rad model 583 gel dryer. Radio-labelled DNA fragments were visualised 
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by autoradiography, where Biomax MR-I film (Kodak) was exposed to the gel in an 

autoradiograph cassette overnight at room temperature. Autoradiographs were 
developed using an X-Ograph compact X2 automated developer. 

2.5.1.4.2 Microsatellite amplification and detection: [F]dCTP method 

Fluorescently-labelled dCTP coupled to [RHO] or [R6G] rhodamine dyes was 

purchased from Applied Biosystems and used to label PCR products according to the 
Manufacturer's instructions. Thermocycling was performed as described in Section 

2.5.1.4.1. Electrophoresis of PCR products was performed using 36 cm gels on an ABI 

PRISM 377 DNA Sequencer with GeneScan-500 [ROX] as the size standard (Applied 

Biosystems) according to the Manufacturer's instructions. Resulting 

electropherograms were analysed using Genotyper@ software (Applied Biosystems). 

2.5.1.4.3 Microsatellite amplification and detection: fluorescent primers 

Protocols used for both single locus and multiplex PCR protocols, is described in detail 

in Section 5.2.7. 

2.5.2 AFLP methods 

Two methods were used to generate AFLP markers in this study based on two separate 

techniques as described in Hanley et al. (2000). Both methods were based on the 

protocols published by Zabeau and Vos (1993) and Vos et al. (1995). Throughout this 

thesis these methods are referred to as AFLP Method I and Method 2, respectively. 

2.5.2.1 AFLP Method I (based on Zabeau and Vos, 1993) 

This technique was performed essentially as described in Zabeau and Vos (1993). In 

brief, 500 ng genomic DNA was digested with 12.5 U MseI (New England Biolabs) 

and 12.5 U PstI (Pharmacia) in Ix OPA buffer (10 mM Tris-acetate, 10 mM 

magnesium acetate, 50 mM potassium acetate, pH 7.5) at 37'C for 1 hr, in a total 

volume of 50 [d. Restriction fragments were then ligated to MseI (50 pmol) and 
biotinylated PstI (5 pmol) adapters in a reaction mixture comprising IU T4 DNA 
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ligase in the presence of 1 mM ATP and 1x OPA buffer. Adapter sequences were as 
follows: 

MseI adapter: 5'- GACGATGAGTCCTGAG - 3' 

3'-TACTCAGGACTCAT-5' 

PstI adaptem 5'- biotin - CTCGTAGACTGCGTACATGCA - 3' 

3'-CATCTGACGCATGT-5' 

Streptavidin-coated magnetic beads (Dynal) (Tong and Smith, 1992) were used to 

select for biotinylated fragments as described in Mathes et al. (1998). These fragments 

formed the template for PCR using primers designed to anneal to the adapter 

sequences. Primer sequences were as follows, with n denoting additional selective 

nucleotides: 

MseI primer: 5'- GATGAGTCCTGAGTAA + nnn - 3' 

PstI primer: 5'- GACTGCGTACATGCAG + nn - 3' 

Details of the selective nucleotides used are provided in Table 3.3. For use in PCR, 

the MseI primer was end-labelled using [Y-33 PIATP as described in Vos et al. (1995). 

Each PCR reaction was performed in a 20 pl total volume containing: 2 [tl template 

DNA (bound to beads), Ix PCR buffer, 5 ng labelled MseI primer, 25 ng unlabelled 

MseI primer, 20 ng PstI primer, 200gM of each dNTP and 1U Taq DNA polymerase 
(GibcoBRL). Amplification was performed using a GeneAmp@ PCR system 9700 

(Applied Biosystems), with 9600 ramping setting, with the following parameters: 10 

cycles of 940C for 30 s, 620C for 30 s, and 720C for 60 s, followed by 25 cycles of 

940C for 30 s, 560C for 30 s, and 720C for 60 s. A final extension step of 10 min at 

72'C completed the program. 

2.5.2.2 AFLP Method 2 (Vos et al., 1995) 

For this approach, 50 ng genomic DNA was digested with 5U EcoRI and 5U MseI in 

1x OPA buffer in a total volume of 40 pI for Ih at 37*C. Adapters were then ligated 

in a reaction mixture containing: 5 pmol EcoRl adapter, 50 pmol MseI adapter, 1x 
OPA buffer, 1 mM ATP and 1.4 U T4 ligase, and incubated for 3h at 37'C. The 
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EcoRI adapter sequence is shown below (the MseI adapter sequence was as for AFLP 

Method 1): 

EcoRI adapter: 5'- AATTGGTACGCAGTC - 3' 

3'- CCATGCGTCAGATGCTC - 51 

Ligated DNA was diluted 10-fold in 1x TEO., buffer and 5 pl used in the following 20 

pI total volume pre-amplification reaction: 1x PCR buffer, 200 pM of each dNTP, 50 

ng MseI (+I selective nucleotide) primer, 50 ng EcoRI (+1) primer and 0.5 U Taq 

DNA polymerase. Amplification was performed using a GeneAmp(D PCR system 
9700 (9600 ramping setting) with the following cycling profile: 650C for 5 min 
followed by 30 cycles of 94'C for 30 s, 560C for 30 s and 72'C for 60 s. Amplification 

products were then diluted 10-fold in 1x TEO., buffer. 

For the selective PCR amplification, 5 ng EcoRI (+3) primer (5' - 
GACTGCGTACCAA'fTC + nnn - T) was end-labelled in a total volume of 0.5 gI 

with 1x OPA, 0.5 gCi [Y_33P]ATP and 0.05 U T4 PNK at 37'C for 30 min, after which 

the enzyme was heat denatured at 68'C for 10 min. 

Selective amplifications were performed in 10 pl total volumes containing 2.5 111 

diluted pre-amplified DNA template, 200 [tM of each dNTP, 15 ng MseI (+3) primer, 5 

ng labelled EcoRI (+3) primer and 0.25 U Taq DNA polymerase. A touchdown profile 

was used in thermocycling as follows: 13 cycles of 94'C for 30 s, 65'C* for 30 s and 
72'C for 60 s, followed by 23 cycles of 94'C for 30s, 56'C for 30 s and 720C for 60 s, 

where * denotes a reduction of 0.7'C in each cycle. Details of selective nucleotides 

used are provided in Tables 3.3 and 5.6. 

2.5.3 AFLP visualisation 

AFLP fragments generated by either method were resolved by denaturing PAGE, as 

described in section 2.5.1.4.1, and visualized by autoradiography, as described in 

Section 2.5.1.4.1, except that 4.5% acrylamide gels (75 ml total volume) were used (31 

g Urea -6M, 9 ml acrylamide/bisacrylamide 19: 1 and Ix TBE buffer) and exposure 

times of 2-3 days were routinely used. 
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2.6 Trait assessments 

All field- and laboratory-based trait assessments are described in relevant chapters later 

in the thesis (Sections 4.2.6,4.2.7 and 6.2.1). 

2.7 Statistical methods 

2.7.1 Linkage analysis 

Linkage analyses were perfon-ned using JoinMap(D version 3.0 software (Van Ooijen 

and Voorips, 2001) as this has the capability to perform linkage analysis on outbred 

progenies involving markers of different segregation types. As for JoinMap 2.0, 

version 3.0 uses the estimation procedures for cross-pollinators as described in 

Maliepaard et al. (1997). This procedure uses all information for any combination of 

markers, segregating from two alleles in just one parent, through two alleles in both 

parents, to three and four segregating alleles in both parents. This software package 

was purchased from Plant Research International, Wageningen, The Netherlands. For 

analysis within this software package (and for ease of reference in this thesis), markers 

were assigned codes depending on their segregation type (Table 2.1). 

Table 2.1. Marker segregation codes for use in JoinMap@ 3.0. 
Code Segregation type Possible genotypes E xpected segregation ratio 

aawb marker heterozygous in first parent only, two alleles aa, ab 1: 1 

abxaa marker heterozygous in second parent only, two alleles ab, aa 1: 1 

abxab marker heterozygous in both parents, two alleles aa. ab, bb 1: 2: 1 or 3: 1 

abxac marker heterozygous in both parents, three afleles aa, ab, ac, bc 1: 1: 1: 1 

abxcd marker heterozygous in both parents, four afleles ac, ad, bc, bd HAA 

ý: dominant markers segregate 3: 1 (presence: absencc) and heterozygotes cannot be distinguished from 

homozygotes. Dominant markers of this type are termed aOxaO, in accordance with Maliepaard et al. (1997), for 

the purpose of presentation within this thesis. For analysis in JoinMap, an additional code (aa, b-) was includcd to 

indicate dominance (Van Ooijen and Voorips, 2001). 

Further details regarding the exact parameters and methodologies used for linkage 

analyses are provided in the relevant chapters. (Section 3.2.11; Section 5.2.11). 

69 



2.7.2 QTL analysis 

All QTL analyses were performed using MapQTLO version 4.0 software (Plant 

Research International) as outbred progenies can be analysed in interval mapping 
(Lander and Botstein, 1989) using an 'all-markers' approach (Maliepaard and Van 

Ooijen, 1994), where segregation information from all linked markers irrespective of 

segregation type (with two up to four segregating alleles) can be utilised. A more 

comprehensive description of the QTL methodologies used is provided in Section 
6.2.4. 

2.7.3 Statistical analysis of trait data 

All additional statistical analyses of data generated in trait assessments were performed 

using the GenStat statistical package (@ Sixth Edition, Lawes Agricultural Trust, 

Rotharnsted Experimental Station, 2002), as described in Sections 6.2.2 and 6.2.3. 

70 



Chapter 3. Construction of the K3 linkage map 

3.1 INTRODUCTION 73 

3.1.1 Genetic mapping in willow: general considerations 73 

3.1.2 Linkage analysis in outbreeding species 73 

3.2 MATERIALS AND METHODS 76 

3.2.1 The K3 mapping population 76 

3.2.2 DNA extraction 77 

3.2.3 Development of additional AFLP markers 77 

3.2.4 Scoring of AFLP markers 77 

3.2.5 Development of additional microsatellite markers 77 

3.2.6 Microsatellite primer testing and screening 78 

3.2.7 Scoring microsatellite markers 79 

3.2.8 Poplar microsatellite testing 79 

3.2.9 Sequencing of poplar microsatellite products at locus PMGC223 80 

3.2.10 ESTP markers 80 

3.2.11 Map construction 81 

3.3 RESULTS 82 

3.3.1 AFLP markers 82 

3.3.2 Microsatellite markers: development and screening 84 

3.3.3 Poplar microsatellite primers 88 

3.3.4 ESTP markers 89 

71 



3.3.5 Construction of the parental maps 89 

3.3.6 Construction of the K3 consensus map 95 

3.4 DISCUSSION 107 

3.4.1 Choice of molecular markers 107 

3.4.2 AFLP markers 108 

3.4.3 Willow microsatellite markers 108 

3.4.4 Poplar microsatellites 109 

3.4.5 ESTP markers 110 

3.4.6 Segregation analysis ill 

3.4.7 The K3 parental maps 112 

3.4.8 The K3 consensus map 112 

3.5 CHAPTER SUMMARY 114 

72 



3.1 Introduction 

This chapter describes the construction of a first genetic linkage map of biomass 

willow (SalU viminalis) based on microsatellite and AFLP markers. This line of 

research was initiated by Dr. J. H. A. Barker and Dr. A. Karp as part of a previous 

project at Long Ashton Research Station (LARS) funded by the EU (AIR2-CT92- 

1617). At this time (1995), no linkage maps of any Salix species had been published. 
During this previous project, marker segregation data was generated for more than 400 

AFLP and 13 microsatellite markers. However, preliminary analysis of the available 
data indicated that insufficient resolution of linkage groups could be achieved (J. H. A. 

Barker, personal communication). The development and screening of further markers 

was therefore undertaken and the existing markers were re-scored and checked. 
Linkage analysis and map construction were then performed using the amalgamated 
data set. The results were published in the journal Theoretical and Applied Genetics 

(Hanley et al., 2002). This chapter provides a fuller account of all the work. 

3.1.1 Genetic mapping in willow: general considerations 

Genetic linkage mapping in willow presents a formidable challenge given the 

relatively high haploid chromosome number (19) and the dioecious, outcrossing and 

highly heterogenous nature of willow species. In addition, at the original onset of this 

work, molecular marker development in willow was extremely limited, particularly 

when compared to major crops and significant investment into developing molecular 

markers was, thus, required 

3.1.2 Linkage analysis in outbreeding species 

Linkage mapping in outbreeding plant species is often based on full-sib families and is, 

consequently, far more complicated than mapping studies focusing on progenies 
derived from two fully homozygous parents, e. g. backcross, F2, RILs and double 

haploid populations. The added complexity of such studies results from the number of 

alleles that may be segregating at a given locus and uncertainties over the linkage 

phase of the loci (Maliepaard et al., 1997), i. e. in a full-sib family, up to four alleles 

per locus may be segregating at a given locus and linkage phases are usually unknown. 
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In contrast, in a mapping population derived from fully homozygous parents, al oci 

will segregate for a maximum of two alleles with all alleles from the same parent being 

in coupling phase. Furthermore, the number of segregating alleles detected may vary 

between marker classes, i. e. multi-allelic markers, such as RFLPs and microsatellites, 

may detect all alleles at a given locus, whereas AFLP and RAPD systems generally 

manifest as the presence or absence of a DNA fragment. Also, dominant and co- 

dominant marker systems differ in their capacity to detect heterozygotes and may, 

therefore, differ with regard to the amount of information they can provide. This can 

further complicate linkage analysis in outbreeding species, as marker pairs may 

provide different amounts of information for estimation of recombination frequencies 

and determination of linkage phases of the markers in the two parents. A detailed 

survey of all possible marker pair configurations and their relative degrees of 

infon-nativeness is comprehensively discussed in Maliepaard et al. (1997). 

Several complications associated with linkage analysis in full-sib families can be 

circumvented via the so-called double pseudo-testcross approach (Grattapaglia and 

Sederoff, 1994). Here, linkage maps are constructed for each parent separately, i. e. a 

linkage map of one parent is constructed using only marker alleles that segregate in 

that parent, while a separate map is constructed for the second parent based on marker 

alleles that only segregate in the second parent. As this strategy effectively uses the 

same concept as a testcross, in that segregation of only parent is tested at a time, 

although both parents are in fact heterozygotes, it is known as a pseudo-testcross. 

When applied to both parents simultaneously it becomes a double pseudo-testcross. 
This approach has successfully been applied to genetic mapping studies in several 

outbreeding species including poplar (Bradshaw et al., 1994; Cervera et al., 2001), 

eucalyptus (Grattapaglia and Sederoff, 1994), willow (Tsarouhas et al., 2002), larch 

(Arcade et al., 2000), spruce (Gossilin et al. 2002) and olive (la Rosa et al., 2003). 

The construction of separate parental maps by the double pseudo-testcross approach 
does not include potentially important marker alleles that may segregate in both 

parents. For this reason, it may be preferable to construct an integrated (or consensus) 

map for the cross. This is facilitated by the use of molecular markers as allelic bridges 

(Ritter et al., 1990). Multi-allelic markers are more suited to this role than dominant 

markers (Ritter and Salamini, 1996), which may provide limited information, e. g. in 

apple (Hemmat et al., 1994) and Eucalyptus (Grattapaglia and Sederoff, 1994), where 
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attempts to integrate parental linkage maps based mainly on dominant markers proved 

problematic. The integration of parental maps produced by the double pseudo- 

testcross strategy has been reported for several plant species including apple 
(Maliepaard et al., 1998), rubber (Lespinasse et al., 2000), grapevine (Doligez et al., 
2002), maritime pine (Chagne et al., 2002), and now willow (Hanley et al., 2002). 
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3.2 Materials and Methods 

3.2.1 The K3 mapping population 

The linkage analysis described in this Chapter is based on the segregating population 
K3. Originally produced in Sweden by the plant breeding company Svaldf Weibull 

AB, this full-sib family is the result of a cross between two full-sib parents (SW870084 

and SW870082) which are derived from a cross between two non-related, non-inbred, 
diploid S. viminalis clones (L78195 and L78 10 1) (Figure 3.1). 

Figure 3.1. Pedigree information for the K3 mapping population 

L78195 x L78101 Grandparents 

SW870084 x SW870082 Parents 
?16 

K3 mapping population (66 siblings) Progeny 

This population was chosen for linkage analysis during the original EU-AIR project as, 
despite its relatively small size, it was the most suitable population available at that 

time (J. H. A. Barker, personal communication) and segregated for resistance to 

Melampsora rust (Ahman, 1997). 

The mapping population was supplied by Svalbf Weibull AB in the form of 15 cm 

cuttings, which were planted as part of the UK National Willow Collection at Long 

Ashton Research Station (LARS) in 1995. Fresh, young leaves were collected from 

the field site immediately prior to DNA extraction. 
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3.2.2 DNA extraction 

Fresh leaf material was frozen in liquid nitrogen and manually ground to a fine powder 

prior to DNA extraction using the Nucleon Phytopure Plant DNA Extraction Kit as 
described in Section 2.4.1. DNA quality and quantity was assessed by agarose gel 

electrophoresis (Sections 2.4.1 and 2.4.2). 

3.2.3 Development of additional AFLP markers 

Additional AFLP analysis was performed to supplement the EU AIR project AFLP 

marker data set. Initially, marker production was based on AFLP Method 1 as 
described in Section 2.5.2.1. Later, AFLPs were generated according to AFLP 

Method 2 (Section 2.5.2.2). Details of the primer combinations used are shown in 

Table 3.3. 

3.2.4 Scoring of AFLP markers 

Care was taken to only score clearly defined polymorphic bands for inclusion in the 
linkage data set. Polymorphic AFLP markers were scored manually on a binary basis, 

i. e. 1= band present, 0= band absent, and compiled in Microsoft Excel spreadsheet 
format. Binary data was subsequently converted in to the format required for analysis 
by JoinMapTM version 3.0 software as described in Section 2.7.1. All autoradiographs 

were scored independently by two persons. 

The AFLP data set inherited from the EU-AIR project was re-scored, as a significant 

number of potentially problematic AFLP markers that produced very faint signals or 

were generally difficult to score, had been included. 

3.2.5 Development of additional microsatellite markers 

All willow-derived microsatellite markers used in the work described in this Chapter 

were developed from a microsatellite-enriched, small-insert genomic DNA library 

previously constructed from S. burjatica, Germany (Edwards et al., 1996). The 

production of markers during the EU-AIR project is described in Barker et al. (2003). 
For development of additional microsatellite markers during this project, a further 231 

77 



microsatellitc library inserts were characterised. Of these, 153 clones, previously 

shown to contain microsatellites by colony hybridisation studies (J. H. A. Barker, 

unpublished results), were sequenced on an automated ABI 377 DNA sequencer, in 

both forward and reverse directions, by Dr. Wout Boerjan's group at the University of 
Gent, Belgium. Resulting data was provided in the form of raw, unedited sequence 

text files. Remaining clones were sequenced in a single direction using the M13 

Forward Universal primer and analysed on an ABI 377 DNA sequencer according to 

Section 2.4.4). Vector and adapter sequence that flanked the willow DNA insert (see 

Edwards et al., 1996) was manually identified and removed. Edited sequences were 

then screened for duplications against previously generated sequence data using 

AutoassemblerTm or Sequencher@ software packages. 

Primer sets were designed to microsatellite flanking regions (Section 2.5.1.3) if: 1) 

sufficient sequence length was available between the vector/adapter and the 

microsatellite motif; 2) primers had not already been designed to a homologous insert; 

3) the nucleotide composition of sequence flanking the microsatellite was suitable for 

primer design. Suitable primers were synthesised and desalted by Sigma-Genosys 

Ltd., 

3.2.6 Microsatellite primer testing and screening 

Primer sets were tested for their ability to amplify polyrnorphic PCR products from the 

genomic DNA of the parents and grandparents of the K3 mapping population, under 
the experimental conditions described in Section 2.5.1.4.1. Those that successfully 

amplified easy-to-score products that were polymorphic between the parents were then 

used to amplify genomic DNA from the 66 progeny of the mapping population, 
together with the parents and grandparents for direct comparison on the same gels. 
PCR conditions were as described in Section 2.5.1.4.1, with the exception of two 

markers, SB522 and SB565 which were mapped using the fluorescent [F]dCTP 

labelling technique as described in Section 2.5.1.4.2. Due to time constraints a 
decision was made that for primer sets that failed to yield a PCR product or produced a 
banding pattern that was difficult to interpret, no attempt to optimise PCR conditions 
would be made. Instead, these primer sets were discarded. 
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3.2.7 Scoring microsatellite markers 

All autoradiographs were scored independently by two persons and genotype 

segregation codes were assigned for each locus in accordance with JoinMap@ version 

3.0 software requirements (Table 2.1). Analysis of electropherograms resulting from 

fluorescence-based gels was performed using Genotyper@ software. 

3.2.8 Poplar microsatellite testing 

Nineteen poplar (Populus) microsatellite primer sets, developed by Professor. T. 

Bradshaw (University of Washington, USA) and made publicly available via the 

Poplar Molecular Genetics Co-operative website 
(http: //poplar2. cfr. washington. edu/pmgc/ssr/pmgcssr. html), were tested on willow 
DNA. Aliquots of these primers were supplied by Dr. Wout Boerjan, University of 

Gent, Belgium. Details of these primer sequences are shown in Table 3.1. 

Table 3.1. Details of the nineteen poplar microsatellite primers tested in willow. 

Locus Forward primer 
(5' -3') 

Reverse Primer 

(5' -3') 

Motif Expected product 

size in poplar 

PMGC14 7TCAGAATGTGCATGATGG GTGATGATCTCACCG MG CIT 210 

PMGC61 GATCCCTCrGCACCGTrTAC ACCCrAAATffGCrGACAAC CTr 360 

PMGC93 ATCATGCGTTCGGCTACAGC CTCAAACTCCAACTGTrATAAC CTr 350 

PMGC108 TGCAGGTGATGTCATCACCG AACCOAATCCATGCGTCACC CTr 330 

PMGC204 GAAGATAAA7TCTCCAGCTC TAAC7MCCCGCATGT CTr 225 

PMGC223 CGATGAGGTrGAAGAAGTCG ATATATGTACCGGCACGCCAC CTr 170 

PMGC325 CGAMATGACAGACAGCTrG GTACCGTrGAGOTGGCTAG CTr 295 

PMGC333 CTrAGTGGTGAAGTATTC GAGTOGGTGCTGATrCATCC Crr 110 

PMGC409 ACGTATATGAAGTTCTTGAITGC GACAGATCATrATGA77ACrACAG GA 150 

PMGC451 GCAGCATrOTAGAATAATAAAAG AAGGGGTCTATTATCCACG GA 215 

PMGC456 AATrACAACCACTffAGCATATrC TGCCGACACATCACACATACC GA 210 

PMGC486 TGTAGGAGATATCCACGTOG AACAATATGCTrCATAGCACAG GA 115 

PMGC510 AGAAGTTGTTGAACCCGATGGG GCrACAAACTffGl'rGTACCC GA 150 

PMGC576 TAAATTCATGTAGATFGACG CTrAC7rAMCATGGTTGTC GA 145 

PMGC667 CATCCATGATATCAAACCAAArrAG TGTAA7CCAAACATAAAATCCCAAG GA 115 

PMGC684 CCAGCAATGATrGATrGCTCC GAGCTrrAACTGTCCAOTAGC GA 260 

PMGC2020 77ffGGCATrCAAAGAC77GGC AGTrGATrCCATGTCGTGTCC GA 160 

PMGC2021 TAAGGCTCTGn7GTTAGTCAG GAGATCTAATAAAGAAGGTCTTC GA 150 

PMGC2098 TCACAAAAGGTrAACGAC77CG CAGTACTCAGCTGCAGGTCC GA 180 

79 



All primer sets were tested in PCR with genomic DNA from two willow clones (S. 

burjatica, Germany and S. viminalis, Astrid) and one poplar clone (hybrid P. deltoides 

x P. nigra, Ghoy). PCR conditions were the same as those routinely used for willow 
(Section 2.5.1.4.1). PCR products were separated by agarose gel electrophoresis using 
2% agarose (Section 2.4.2). 

3.2.9 Sequencing of poplar microsatellite products at locus PMGC223 

This microsatellite locus was selected for direct sequencing as PCR products appeared 
homozygous (as a single band) in all three samples when visualised by agarose gel 

electrophoresis. Gel purification and direct sequencing of amplification products from 

primer set PMGC223 was performed as described in Hanley et al. (2000). Resulting 

sequences were aligned using AutoassemblerTm software (Section 2.4.5). 

3.2.10 ESTP markers 

To test the efficacy of using EST data generated in Popidus for the production of ESTP 

markers in Salix, two hybrid Populus-derived (P tremula xA tremuloides) EST 

sequences (Sterky et al., 1998) were chosen from the public PopulusDB database 

(http: //www. biochem. kth. se/PopulusDB). The first, B006P35U (Genbank accession 

number: A1166034), was identified as homologous to several phenylalanine ammonia- 
lyase (PAL) homologous gene sequences, while the second, Q026P52U (Genbank 

accession number: AI162904), was homologous to known putative receptor-like 

protein kinase gene sequences. Details of these EST sequences and primers designed 

for testing in willow are shown in Table 3.2. 

Following agarose gel electrophoresis on a 2% gel, amplification products were 

excised and purified according to Hanley et al. (2000) prior to direct sequencing 
(Section 2.4.3 and Section 2.4.4). For mapping of EST A026P52U (referred to in this 

thesis as locus ESTP1 from this point forward), genomic DNA of the mapping 

population was amplified as before and examined by agarose gel electrophoresis. 
Genotypes were assigned JoinMap@ segregation codes (Table 2.1) before inclusion in 

the willow mapping data set. 
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Forward and reversc prinicrs wcI, C Cicsiglico. 1 1*01- amphl'icatiml ()I' N)(11 EST sco. 111ences 

and Liscd in PCR ()n gcrioniic DNA of' tlic K3 pai I L- vilts accord no to Ilic 111cill'Od 

dcscribcd I'm- amplil'Ication of' willow 1111crosatc1litc loci, with the Cxccpti()Ii that an 

ai-incaling tcnipcrattire of'58T was uscd in thermocycling. 

Table 3.2. Dclails of' Popidus EST sc(luciices uscd In FSTP dcvelopnicnt. Orloinal 
I- 

EST nannes (Sterky et al., 1998) are shown ahove Genl3ank acccssion numhers Ull 

I. falics). ReLgions ol'EST sc(luciice to w1licl, pl-imers wci-c dcsigned awshaded. 

EST Sequeilce I'tiiiiL-i� (5'-3') 

B0061'3511 AM (; ('AC; AAACI'AA(, (; ('A AG N'l UI A(; [-[*(; A ICAI (; ('(*'I-l GA-1 GAATGG('GAG F ('('(iAAA(iAA(i'I'A(; A(; A(; 'I'(i('(' 

A1106034 
AA(; (iAACA(; AA'I'F('AA(, ('A("1'1*('AA'1'1'1'1 CCA AA AG A 1'1*G6A(; C('T1-F(; AGG 

R 'I'A(i('AAA(; A(i(; AA(iA(i(iA(; ('(i 
AA(iAA('*I-(; AA(; AA('('*I'Ill(; CCGAAA(; AA(; 'I'AGAGAGT(, CC, %(; A(-I-[(; AA 

AI(i(; AAI6( A(; (; I'('Af* 

A('('('('*I'I-(; FACAA(i 1-1-1'(; 'I(; A(; (i(; AA(; AA 1'1(; (i(; AA('('(; ACTAACCGG, 

1'(; (; CGCI'CCTCTTCCTCT-rrGCTA 

A026P52tJ i"("rrrAA(; (-I GGG 1-1 C(; 'I'AA'1-1'(, AA AA 1-1 GCI (i 1-1 (; A IAA A(; (;, \ 1-1 G F: 

A1162904 GA(-I A 1-11'(; CACNAI'GCAAG'I'GA'I'CCACGAA'I'CA i'ACA('('(; (', (, A'I'(', 'I'GAA(; I 
R: 

(; 'I'AG('AAI'A'I'r]-I'NI-I'G(; ACAAG(; AGAI (; (i(' 

c-n-rNTAA(; CAAG I (; A('('ACT(; 11'61'CA 

AG(iC, CACT(; CA(i(; ('[, \ I (T] (; A I C( CGAA IA FIA ]'I ('i, \('('('AACA(,, M'A(' 

A(; AGAAAAGCGA('(il'CTACAGCITC(; G'rGrl'G'11'Cl'I CFAGAACI CA I Cl (; 

C('. ('. G('(; A(; AAC('A 1-1 (A (i [ ('(; ("I Cl GGAACI ( CA6 A I'l ('('*I-l CAA FIA (; (; I (; I 

I'Al'(; (; (; ('(; A('NA('(-rf'(; CAGG('A(; GA(; ('A IT] (; AAA-rA(; '['GGATGAAAACG 

TAAAG(; GAACI-Fll-(; A'I'GTGGAAAGCAI'GA(; AAA(; GCA(; C'I'A'I'AG FAGiCl G 

-1 AAGG 

3.2.11 Map construction 

Data analysis was pci-Cormcd on the complcte data set, i. e. I-)()tll scgivLoation data 

generated dUring the EU-AIR mapping Study, and that gcnerated since, was included. 

JoinMap@ version 3.0 software (Van Ool. len and VoorrIps 2001) was used for all 

aspects offinkape analysis. The sol'tware Was used to hi-st test markers f'or scorcoation 

distomon using a ChI-SClUaI*C test. AFLP markers with highly significant levels of' 

distortion (P < 0.005) wcre excluded fi-om I'Lirthcr analyses. Parental linkage maps 

were constructed using AFLP and microsatc1lite markcrs hetCI-OZYgOUS in one parcnt 

only (JoInMap segregation types, ab. vau and tuixtib). In addition, microsatellitc 

markers of' types ubmic and tibxcd were used but were fiirst sepal-ated so that Only 

alleles 1'rom either the male or teniale l)aI-Cnt WCI-C used l'or construction of' each 

respective parental map. All marker data, including that I'or AFLP markers of' type 

aO. vaO and microsatel lite mai-kcrs of' type abxab, were utiliscd l'or construction oI' the 
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integrated mal). For all maps, linkage groups wcre determincd using a mininium 1,01) 

thivshold ol'4. () and map coil struct i on perl'ormed using (lic Kosambi mapping I'Linctioll 

With the I-Ollowint, Joinmap panjilletcl, scttiligs unless stlic(I othel-wise: Rcc = 0.40, 

LOD = 1.0, Jump = 5. Resulting linkage maps werc drawn using MapChart 2.1 

sol'tware (Voorrips 2001). Rohustness of' the integratcd linkage 111,11) was (CsICd hY 

comparison ot'niarker ordcrs with scparatc parental maps. 

3.3 Results 

Results clescrihed in this Section concern hoth the clevc1opment ol'additional niolect. 11,11' 

markers during this pro. 1cct, and subscqLlCllt linkagc analysis and 111,11) COIlStf-LICtiOll 

based on all available marker segregation clata. 

3.3.1 AFLP markers 

In oeneral, both AFLP techniques used were successful in gricrating high CIL1,111ty 0 
II1 1011 marker data for use in linkage inapping. Hokvcver, the clio'cc of primer cornhinati 

was shown to greatly influence the quality ofthc resulting profiles, both in terms ofthe 

number of markers detected, and the case with which they could be scored. For 

cxarnple, primer combination MACA/PCC penerated 25 polymorphic rnarkcrs that 

could be confidently scored, while combination EACA/M'I'GT produced only a single 

useful marker. An example of an AFLP mapping gel generated using the head 

selection method is shown in Figure 3.2. 

Figure 3.2. A section of' an AFLP mapping gel gencrated with prinicr conihinat, 011 
I 

MACA/PAC. Prohles I'or the K3 mapping pOpUlation, along with those of' the 

,,, ran segrcgation types are g dparents and pawnts are shown. The thi-cc possible marker 

also indicated 

aftaO 

WýMmmw, 

ah. t tia 

66 progeny 

In total, 477 polymorphic AF1.11 markers werc scored from 48 primer combinations, 

the characteristics of' which arc shown in Table 3.3. 
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Table 3.3. Characteristics of polymorphic AFLP markers generated from 48 primer 

combinations. Restriction enzymes/adaptors/primers; used in AFLP production are 
indicated for each combination (E = EcoRI, M= MseI and P= PstI). Additional 

characters indicate selective nucleotides. Primer combinations previously screened in 

the earlier project by Dr J. H. A Barker are shown in italics. 

Primer combination Male markers' Female markcrSb Hctcrozygous markers' Total polymorphic markers 

EAACIMAAG 4 1 3 8 

EAACIMAAT 0 1 0 1 

EAACIMACC 2 1 2 5 

EAACIMTTG 4 4 0 8 

EACAIMACA 5 1 2 8 

EACAIMACG 0 0 1 1 

EACAIMCTA 2 1 4 7 

EACAIMCTC 0 3 1 4 

EACA/MTOT 0 1 0 1 

EACA/MTTG 5 1 0 6 

EACG/MCTA 3 1 2 6 

EACT/MAAG 2 2 2 6 

EACTIMAAT 0 1 3 4 

EACTIMACA 4 3 0 7 

EACT/MACC 2 2 0 4 

EACT/MGAA 3 6 3 12 

EACTIMTTG 0 1 0 1 

EAGA/MTGT 1 3 1 5 

EAGA/MTrG 2 1 4 7 

EAGCIMACC 0 1 4 5 

EAGCIMGAA 1 1 4 6 

EAGCIMTGT 2 1 3 6 

EAGC/MTTG 2 2 2 6 

EATA/MTrG 2 2 2 6 

MAAG/PCA 9 2 4 15 

MAATIPAC 5 4 to 19 

MACAIPAA 7 14 18 39 

MACAIPCA 7 6 5 18 

MACAIPCC 6 a 11 25 

MACCIPAC 4 3 5 12 

MACCIPCC 6 4 2 12 

MCCGIPAA 2 0 7 9 

MCCGIPAC 2 4 0 6 

MCCGIPCA 0 2 2 4 

MCCGIPCC 1 2 3 6 

MCTA/PCA 4 6 6 16 

MCTA/PCC 4 3 5 12 

MGAAIPAA 4 4 7 15 

MGAAIPA C 5 2 6 13 

MGAAIPCA 5 4 4 13 

MGAAIPCC 4 4 5 13 
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Table 3.3 continued. 
Primcr combination Male markcrs' Female markcrSb I leterozygous markcrs' Total polymorphic markcrs 

MGGCIPAA 2 7 8 17 

UGGCIPAC 3 1 1 5 

MGGCIPCA 4 2 9 15 

UGGCIPCC 5 6 2 13 

U7TG1PAC 2 6 6 14 

M7TGIPCA 2 4 7 13 

M7TGIPCC 4 6 13 23 

Total 143 14S 189 477 

a: abxaa marker; present in the male parent only; segregating 1: 1 in the progeny 
b: aaxab marker; present in the female parent only; segregating 1: 1 in the progeny 
c: aOxaO marker; heterozygous in both parents; segregating 3: 1 in the progeny 

The average total number of bands identified per assay was 56 for the bead selection 

method and 41 for the two-step amplification method. The percentages of scorable 

polymorphic markers for these two methods were 35% and 18%, respectively. 
Following analysis of genotype frequencies for each marker, -15% of markers showed 

segregation distortion (P < 0.1: chi-square test). Distorted markers with P values less 

than 0.005 (-4% of total markers) were discarded prior to construction of the parental 

and consensus linkage maps. 

3.3.2 Microsatellite markers: development and screening 

From the 153 microsatellite library inserts sequenced at the University of Gent, 72 

primer sets were designed. Primers could not be designed to 44 inserts as the 

microsatellite motif was too close to the vector/adaptor sequence. A further seven 

sequences were discarded as were not of sufficient length or the base composition did 

not permit the design of suitable primers. Finally 27 clones were shown to be 

duplicates of previously characterised inserts and three contained willow DNA inserts 

without a microsatellite motif. 

An additional 120 clones were sequenced at LARS. Single direction, high quality (i. e. 

bases could be reliably called in both regions flanking the microsatellite), sequence 

was obtained for 78 inserts, of which five were duplicates and 13 had microsatellite 

motifs that were too close to the vector/adaptor sequence to permit primer design. No 

microsatellite motif was found in eight of the sequenced inserts. Nine inserts were too 

short to permit primer design. A further 43 primer sets were designed. In total, 115 
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willow microsatellite primer sets were designed and tested during this phase of the 

project. 

Single locus, easy-to-score, PCR products were observed for 72 (63%) of the loci. 01' 

these, 42 (58%) were found to be polymorphic between the K3 parents and were 

subsequently mapped. An example is shown in Figure 3.3. 

Figure 3.3. Autoradiogram showing segregation of three alleles at polymorphic 

microsatellite locus S13337. 

GPI: GP2: PI: P2 

Progeny : 1-12 13-24 25-36 37-48 49-60 61-66 

Twenty primer sets (17%) generated multi-locus products that could not be reliably 

scored and 23 (20%) primer sets failed to yield a PCR product. Primer set SB442 

generated a profile that was difficult to score co-dominantly due to the presence of a 

greater number of alleles than would be expected in a population of this type, i. e. 

products were derived from multiple loci. However, one allele, present in both 

parents, segregated in an approximate 3: 1 ratio and was, therefore, scored as a 

dominant marker (type aOxaO) and was included in the final mapping data set. Primer 

set SB525 failed to generate amplification products in the male parent but was 

observed as heterozygous in the female. When screened against the mapping 

population, the segregation profile was consistent with the presence of a homozygous 

null allele in the male parent suggesting that this locus could be mapped, i. e. 

segregation type mixab, where n= null allele, a= first matemal allele and b= second 

matemal allele. Segregation of the larger of the two alleles present in the female 

parent was scored for inclusion in linkage analysis. 

Two microsatellite loci, SB522 and SB565 were successfully mapped using 

fluorescent techniques based on incorporation of [F]dCTP during PCR. A resulting 
AB1377 gel image is shown in Figure 3.4. 
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Figure 3.4. An example of a [F]dCTP mapping gel showing fluorcseccnt detection of 

microsatellite alleles at two loci SB522 and SB565, both of segregation type abxab. 

In total, segregation data for 56 microsatellite markers was included in the final 

mapping data set, of which, 42 were generated from the current project and 14 were 
developed and screened by Dr J. H. A Barker during the EU-AIR project (Table 3-4). 

Table 3.4. Segregation characteristics of microsatellite markers included in the final 

K3 mapping data set. Markers developed and screened during the EU-AIR project are 

shown in italics. 

Locus Segregation type Progeny 

genotypes 

Expected Forward primer 

segregation (5' -3') 

Reverse primer 

(5' -3') 
SB24 <aaxab> aa, ab 1: 1 ACrTCAATCrCrCrGTATrCr CrATrrATGGGTrGGTCGATC 
SB38 <aaxab> aa, A 1: 1 CCACTTGAGGAGTGTAAGGAT CTTAAATGTAAAACrGAATCr 

SB53 <aaxab> aa, A 1: 1 CAGTGACrATCAGAAGATATC CGGACCCrATrC-MATITGG 

SB54 <abxab> aa, ab, bb 1: 2: 1 CAC-rGATGAGGGTAATGCrAA GCACCT7CrGTATAGCCAACC 

SB55 <abxaa> ab, aa 1: 1 TAGGGAATCCrAGTrCT-rGCA CT-rCAAAGACCCrAACTrGAA 

SB80 <aaxab> aa, A 1: 1 TAATGGAGT]rCACAGTCCrCC ATACAGAGCCCATrrCATCAC 

SB85 <abxaa> ab, aa 1: 1 C7CAGCAACrCAATCCAACFA GMGTrAGGGGAGGTAAGAA 

SB93 <aaxab> aa, A 1: 1 GACGCACATACACCATrACAC TGTrAGAA-AATrAGGCACGGA 

SBIII <abxab> aa, ab, bb 1: 2: 1 GATAGTCAAGGTTGGAGATGG GGTGGAGAAGAAAAGAGCAGA 
SB126 <aaxab> aa, A 1: 1 TAAACTrGTGTrAGTGAAAGC TCAOCAACCAACAATCI-rCTC 

SB194 <abxac> aa, ab, ac, bc 1: 1: 1: 1 TGTGAGATAAGA=GTCGGT cCATAAATAAAAAACOTGAAC 
SB210 <aaxab> aa, A 1: 1 TATAAAGACAAATACC7GGGG cATcAAAcAc-rcCrAGAAAGG 

SB226 <abxaa> ab, aa 1: 1 TGTrGTGCATAGAGATMGT CTMCFCCAATFI=C7G 

SB243 <abxaa> ab, aa 1: 1 ATrCCMCTFCATCAGTAGC GACAACGCCATTCACATGACC 

SB265 <abxac> aa, ab, ac, bc 1: 1: 1: 1 ATIFAGGG=GTrGCTrGGTG AACATACGTITCAACGAGAAG 
SB268 <abxac> aa, ab, ac, bc 1. -1: 1: 1 CrAGTrCrGGTGGGGAAGATC; TrCrAAACCATCATFTGGGTG 

SB274 <abxac> aa, ab, ac, bc 1: 1: 1: 1 CCGACCCrC-=CITCFATC AGCACAGATFGAATGATTGAG 
SB276 <abxac> aa, ab, ac, bc 1: 1: 1: 1 AATAACCAC-rCCATCMCAC TATTAGTG=GCI-I-FGGAGC 

SB287 <aaxbc> aa, A 1: 1 GTAGGGAC-rATCAGGGAGCAC TrAGCrGGGACC17AAATACG 
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Table 3.4 continued. 
Locus Segregation type Progeny 

genotypes 

Expected Forward primer 

segregation (5' -3') 

Reverse primer 
(5' --#3') 

SB331 <abxac> aa, ab, ac, bc HAA TGTITGTITOGGAGTATGI'TG TGAATCCTATCATTTGGCAAC 
SB337 <abxac> aa, ab, ac, be 1: 1: 1: 1 TACTCTGTCTMGCA7'ITCC ATACCCATTAGAGAAGGTTrC 
SB354 <aaxab> aa, ab 1: 1 TGTCTTTGTGTAACCACTCTG ATCCATATAGCTGATCCCAAC 
SB355 <aaxab> aa, ab 1.1 TMATMCATCTCGAAGCAC AMAGTGCGGATCTTTCAAC 
SB367 <abxab> aa, ab, bb 1: 2: 1 CCAAGAACTAAMCCCAGCC AGTGTATrCATGTGGTffAGC 

SB408 <aaxab> aa, ab 1: 1 TGACAACGCCATTCACATGAC TACACAAGTAAGCTGATGTTC 
SB419b <aaxab> aa, A 1: 1 GCATCCACACACAAAACCAAG AT=ACCCCCTCTCCACAC 
SB420 <abxaa> ab, aa 1: 1 TGATGAGGTAAAAAGATGGAG TAAGGAACACATAATTGAGGG 
SB430 <abxab> aa, ab, bb 1: 2: 1 CACCCTCATAACAAAAATGGC CAAATCAGAAAAGAAGTTAAC 
SB442§ <abxab> aa, b- 1: 3 ATGAAAATGATCAGTGCCrCG CTGACCrrCACGCATrCACAC 
SB452 <abxac> aa, ab, ac, bc 1: 1: 1: 1 AGGCCCCAGCrrAAGTTATAC ITATGACGCAGTrrrrrrGGC 
SB493 <abxac> aa, ab, ac, bc 1: 1: 1: 1 T77CTGGATCAATGGAGCTrO CATCMCCTTCTMACTCC 
SB494 <abxaa> ab, aa 1: 1 ATCCCTGGTAATAAGAATGTC TrCAAGCAACTGG=ACTC 
SB496 <abxab> aa, ab, bb 1: 2: 1 CTCGTGCTTCCACAAATCCTC ACCCAATAAAAATGGCTTCTG 
SB504 <aaxab> aa, ab 1: 1 TGTTGATTAAGATGTGACTGG ATCATGCCACTAAACACAACC 
SB522 <abxab> aa, ab, bb 1: 2: 1 TATCTGGTCTGAGGTAG MG AAGCAGGTGGGTGATGATTTG 
SB525 <aaxab> aa, ab 1: 1 TGAGGCAAGCAAAATTCAGTC CrAACACAAATCCATrCCACC 
SB532 <abxaa> ab, aa 1: 1 TTGCCTrrCTTGTGGTCAAAC ATCTTCGCTCCTrA=CTG 
SB537 <abxab> aa., ab, bb 1: 2: 1 TATAGAGGATCGCAAAATCAG TrCACAATAGGAGGGTATCAG 
SB565 <abxab> aa, ab, bb 1: 2: 1 GAAAATATAATGCCCAGGAAG ACAGAACACAGCGACATGAAC 
SB578 <abxac> aa, ab, ac, bc 1: 1: 1: 1 GCATAGGACAGCATACAGGTO CCTrffAATITCAATCCCAGC 
SB596 <abxab> aa, ab, bb 1: 2: 1 AATTACAAGGATGCCTAATGG CAAGAATATUCAACTACTCT 
SB602 <abxab> aa, ab, bb 1: 2: 1 CACCTCAITGTrAlITACTCC ITGCTGTrGTTGAGAGATrGO 
SB617 <abxaa> ab, aa 1: 1 GCCTCTCCATAACCCAAAAAC TAGAAAATGATCTGACOATGG 
SB768 <abiab> aa, ab, bb 1: 2: 1 CrAAGAGCMGG ICITI CCAACTrCTAACATCAGCACC 

SB784 <abxaa> ab, aa 1: 1 GCACAGATAAAAAAITGGTrG ATATGACrAGGAGGATGTGTT 
SB865 <abxaa> ab, aa. 1: 1 CCAAATrCACCrAATrACAGC GCAAGAAAGAGATGCTAGTrC 

SB868 <abxab> aa, ab, bb 1: 2: 1 TCAGGT17GTrMGCTrCTC GGACCCAGTAACCCATCAAGC 

SB874 <abxac> aa, ab 1: 1 TGCAATCTrACATCCTGTCTC CACAACTCTCrCTACTACCGG 

SB880 <abxac> aa, ab, ac, be 1: 1: 1: 1 AAAACACCAGAGAACTGCTAC TACAAMCATCITCCTCTCC 
SB896 <aaxab> aa, ab 1: 1 CrGATTACAAGATCAAGGTGG CAAATrGTATGTATGTGCOGT 
SB904 <abxab> aa, ab, bb 1: 2: 1 CAGGACCCCCGAA7rATGAAC AGTAACCGCTrCTCTGGCAAC 
SB907 <abxcd> ac, ad, bc, bd 1: 1: 1: 1 CITACACGCACTCAAATACAC CTAGGn7CrAAGGTCAGGTG 
SB913 <aaxab> aa, ab 1: 2 TGCTrGTGTAATCTCATGCTC AOTGAAGGCCTCTCTACCM 
SB921 <abxab> aa, ab, bb 1: 2: 1 CAAAGAAAGACAAGAAAGAGC ACAGGTOATGATGATAAATCC 

SB945 <abxac> aa, ab, ac, bc 1: 1: 1: 1 TACGCCAACAATCTCTCTTAC GGGCAGTAGAAACTTACAAGG 
SB955 <aaxab> aa, ab 1: 1 ACCACTCTCCAAATCCCTrAC ATATMAACAAGCCACGCTC 

§: scored as a dominant marker 

Segregation distortion (P < 0.1) was observed for 11 (19.6%) microsatellite loci (see 
Figure 3.8 for further details. 
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3.3.3 Poplar microsatellite primers 

Of the 19 poplar microsatellite primer sets tested on willow DNA, five successfully 

amplified (PMGC93, PMGC108, PMGC223, PMGC456 and PMGC2020). Loci 

PMGC93 and PMGC2020 were polymorphic between the K3 parents and were 

mapped. 

Despite initially appearing homozygous by agarose gel electrophoresis, direct 

sequencing of PCR products for locus PMGC223 indicated that this locus was 

heterozYgous in both the poplar hybrid, "Ghoy", and in S. burjatica, "Germany", with 

polymorphisms being attributed to differences in the number of microsatellite repeat 

units. The region of the sequence following the microsatellite, determined using direct 

sequencing, could not be conclusively deduced in these two samples. However, S. 

viminalis, "Astrid", produced a single sequence indicating that this locus was 

homozygous in this cultivar, as onginally predicted. Following removal of ambiguous 

bases from the sequence of the two heterozygous individuals and bases obscured by 

unincorporated dye terminators, it was possible to align the resulting edited sequences 

(Figure 3.5). As expected, sequence data revealed the presence of a [CTT]n 

microsatellite motif (compound type) in the poplar and willow samples. Sequence 

homology was generally high although some differences between poplar and willow 

were detected, i. e. several base substitutions were present and the poplar microsatellite 

motif was of greater length than found in the willow sequences. 

Figure 3.5. Alignment of edited sequence data for microsatellite locus PMGC223 in S. 

viminalis var. Astrid", S. vindnalis, "Germany" and poplar hybrid, "Ghoy". Shaded 

regions highlight positions at which all three sequences are equivalent. Y denotes that 

sequence could not be determined. '-' denotes base not present. 'N' indicates an 

ambiguous base. 

Astrid 
Germany 
Ghoy 

Astrid 
germany 
Ghoy 

Astrid 
Germany 
Ghoy 

------------ CACTATCGTCACCTTCT 

------------ CACTATCGTCACCTTCT 
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3.3.4 ESTP markers 

Both ESTP marker sets amplified products that manifested as discrete bands of 

approximately the expected size when examined by agarose gel electrophoresis. 
Products generated using B006P35U primer set appeared homozygous between the K3 

parents while those from A026P52U revealed a size polymorphism. At this locus two 

bands were observed in each parent. In the progeny these alleles segregated according 

to an approximate 1: 2: 1 ratio as would be expected for a single locus heterozygous in 

both parents, thus, this marker could be mapped. 

3.3.5 Construction of the parental maps 

Upon initial examination of the segregation data, individuals 37 and 47 of the mapping 

population were found to contain many missing data points and were, therefore, not 
included in linkage analysis. 

For the paternal map, a total of 132 AFLP markers and 25 microsatellite markers that 

segregated in the mapping population were included in linkage analysis. At a LOD 

threshold of 4.0,77.7 % of markers could be assigned to 21 linkage groups each 

containing a minimum of three markers. In addition, seven duplets were formed and 
20 markers remained unlinked. Marker ordering proved problematic for one linkage 

group obtained at LOD threshold 4.0 (corresponding to Group V of the consensus 

map) due to the presence of a single AFLP marker (MAAG/PCA/2) which caused 

spurious linkage with a sub-group of markers that were unlinked at a LOD threshold of 
4.5. At LOD 4.0, the calculated map length of this group was suspiciously large (>200 

cM). For these reasons, the problematic AFLP marker was removed and the marker 

groupings were re-examined. For all other groups, map construction proved 

straightforward, with no markers presenting problems with respect to goodness-offit. 
The resulting 21 linkage groups spanned 777.5 cM and the average interval between 

markers was 7.9 cM (Figure 3.6). 

For the maternal map, 139 AFLP markers and 33 microsatellite markers were included 

in linkage analysis. Groupings performed with a LOD threshold of 4.0 resulted in the 

assignment of 83.7% of markers to 25 linkage groups, with 6 duplets and 16 markers 

remaining unlinked. Marker orders for all groups were determined without difficulty 
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with the exception of one group (corresponding to Group III of the consensus map), 

where two markers, SB419b and EAGA/MTGT/1, could not easily be placed. These 

markers were not linked at a LOD threshold of 4.5 and were, therefore, discarded. 

The resulting linkage groups spanned 910.2 cM with an average interval between 

markers of 8 cM (Figure 3.7). 
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3.3.6 Construction of the K3 consensus map 

The consensus map was constructed from a data set comprising 131 abxaa AFLP 

markers, 139 aaxab AFLP markers, 190 aOxaO AFLP markers, one ESTP marker and 
56 microsatellites of all segregation types. Marker MAAG/PCA/2, which was 

problematic in construction of the paternal map, was removed prior to linkage analysis. 

Initial marker groupings at a LOD threshold of 4.0 resulted in the formation of 36 

linkage groups containing three or more markers, with 11 duplets and 40 markers 

remaining unlinked. However, two groups that were unlinked in the parental maps (X 

and XIII) were incorporated into a single linkage group in the consensus map. This 

linkage was deemed to be spurious as these groups showed no evidence of linkage in 

the parental maps, even at a less stringent LOD threshold of 3.0. Following more 
detailed examination of linkages for this group, a single aOxaO AFLP marker 
(MGGC/PCA/10) was identified as the cause of this erroneous linkage and was 

subsequently discarded. When re-analysed, 37 groups containing three or markers 

were obtained. Two groups (I and 11) in the consensus map successfully incorporated 

previously unlinked groups from the parental maps. 

Calculation of recombination frequencies between all marker pairs of the resulting 
linkage groups led to the identification of a number of 'suspect' linkages in several of 

the larger linkage groups, i. e. where recombination frequency estimates were greater 

than 0.6. In all such cases, one marker of each pair was shown to be of the aOxaO type. 

Where highly suspect linkages were observed, as defined by a recombination 
frequency > 0.7 and a LOD > 1, the aOxaO marker involved was discarded from further 

analyses. For group V, also problematic in linkage group resolution with the paternal 

map, a suspiciously large number of dubious linkages were highlighted at LOD 4.0. 

On closer inspection this group was found to contain sub-groups of markers that 

showed no linkage in the parental maps, e. g. group F2 of the matemal map. An 

increase in LOD threshold to 7.0 was required to split this group into statistically more 

robust groups with no suspect linkages. Consequently, the resulting consensus group 
V does not represent all markers assigned to the corresponding groups in the parental 

maps. 
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Marker orders were determined only for those linkage groups that could be identified 

in one or both parental maps. When corresponding linkage groups of the parental and 

consensus maps were aligned, the map orders for the majority of markers present in 

both a parental map and the consensus map were identical for most linkage groups. 
However, for groups where marker orders were not in complete agreement between 

maps, the effect of each included AFLP marker of type aOxaO was systematically 

examined. In all such cases, the removal of one or more markers of this type corrected 
inconsistencies between the parental and consensus maps and reduced 'tension' 

between markers with regard to goodness-of fit. All remaining markers were easily 

placed without using the capability of JoinMap software to force problematic marker 

on to the map. However, for linkage group XI, the position of two AFLP markers 

remained inconsistent between the maternal and consensus maps. Here, the 'fixed 

order' feature of JoinMap was used to force the more robust maternal map order on to 

the consensus group prior to map calculation. Following implementation of this 

approach, mean chi-square goodness-of-fit contributions for each marker were 

examined and found to be statistically acceptable. 

Microsatellite SB874 could not be placed on the consensus map. This marker detected 

three alleles in the K3 population (segregation type abxac). When scored for parental 

alleles separately in the parental data sets, this marker could be assigned to linkage 

group IV of the paternal map. However, this marker showed no evidence of linkage to 

Group IV of the maternal map, instead forming a separate group with three AFLP 

markers (group 171). When constructing the consensus map, parental alleles were 

scored separately and mapped as two independent loci. SB874pl (paternal) mapped to 

group IV of the consensus map while SB874p2 (maternal) showed no linkage with any 

markers other than those identified in maternal group F1. 

Linkage groups Am, Af, B, D and E contained only markers derived from a single 

parent and, hence, no consensus linkage groups could be calculated. In addition, a 

consensus linkage group for group XVIII, previously described in Hanley et al. (2002), 

could not be calculated. Since this group was originally published, the use of more 

advanced sequence analysis software has led to the discovery that microsatellite 

markers SB78 and SB880 both target the same locus. Segregation data for 

microsatellite SB78 was discarded from the mapping data set, in turn, preventing the 
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calculation of a consensus group. The corresponding parental linkage groups are now 

referred to as XVIIlm and XVIIlf for the paternal and maternal maps, respectively. 

The resulting 21 K3 consensus groupst comprised 191 AFLP markers of types aaxab 

and abxaa, 81 AFLP markers of type aOxaO, one ESTP marker and 43 microsatellites 

of all types (Figure 3.8). Markers showing segregation distortion were detected on 

eleven of the linkage groups with some evidence of clustering on groups IV, VI, VIII, 

XI, XIV, XVI and XIX. The total map distance for consensus groupst was 1162 cM 

with an average marker interval between markers of 4.2 cM. 

* defined here as groups previously identified in the parental maps but comprising at least one marker heterozygous in both parents 
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3.4 Discussion 

The construction of a genetic map of S. vindnalis, a willow species commercially 
important for biomass production, is of fundamental importance to future molecular 
breeding endeavours. At the time that construction of the K3 map was initiated, no 
linkage maps for any willow species were available. However, mapping efforts in 

Sweden have since resulted in the publication of an AFLP/RFLP-based linkage map of 

a cross between the biomass cultivar S. viminalis var. Bjorn and S. schwerinii clone 
"L78183" (Tsarouhas et al., 2002). In contrast, a number of genetic maps have 

previously been reported for poplar species (Bradshaw et al., 1994; Wu et al., 2000; 

Cervera et al., 2001). As poplars are closely related to willows, opportunities should 

now arise for comparative genetic analysis between these important tree species. 

3.4.1 Choice of molecular markers 

The AFLP technique was chosen as it generates a large number of polymorphic 

markers per single assay (Vos and Kuiper, 1997) and, therefore, has the capacity to 

generate a large number of markers in a relatively short timeframe. Furthermore, 

AFLP markers are reliable and easily reproduced, in contrast to other PCR-based 

dominant marker systems, such as RAPDs, where reproducibility between laboratories 

has proven difficult (Jones et al., 1997). However, in certain configurations, AFLP 

markers may provide limited information for estimation of recombination frequencies 

and hence, may not be the marker of choice when mapping in outbreeders. For this 

reason, microsatellites were also employed. Although costly and time-consuming to 
develop, these co-dominant markers are highly informative in linkage analysis, 

particularly in abxac or abxcd configurations and are useful for anchoring maps 
derived from different populations. In addition, the PCR-based nature of 

microsatellites makes them more amenable to automation and high-throughput 

screening than hybridisation-based RFLP markers (also co-dominant). 
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3.4.2 AFLP markers 

Both AFLP techniques detected a large number of polymorphic loci, which is 

commensurate with the outbreeding/heterozygous nature of this species (Barker et al., 
1999). In general, fewer polymorphic AFLP markers were produced using the two- 

step PCR method of Vos et al. (1995) compared with the magnetic bead selection 

method (Zabeau and Vos, 1993). This difference may be attributed to a number of 

factors, including differences in the restriction enzymes used and the inclusion, in the 

two-step protocol, of an additional selective nucleotide on the EcoRI primer used in 

the selective amplification. However, the lower polymorphism obtained with this 

protocol was outweighed by an increase in throughput and a reduction in consumption 

of genomic DNA. Two restriction enzyme combinations, MseIlPstI and MseMoRL 

differing in sensitivity to cytosine methylation, were used in an attempt to achieve a 

wider distribution of markers across the genome, on the basis of the observation that 

sensitivity to cytosine methylation influenced map positions of AFLP markers in 

soybean (Young et al. 1999). 

3.4.3 Willow microsatellite markers 

The development of a large number of willow microsatellite markers during this study 

was facilitated by the highly enriched nature of the microsatellite library produced by 

Edwards et al. (1996). The failure of a several primer sets to generate PCR products in 

the K3 pedigree may be a consequence of nucleotide variation within the selected 

priming sites of the S. viminalis population under study and the species (S. burjatica) 

from which the library was made. Alternatively, this may be attributed to the use of 

sub-optimal PCR conditions. The lack of amplification could potentially be 

circumvented by the selection of alternative priming sites or by more thorough 

optimisation of PCR conditions. These approaches were not explored given that the 

time available for marker development was limited and that the availability of suitable 
library clones was not a limiting factor in the production of alternative markers. 
Furthermore, for use in subsequent mapping studies, in which PCR multiplexing 

would be used (Chapter 5), it was preferable to develop a panel of microsatellite 

markers that would successfully amplify target loci under the same PCR conditions. 
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While fragment detection based on [F]dCTP labelling was successfully used to map 

microsatellite loci SB525 and SB565, such an approach is not applicable to resolution 

of alleles that are similar in size (less than 4 bp difference) (Applied Biosystems; 

personal communication) and could not, therefore, be used to map all available 

microsatellite loci. Furthermore, at the time when microsatellite mapping was being 

performed, access to the AB1377 DNA Sequencer at LARS was severely limited due 

to heavy usage by other research groups. For these reasons, this specific use of 
fluorescence was not used further in this project. 

The development of willow microsatellite marker during this mapping study provides 

an important resource for future genetic studies in this genus. Microsatellites can be 

used to anchor maps generated from different crosses. Moreover, they can be detected 

using simple assays that can be adapted for high throughput screening (Mazur and 
Tingey, 1995). This can be very useful if microsatellite markers are found closely 
linked to agronomic traits of importance since they can be easily employed in MAS 

(Section 1.4.5). Microsatellites are also very informative in the characterisation of 

natural populations and germplasm collections, particularly when their map positions 

are known (Karp et al., 1996). Some of the microsatellites described in this and later 

chapters are currently being used for the genetic characterisation of the National 

Willow Collection at LARS and in populations studies of S. fragilis, S. alba and their 

hybrids. Ultimately, microsatellites could also be used for variety identification in 

willow through the construction of a database of variety "fingerprints". 

3.4.4 Poplar microsatellites 

Synteny between genomes (in which the gene order of genomes is conserved but not 

necessarily gene function) is now a well described phenomenon (Section 1.4.4). Given 

their close taxonomic relationship, it may be considered likely that poplar and willow 

genomes possess significant levels of synteny and collinearity. The exchange of 

sequence-based molecular markers, such as microsatellites, between poplar and willow 
has the potential to improve the efficiency of genetic studies in both genera, and may 

provide a basis for comparative mapping and QTL studies. Furthermore, comparative 

genetic approaches will become increasingly important, especially once the complete 

annotated poplar genome sequence becomes available ((6x draft sequence expected by 

the end of August 2003; DOE Joint Genome Institute, USA). 
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In this study, a proportion of microsatellite markers (5 out of 19) developed for use in 

poplar successfully amplified willow DNA. However, it has been suggested more 

recently that up to 75% of poplar microsatellites identified as a part of the current 

poplar genome sequencing effort, may be useful in willow (G. A. Tuskan, personal 

communication). Although incomplete for S. burjatica, "Germany" and the poplar 
hybrid "Ghoy", sequence data obtained for microsatellite locus PMGC223 was 

sufficient to suggest that corresponding loci were amplified in willow and poplar. 
Generation of complete sequence data for this locus, which could have been achieved 
by cloning PCR products prior to sequencing, was not pursued further during this 

project. Failure of a number of poplar primer sets to amplify willow DNA could be 

attributed to sub-optimal PCR conditions, although the difference in the sequence of 

regions flanking the microsatellite suggests that prevention of specific primer 

annealing may be a more probable cause. The two mapped poplar microsatellites 
(PMGC93 and PMGC2020) showed linkage on Group II of the willow map although 

they were not reported to be linked in poplar. However, PMGC2020 mapped to a 
different group in the P. trichocarpa map compared to the P. deltoides and P. nigra 

maps (Cervera et al., 2001). 

3.4.5 ESTP markers 

The efficacy of developing co-dominant willow ESTP markers based on expressed 

sequences from Populus for use in Salix was confirmed, although, due to time 
limitations, expression of these sequences in the latter was not investigated, nor were 

willow products sequenced for comparison with the original ESTs. Both of these 

aspects should be studied more comprehensively in future. Of the two loci tested, one 

possessed a significant size polymorphism and could be mapped using the 

visualisation method employed (agarose gel electrophoresis). While the detection of 

size polymorphisms using ESTP markers has been reported (Temesgen et al., 2001), it 

is likely that, given the greater degree of conservation in coding regions compared to 

non-coding regions (Cato et al., 2001), the detection of polymorphisms of this type 

may be the exception rather than the rule. Therefore, alternative polymorphism 
detection techniques, such as SSCP, PCR-RFLP or analysis of SNPs may be more 
suitable for efficient ESTP mapping in future. 
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Results obtained here suggest that the growing amount of Populus EST data may be 

exploited in the development of sequence-bascd co-dominant markers for use in Salix. 

The generation of additional markers of this type may provide a more efficient route 

towards comparative mapping between poplar and willow than that afforded by 

markers targeting non-coding genomic regions, i. e. microsatellites (Section 1.4.4). 

3.4.6 Segregation analysis 

The identification of markers displaying distorted segregation ratios has previously 
been described for a number of tree species (Bradshaw and Stettler, 1994; Cai et al., 

1994; Grattapaglia and Sederoff, 1994; Lanaud et al., 1995; Krutovskii et al., 1998; 

Marques et al., 1998; Arcade et al., 2000; Tsarouhas et al., 2002). The percentage of 

distorted markers detected here (18%) is equivalent to that reported in the willow map 

of Tsarouhas et al. (2002), and is similar to levels observed in linkage analyses of pine 

(14-15%; Kubisiak et al., 1995) and oak (18%; Barreneche et al., 1998). While 

segregation distortion in itself is not a reason to exclude markers from mapping 

studies, AFLP markers with highly skewed segregation ratios may represent 

superimposed loci of equivalent electrophoretic mobility that segregate independently 

in the mapping population and, if included in analyses, may result in erroneous maps. 

For this reason, highly distorted AFLP markers identified in this study were discarded. 

Furthermore, if a marker is distorted because it is linked to a gene involved in viability 

or sex-linkage for example then, due to linkage alone, all markers in that region should 

display distorted segregation ratios. Highly distorted markers that do not map to such 

regions should therefore be treated with caution. However, it is important that not all 

distorted markers are excluded from mapping studies as such markers can highlight 

regions of interest. For example, in a mapping study of poplar, Cervera et al. (2001) 

observed deviant segregation ratios in markers known to co-segregate with the gene 

for resistance to Melampsora rusts and suggested that the reason for distorted 

segregation ratios was the death of susceptible trees. Had these markers been excluded 
from the analyses, a functionally important region of the linkage map would have been 

omitted. Clusters of distorted markers have been observed in a number of tree species 
including poplar (Cervera et al., 2001), eucalyptus (Verhaegan and Plornion, 1996), 

pine (Kubisiak et al., 1995), oak (Barreneche et al., 1998) and now willow. 
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3.4.7 The K3 parental maps 

For construction of each parental map, AFLP and microsatellite markers that 

segregated only in the respective parent and, in addition, parental alleles from 

microsatellites of type abxac and abxcd, were used. The inclusion of markers 

segregating in both parents results in the estimation of recombination frequency for 

heterozygous marker pairs averaged for both male and female meioses and may, 

therefore, differ from parental estimates. This can give rise to conflicting marker 

orders between parental and consensus maps. For this reason, it was preferable to first 

construct independent parental maps to allow comparison of marker orders with those 
determined for a consensus map. 

For both the paternal and maternal maps, the number of resolved linkage groups 

exceeded the haploid chromosome number of willow (n=19) suggesting that additional 

markers will be required to bridge gaps between linkage groups and improve 

resolution. The smaller total map length of the paternal map (775.2 cM) in comparison 
to the maternal map (910.2 cM) suggests that a number of regions are still under- 

represented by those markers available in the paternal data set. For example, in group 
I of the consensus map (Figure 3.8) only three paternal markers showed linkage to this 

group. In the paternal map, one of these markers failed to link to any group, however, 

linkage could be established for the two other markers and the resulting marker pair 

spanned only 14 cM. In contrast, the corresponding linkage groups of the maternal 

map and consensus maps spanned 49.1 and 96.9 cM, respectively. 

3.4.8 The K3 consensus map 

As with the parental maps, the number of resolved linkage groups exceeded the willow 
haploid chromosome number. The incorporation of multiple groups of the parental 
maps into single consensus groups I and 11 suggests that linkage group resolution may 
be improved with additional markers in the future. The inclusion of AFLP marker data 

of type aOxaO in construction of the consensus map resulted in the identification of 
additional linkage groups that were not represented in the parental maps. This 

observation was not unexpected given that the parents of the mapping population were 
full-sibs and therefore, large regions of the resulting K3 map would be expected to 

comprise only AFLP markers of this class. Problems encountered when marker data 
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of this type were included in the analysis were highlighted by occasional discrepancies 

in marker orders between parental and consensus maps. In linkage analysis of outbrcd 

populations, aOxaO markers can be extremely uninformative in certain configurations 

and very often lead to estimation frequency estimates of 0.0 (Maliepaard et al., 1997). 

A number of markers were thus excluded in construction of the consensus map in 

order to achieve co-alignment with homologous linkage groups of the parental maps. 

However, inclusion of this marker class is beneficial for determination of linkage 

between matemal and paternal markers (types aaxab and abxaa) which cannot be 

established directly. This was exemplified by groups Am and Af, which showed 
linkage in the presence of two aOxaO AFLP markers in the consensus map data set, 

although these did not provide sufficient linkage infon-nation to allow map 

construction for this group as a whole. The identification of so-called suspect 

recombination estimates for a number of marker pairs may be a consequence of 

multiple homeologous loci existing in the S. viminalis genome. For example, if two 

homeologous segments of the same AFLP fragment were amplified, being 

heterozygous in one parent at both loci and homozygous absent at both loci in the 

other, a band would only be observed in one parent but would be over-represented in 

the full-sib offspring. Such scenarios would influence recombination estimates and 

result in suspect linkages. 

The distribution of AFLP markers across all linkage groups of the willow map 
indicates that this technology was particularly useful for rapid map coverage. The 

identification of obvious AFLP clusters on several groups is not uncommon and has 

been observed in previously published genetic maps including poplar (Wu et al., 
2000), rose (Debener and Mattiesch, 1999) and soybean (Young et al., 1999). This 

phenomenon may be explained by reduced recombination in chromosomal regions 

such as centromeres (Tanksley et al., 1992; AlonsoBlanco et al., 1998). Microsatellite 

markers were located on 18 of the 28 linkage groups identified and also showed good 
distribution across the map. These sequence-based markers will prove extremely 

useful for identification of homologous linkage groups in future mapping studies with 

new populations aimed at QTL analysis. 

1 linkage groups of the consensus map and groups exclusive to either parental map 
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By employing relatively stringent parameters for analysis, and by comparison of 

marker orders and map distances with parental maps, a statistically robust consensus 

map of willow was constructed. This genetic map was used as a framework for further 

mapping efforts described in Chapter 5, and also in QTL analysis (Chapter 6). 

3.5 Chapter summary 

9A genetic linkage map of S. viminalis was constructed based on the K3 

mapping population according to the double pseudo-testcross approach. 

9 Significant investment into marker development was required, ultimately 

resulting in the generation of 56 polymorphic microsatellites and 477 AFLP 

markers for inclusion in linkage analysis. 
19 n-krosatellite primer sets originally developed for poplar were tested in 

willow. Five loci were successfully amplified in the mapping pedigree, of 

which two segregated and were mapped. 
Two publicly available Populus ESTs were used as a basis to test the efficacy 

of developing ESTP markers for use in willow. Primers designed to these two 

sequences resulted in amplification of willow products. One locus was 

polymorphic in the mapping pedigree and was subsequently mapped. 

* The paternal map comprised a total of 132 AFLP markers and 25 microsatellite 

markers that mapped to 21 linkage groups of three markers or more. Resulting 

groups spanned 777.5 cM with an average marker interval of 7.9 CM. 

The maternal map comprised 139 AFLP markers and 33 microsatellite markers 
located on 25 linkage groups of three markers or more. These groups spanned 
910.2 cM with an average interval between markers of 8 cM. 

* The resulting 21 K3 consensus groupst comprised 191 AFLP markers of types 

aaxab and abxaa, 81 AFLP markers of type aOxaO, one ESTP marker and 43 

microsatellites of all possible segregation types. 

* This genetic map will be used as a framework for mapping in population K8 as 

described in Chapter 5, and also as in QTL analysis (Chapter 6). 

defined here as groups previously identified in the parental maps but comprising at least one marker heterozygous in both parents 
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4.1 Introduction 

This Chapter describes the choosing and establishment of a large segregating mapping 

population for use in QTL analysis aimed at identifying genomic regions underlying 
traits of agronomic importance. The rationale for selecting a mapping population to 

use as a basis for further study and the experimental procedures leading to this choice, 

are discussed. 

There were two main reasons for establishing a new mapping population. First, the K3 

family, used for construction of the genetic map (Chapter 3) comprised a relatively 

small number of progeny. The size of mapping population used for QTL analysis can, 
depending on the heritability of the traits under study (Moreau et al., 1999), greatly 
influence the outcome of such studies in several ways. For example, simulation 

studies by Beavis (1994) suggested that in QTL mapping experiments based on 

populations of 100 - 200 progeny, only a fraction of the true QTL may be detected. 

Furthermore, this study predicted that estimates of phenotypic effect attributed to each 
locus would generally be exaggerated with populations of this size. In order to gain 

more comprehensive and accurate information regarding QTL, studies based on 

populations comprising at least 500 progeny were recommended. The predictions 

made in this simulation study were later confirmed experimentally by comparison of 

results obtained in QTL analysis based on two maize testcross populations, both 

derived from the same parents but differing in population size (Melchinger et al., 
1998). In this experiment, a greater number of QTL were detected in the larger of the 

two populations. 

In addition to increasing the detection power of QTL mapping experiments, the use of 
large population sizes can also increase the precision with which QTL can be mapped. 
Often, depending on the heritability of the trait, confidence intervals associated with 
QTL locations can be large (Van Ooijen, 1992; Darvasi et al., 1993; Hyne et al., 
1995). These can be difficult to reduce, even if local marker density is improved 
(Kearsey and Farquhar, 1998). Increasing the number of genotypes included in a QTL 

study can be an efficient method of improving mapping precision (Asins, 2002). 

Second, although additional K3 progeny could have been generated from a further 

mating between the parents, previous field-based observations suggested that the level 
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of phenotypic variation for all traits to be targeted might not have been sufficient to 

achieve the goals of this study. For example, data resulting from field-based 

assessments of rust resistance/susceptibility performed in Sweden suggested that all 
K3 progeny were susceptible to rust infection, although the severity of resulting 
disease was shown to vary between individuals (I. Ahman, personal communication). 
These results may suggest that potentially important genes conferring resistance to rust 

are not segregating in this population, making K3 an inferior choice for use as the 

mapping population underpinning this present study. Furthermore, as the pedigree of 
the K3 cross comprised only pure S. viminalis species, it was considered unlikely that 

sufficient variation in resistance/susceptibility to willow beetle herbivory would be 

present for identification of underlying QTL (Section 1.2.3.2.1). 

For these reasons, a new willow mapping population, more suited to QTL analysis, 
both in terms of population size and segregation of important agronomic traits, was 

established. 

4.1.1 Selection of candidate populations 

From 18 diploid crosses originally produced from parental material in the National 

Willow Collection (NWC), as part of the European Willow Breeding Programme 

(EWBP), seven were highlighted as potential candidate families for use in this study 

(Table 4.1). These crosses had all produced sufficient numbers of seed to allow for the 

establishment of a large population for subsequent QTL analysis. Furthermore, based 

on field assessments performed by the willow breeder at LARS, the parental pedigrees 

suggested that the traits being targeted in this present study had a high chance of 

segregating in the various progenies (K. N. Lindegaard, personal communication). 
However, clearly this could not be guaranteed for all crosses or for all traits of interest. 

For this reason, two populations were initially chosen for inclusion in the field trial. 

From these, the choice would be narrowed to a single population for use in QTL 

mapping on the basis of results obtained in trait assessments performed during the 

establishment year. 

Prior to making the final choice of the two candidate mapping populations, molecular 

marker analysis of the expected pedigrees of each of the candidate crosses was 
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performed (Section 4.2.2). These experiments led to the exclusion of three of the 

seven candidate crosses (Section 4.3.1). 

As resistance to rust diseases is of key importance in the success of SRC plantations 
(Section 1.2.3.1.1), the final choice of most suitable crosses was made largely on the 

basis of field-based rust assessments performed at LARS and in Sweden as part of the 

willow breeding scheme. Taking all the above into account, the progenies of crosses 

K1 and K8 were selected as the two mapping populations that were then established in 

the field trial for use in subsequent analyses. 

The statistical design of the field trial was developed in consultation with the Long 

Ashton statistician Dr. Phil Brain and also Mr. Guy Donaldson, the farm manager and 

the Field Experiments Committee at Long Ashton who have considerable experience 

of designing willow field trials. 
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The parents of both the KI and K8 crosses were full-sib members of the K477 

population, originally produced by Svalbf Weibull AB in Sweden. Of the original 

population, 21 individuals were retained by the breeding company following initial 

selections on the basis of either high or low levels of rust resistance. Of the remaining 

progeny, 14 were originally considered to be broadly resistant to rust and were labelled 

with the prefix 'R' (RI - R14). The remaining seven family members were found to be 

more susceptible to infection and were labelled with the prefix 'S' (S1 - S7). It is 

important to note that these prefixes were assigned on the basis of original rust 

assessments performed in Sweden and were relative, i. e. rust resistance was not 

necessarily complete for all individuals labelled as resistant and the levels of 

susceptibility varied from one susceptible individual to another (Table 4.2). 

Table 4.2. K477 population field-based rust scores recorded in 1996 and 1997 in 

Sweden. Scores were assigned on a scale ranging from 0-6 where 0= no rust found: 

6= severe rust infection (Ahman, 1997). Mean values derived from assessment of 

three clonal replicates per K477 individual are provided. Parental (SW880435 var. 
Astrid and SW930984) and grandparental (SW880435 var. Astrid and SW910006 var. 
Bjbm) scores are also shown. 

Progeny RI R2 R3 R4 R5 R6 R7 R8 R9 RIO RIl R12 R13 R14 

Rust Score 1996 0.5 1 0.33 010.17 0 0.17 0.17 2.17 0.33 0.17 0.17 0.17 

Rust score 1997 0.5 

Mean Rust Score 0.5 

0 

0.5 

0 

0.17 

0 

0 

1.5 

1.3 

0.17 

0.17 

0.17 

0.09 

0.17 0.17 0.17 

0.17 0.17 1.17 

0000 

0.17 0.09 0.09 0.09 

Sl S2 S3 S4 S5 S6 S7 Astfid 930984 Bjbm 

Rust Score 1996 1.7 2 3 3 2 2.67 3.67 3 0.17 0 

Rust score 1997 2.2 2 2.83 3 2.7 3.5 4.5 3.83 00 

Mean Rust Score 1.9 2 2.92 3 2.3 3.09 4.09 3.42 0.09 0 

Source: I. Ahman, Svalbf Weibull AB, Sweden. 

The two crosses selected for further study, K1 and K8, were of types RxR and RxS, 

respectively (Figure 4.2). As the genetic basis of resistance was unknown at this time, 

it was important to select these two contrasting crosses to increase the likelihood that 

rust resistance would segregate in at least one mapping population. To illustrate, in the 
hypothetical case that a single dominant gene confers complete resistance, then two 

scenarios in which segregation would not occur were possible. First, if in the RxR 
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cross if at least one parent was homozygous resistant (RR) then all offspring would be 

of type RR or Rr and no phenotypic segregation for rust resistance would occur. 
Similarly, in the case of the RxS cross, if one parent was homozygous resistant (RR) 

and the second parent was homozygous susceptible (rr), then all progeny would be of 

genotype Rr and no segregation for rust phenotype would be observed. 

4.1.2 Increasing the number of K3 progeny 

As the segregation of traits of interest could not be guaranteed for populations K1 and 
K8, a further cross between the K3 parents was performed to generate a greater 

number of progeny as a contingency for use in QTL mapping should the KI and K8 

populations prove to be uninformative. The increased progeny size would increase the 

power of any future QTL studies based on this population (section 4.1). An additional 
143 seeds were produced and one year old stems were grown and used to make 

cuttings for inclusion in the field trial, increasing the number of K3 full-sibs to 209. 

4.1.3 Experimental design 

After the K1 and K8 segregating populations had been chosen as candidate mapping 

populations for use in this study, careful consideration was given to the design of the 
field trial from which trait data would be generated. This was of fundamental 

importance to the power of the experiment, both in terms of the ability to detect QTL 

and also the robustness of associated results. 

The first major consideration concerned the question of whether to plant several 

replicates of each genotype at different positions within the trial site. By assessing 
traits of interest at various Jorr positions within the site, the effects of environmental 

variation can be accounted for, thus, the heritability of individual QTL may be 

enhanced and the power of the QTL study improved (Kearsey and Farquhar, 1998). 

However, the K1 and K8 populations had only been grown for a single season in the 

nursery and the amount of material available for the production of cuttings was 
limited. In order to generate sufficient material to implement such a planting regime, a 
further year's growth would have been necessary. Due to time limitations imposed on 
the project, this was not a feasible option and an alternative strategy was adopted, in 

which, six clonal replicates of each K1 and K8 genotype were planted as single plots, 
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each in a2x3 arrangement, within the field experiment (Figure 4.1c). To facilitate 

identification of possible environmental inconsistencies across the trial site, and to 

allow subsequent adjustment of trait values prior to QTL analyses (Section 6.2.2), a 

reference willow variety was planted at several pre-selected plot positions throughout 

the site (Figure 4.1). This provided a robust control of spatial heterogeneity as all such 

plots would contain genetically identical individuals and any variation identified 

between them would be a consequence of environmental influences only. The biomass 

cultivar, S. viminalis var. Jorr, was selected as the reference variety for several reasons. 
First, as a large amount of planting material would be required, it was important to 

select a genotype for which sufficient material was available. For this reason, a 

commercially available cultivar was selected. Second, as the mapping populations 

were not expected to yield as well as some of the elite biomass varieties, the possibility 

of extensive competition between any reference plots and nearby plots comprising 

progeny of mapping population was considered. The variety Jorr generates a low to 

mid-range yield in comparison to some of the more recently marketed cultivars and 

was, therefore, deemed suitable for this role. Furthermore, this variety is susceptible to 

both rust disease and willow beetle herbivory and would not, therefore, be expected to 

act as a barrier to the spread of either of these pressures throughout the field trial. 

The cultivar Jorr was also planted in a double buffer row around the perimeter of the 

mapping populations to minimise any 'edge effects' that may influence phenotype. 

For example, in the absence of any buffer row, the growth of mapping population 

individuals located at the edge of the trial may have been more heavily influenced by 

environmental factors such as increased exposure to harsh weather conditions, 
decreased competition from neighbouring plots, greater light availability, etc. In 

addition, it was necessary to include seven double tramline rows within the population 

to allow for tractor access. 

In order to keep the mapping study relevant to current SRC growing practices, the 

spatial design of the field trial was based on planting regimes similar to those 

employed in commercial biomass plantations (Figure 4.1c). Furthermore, the trial 

would be harvested in accordance with a standard SRC rotation scheme, i. e. the trial 

would be cut back following the establishment year and again after the third year of 

growth. The final design of the field experiment is shown in Figure 4. L 
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4.1.4 Pedigree authentification 

The pedigree of individuals used as parents for the candidate mapping populations 
(Table 4.1) were checked using molecular markers by screening their grandparents and 

parents in the NWC (see Section 1.2.4.1). Only crosses where the lineage had no 
discrepancies were chosen. As the work progressed, however, and the progeny of the 

crosses were established, discrepancies in marker profiles between progeny and 

parents became evident, suggesting that the identification of the parents from 

individuals Rl-R14 and SI-S7 of K477 may not have been accurate (Section 5.1-2). 

These data were not known at the time of planting the populations but clearly has 

subsequent implications for the work described in this Chapter. In particular, to a large 

extent, it meant that the trait information generated for the expected parents as part of 
the work described in this Chapter was not directly relevant to the study. However, 

although not discussed in detail here, the incorrect parents are included in descriptions 

of methods and results to illustrate their consideration in experimental designs. The 

identification of the correct parents for the selected cross is described in Chapter 5. The 

implications of the inclusion of the incorrect parents in early stages of this study are 
discussed in greater detail in Chapters 5 and 6. 

4.2 Materials and Methods 

4.2.1 DNA extractions for pedigree authentification 

For DNA extractions, leaf material was collected from parents and grandparents 

growing as part of the NWC at LARS. The Nucleon Phytopure Plant DNA Extraction 

Kit was used for all extractions as described in Section 2.4.1. Resulting DNA quality 

and quantity was determined by agarose gel electrophoresis (Section 2.4.2). 

4.2.2 AFLP analysis of candidate pedigrees 

AFLP analysis was performed using two primer combinations (MACA/PCC and 
MACA/PAC) according to AFLP Method 1 (Section 2.5.2.1). Profiles for all parents 
and grandparents of the candidate crosses were generated (individuals are listed in 
Table 4.1). To test the robustness of the technique, two DNA samples extracted in two 
independent years were included for varieties Bjbm and Astrid. To confirm that the 
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expected pedigrees of the potential crosses were possible, resulting autoradiographs 

were examined to confirm that all AFLP bands found in the candidate parent profiles 
were also observed in the profile of a respective grandparent. 

4.2.3 Pedigrees of the chosen crosses KI and K8 

The expected pedigree information of the two selected crosses for inclusion in the field 

trial is shown in Figure 4.2. All plant material used to make the crosses was collected 
from the NWC at LARS. Crosses were performed as described in Lindegaard and 

Barker (1997) as part of the European Willow Breeding Programme. 

Figure 4.2. Expected pedigrees of the Kl and K8 crosses. 
Cross Kl: 

Great grandparents: SW880435 (var. Astrid) x SW910006 (var. Bj6rn) 

(S. viminalis) (S. viminalis x S. schwerinii) 
I 

Grandparents: SW880435 (var. Astrid) x SW 930984 

(S. viminalis) I 
(S. viminalis x S. schwerinii) 

F- --l 

Putative parentst: R6 x R11 
I 

Progeny: 2331 Seeds 

ý 
see Secdon S. 1.2 

Cross K8: 

Great grandparents: SW880435 (var. Astrid) x SW910006 (var. BjOm) 

(S. viminalis) (S. viminalis x S. schwerinil) 
I 

Grandparents: SW880435 (var. Astrid) x SW 930984 

(S. viminalis) (S. viminalis x S. schwerinii) 
F- --l 

Putative parentst: Sl x Rll 

Progeny: 1353 Seeds 

T: see Secdon 5.1.2 
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4.2.4 Preparation of cuttings for planting the field trial 

After the choice of crosses for inclusion in the field trial had been made (KI and K8), 

950 seeds from each cross were germinated and grown in a glasshouse. When 

sufficient growth was obtained, seedlings were pricked out into trays, each containing 

24 plants, and transferred to the nursery. Following one season of growth, viable 

progeny from each cross were individually labelled (Figure 4.3) and stem heights were 

recorded. All individuals were then harvested and each used to generate six 15 cm 

cuttings per genotype for planting in the field trial. Where the length of an individual 

was too short for the production of six cuttings, rather than make six cuttings of shorter 
length, the maximum number of 15 cm cuttings possible was made. Cuttings of the 

creference' clone used for planting throughout the trial, within the mapping 

populations, were generated from the biomass variety 'Jorr' taken from the NWC. 

Additional 'Jorr' material for use as buffer rows and tramlines was purchased from 

Murray Carter. Parental and grandparental material was obtained from the NWC. 

Following harvest of material in the nursery, labelled rootstocks were retained and 

transferred back into a gauzehouse to allow growth of leaf material for use in 

subsequent laboratory-based beetle feeding and rust resistance assays (Section 4.2.7). 

Cuttings were maintained in cold storage at VC prior to planting. 

Figure 4.3. The K1 and K8 mapping populations growing in the nursery at LARS. 
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4.2.5 Planting the Held brial 

Prior to planting, the trial site was prepared by marking out the area, spraying with 

glyphosate to remove grass weeds, harrowing and rolling. To ease planting, the 

ground was first softened by watering. Six cuttings per individual were planted by 

hand according to the field plan during 20 th 
-23 rd March 2000 (Figure 4.4). As the 

quality of the cuttings was not consistent for some progeny that were low-yiclding in 

the nursery, those with the largest diameter were preferentially planted in positions 3 

and 4 of each plot (Figure 4.1), as the majority of phenotypic assessments would be 

based on stools growing at these positions (Section 4.2.6). Where less than six cutting 

were available, plot positions remained empty to prevent possible errors in future 

assessments and sampling. To promote establishment, the cuttings were watered 

immediately after planting. An electrified rabbit fence was erected to surround the 

entire trial site. 

Figure 4.4. Planting the field trial. 
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4.2.6 Fleld-based trait assessments 

Field-based phenotypic assessments were performed for several traits so that the most 

suitable population for future genotyping (Chapter 5) and QTL analysis (Chapter 6) 

could be chosen. Traits assessed in both of the KI and K8 populations included rust 

resistance/susceptibility, destructive assessments of yield (fresh and dry weights) and 
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assessment of two important components of yield (stem height and stem diameter) 

(Tsarouhas et al., 2002). All genotypes of the KI and K8 progenies were included in 

assessments. Plots containing parental and grandparental material were also assessed. 
To allow identification of any across-site variation in trait values and adjustment of 

phenotypic values prior to QTL analysis if necessary (Section 6.2.2), trait values for 

the 'Jorr' individuals interspersed throughout the trial were also recorded. 

Prior to all assessments relating to yield, all plots were examined for damage arising 
from mammalian pests such as deer, hares and rabbits. So as not to introduce 

erroneous trait scores into the experiment, all stools showing evidence of damage were 

excluded from yield-related assessments. 

4.2.6.1 Field-based assessments of rust resistance 

To ensure that rust infestation of the trial had progressed to a maximum level, field- 

based assessments of rust resistance/susceptibility were performed late in the growing 

season (September 2000). Plants were visually examined for the presence of uredinia 

and each genotype was assigned a score according to a scale developed and used in 

previous years' assessments by researchers at LARS (Hunter and Peacock, 2001). 

Scores ranged from zero, if no evidence of infection was observed, to six, where the 

leaf surface was almost completely covered in pustules and evidence of defoliation 

was observed. Scores obtained from the two stools in positions 3 and 4 of each plot 

were averaged to give a final value for each plot. 

4.2.6.2 Destructive yield assessments 

Following growth in the establishment year, all plots within the field trial were 
harvested during January - February 2001. Total fresh weights were recorded for stools 
3 and 4 of each plot. Mean values were calculated from the two individual 

measurements obtained per plot. 

For assessment of the dry matter yield, material from plants 3 and 4 of each plot was 

chipped using a standard garden chipper and transferred into individual trays for 

drying at 100'C for 17 h. Resulting dry material was weighed to determine the total 
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dry yield. These data were then used to calculate the mean percentage moisture 

content of each individual plot. 

4.2.6.3 Stem diameter assessments 

Prior to harvest of the entire trial in 2001, stem diameters were measured for all stems 

of stools at positions 3 and 4 for all progenies, parents, grandparents and 'Jorr' 

reference clones. All stem diameter measurements were recorded at an above ground 

stem height of 55 cm using digital calipers (Masser Caliper Model 35, Savcor Ltd. ) 

according to the Manufacturers' instructions. For initial trait analysis described in this 

Chapter, the mean of the maximum stem diameter for each of the two stools measured 

per plot was used. 

4.2.6.4 Stem height assessments 

Two independent assessments of stem height were performed. The first was based on 

the single stems of each individual K1 and K8 genotype following the initial season of 

growth in the nursery. For the second assessment, based on the populations growing in 

the field trial, the heights of all stems per stool were recorded for plants 3 and 4 of each 

plot assessed. This latter assessment was performed immediately prior to the 

destructive yield assessments. To obtain a final trait value, the mean value of the 

maximum stem height of plants 3 and 4 was calculated. 

4.2.7 Laboratory- based trait assessments 

In addition to the field-based trait assessments outlined in Section 4.2.6, two 

laboratory-based experiments were performed. The first was a rust resistance assay 
based on leaf disc inoculation techniques developed at LARS (Pei et al., 1997). The 

second aimed to identify any differences among individuals of the mapping population 
in their attractiveness to the leaf-feeding invertebrate pest, the blue willow beetle 

(Phratora vulgatissima). 
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4.2.7.1 Laboratory-based assessment of rust resistance 

Laboratory-based assessments of rust resistance were performed essentially as 
described by Pei et al. (1996). In brief, leaf discs (1.1 cm diameter) were prepared 
from 100 randomly selected individuals from the KI and KS populations and 100 

individuals from the K3 population, to include the 66 original progeny used to 

construct the K3 linkage map and 34 randomly selected additional progeny (Chapter 3) 

(Table 4.3). For K1 and K8, leaf material was obtained from regenerated rootstocks 

growing in a gauzehouse. For K3 individuals I- 66, five cuttings per individual were 

grown in six-inch diameter pots. Additional K3 material (individual 67 onward) was 

obtained from regenerated rootstocks. 

Table 4.3. Individuals selected from the K1, K8 and K3 mapping populations for 

inclusion in rust inoculation tests. 

Population Individuals included 

KI 2,7,17,17,25,32,40,44,48,53,62,86,92,94,109,113,115,117,131,144,151,164,165,177,179,185,218, 
241,244,256,259,262,268,276,297,299,308,387,389,402,426,440,447,454,471,476,496,513,519,527, 
530,533,542,548,557,562,567,568,580,600,605,619,631,665,668,686,694,722,724,732,750,758,759, 
770,778,780,782,802,815,821,829,834,841,844,846,849,852,865,868,877,889,892,893,899,903,907, 
908,925,928,933,936 

KS 5,19,30,35,37,43,46,53,71,78,81,82,87,114,125,134,137,141,160,167,172,177,178,211,215,219, 

223,229,232,235,247,248,250,266,280,282,331,333,334,349,337,360,365,400,412,428,438,439,443, 

446,453,470,473,488,495.496,502,507,511,520.530.542.550.556,574,588,591,596.599.619.626,651, 

652,655,676,706,711,718,756,766,769,776.785.810,814,830,836,845,850,856,860,878,889,896,881, 

904,918,920.928,929 

K3 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33, 

34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63, 

64,65,66,68,76,79,82,91,93,99,100,101,103,104,108,111,112,113,118,126,133,137,150,153,154, 

163,167,170,175,178,184,188,190,195,196,202,205 

Leaves five - ten (where one is the first unfurled leaf, defined when the furled edge is 

less than one-third of the entire leaf edge) were used. Leaf discs (1-1 mm2) were 

placed on tap water-soaked paper bridges, abaxial side uppermost, in 10 x 10 cm repli- 
plates (Sterilin). Pfior to inoculation, isolates of LET1 (isolate VMP891-IR; kindly 

provided by M. Pei) and LET5 (isolate STP895-11; M. Pei) were multiplied by re- 
inoculation of detached willow leaves floating on tap water in Petri-dishes at 18-20 T 

in an illuminated growth chamber. Spore suspensions of I-2x 10 5 viable spores per 
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ml were prepared in tap water containing 0.004% Tween 20 (Sigma) and inoculated 

onto the leaf discs using a Humbrol air brush (Humbrol Ltd, UK). Following 

inoculation, the leaf discs were incubated at 16'C with 16 h/d illumination at an 
intensity of 80 gE m'2 s*1 for 13 days. Leaf discs were then digitally photographed to 

provide a permanent record of the results. 

To obtain a rust resistance/susceptibility score for each individual, the number of 

pustules on each of the five replicate leaf discs was recorded and a mean value 

calculated per genotype. 

4.2.7.2 Laboratory-based beetle feeding experiments 

The beetle feeding experiment was based on a protocol previously developed at LARS 

(Wiltshire et al., 1997). This approach aims to identify feeding preferences of willow 
beetles for a particular willow genotype when presented with a selection of different 

genotypes on which to feed. 

For the K1 and K8 progenies, 89 individuals were randomly selected (Table 4.4) for 

testing. From the K3 population, 89 individuals were also selected to included 

progeny numbers 1- 66 and 23 additional individuals randomly selected from the 

numbers 67 - 209. Parental material for each of the populations was also included in 

each respective experiment. The experimental design was based on an incomplete 

Latin square model to ensure that a leaf disc from a given tested individual never 

occurred in a Petri-dish with a disc from any of the other tested individuals more than 

once. This approach aimed to eliminate the possible effects arising from the 

occurrence of competing choices within the same Petri dish. The layout of leaf discs 

within dishes is provided in Appendix I. 
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Table 4.4. K1, K8 and K3 individuals included in laboratory-bascd beetle fccding 

assays. 

Population Individuals included 

KI 25,29,33,52,74,78,81,82,89,93,115,116,133,142,159,164,168,171,177,199,201,205,216,225,229,235, 

236,244,252,256,266,299,300,305,308,309,320,324,328,352,353,374,410,420,424,425,433,451,463, 

475,488,502,518,538,554,555,603,607,614,615,633,652,654,658,664,669,680,683,686,699,702,715, 

743,751,776,786,788,806,820,819,840,860,865,868,874,877,919,929,939 

K8 10,19,26,46,50,71,77,84,94,106,127,132,166,176,180,183,189,192,197,230,237,241,256,287,292, 

297,296,309,315,319,323,326,347,350,359,379,381,386,414,420,421,422,434,436,438,440,460,470, 

503,507,517,520,542,547,548,555,577,581,583,597,608,614,628,648,695,728,732,759,763,767,772, 

774,781,786,805,817,825,841,866,868,880,905,909,912,915,920,921,931,939 

K3 1 -66,74,75,88,96,98,100,101,108,114,118,128,131,132,136,142,146,158,164,175,180,188,203,204 

Due to the large scale of the experiment it was necessary to assay each population at a 
different time. On the day of each experiment, 910 adult A vulgatissima beetles were 

collected from willows growing at LARS and starved for 6h prior to release. Ten leaf 

discs per plant (1.2 cm diameter) were cut firom the selected individual regenerated 

rootstocks growing in the glasshouse and pinned, using fine entomological pins 
(Watkins Ltd, Doncaster) at even intervals, axial side uppermost, to labelled filter 

papers (Whatman) in 22 cm diameter Pctri-dishes (Sterilin) according to the model 
design (Appendix 1) as illustrated in Figure 4.5. 

Figure 4.5. Schematic representation of leaf disc layout for Petri-dish 1, population 
Kl. 

633 751 

I KI-Dish 1 

201 865 

309 
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To avoid desiccation of leaf discs during the experiment, 5 ml of tap water was added 
to each dish. Ten beetles were released into each dish and allowed to feed for 16 h. 

Leaf discs were then removed and digitally photographed to provide a permanent 

record of the results. The amount of leaf area remaining for each leaf disc was then 

recorded, using an Optomax. V Image Analyser (Synoptics, Cambridge), and the mean 
for each individual was calculated from the ten replicates per genotype. 

To allow for a more informed choice of population for subsequent use in this study, 

resulting assessment values for the K1 and K8 experiments were analysed using 

analysis of variance (ANOVA) in Genstat (Section 2.7.3) to test whether resulting 

differences in area of leaf remaining between individuals were significant in each 

population, i. e. observed differences were not due to experimental inconsistencies 

only. 

134 



4.3 Results 

4.3.1 AFLP analysis for authentification of parents used in candidate pedigrees 

AFLPs were used to check the identification of the parents of seven candidate crosses 

against their known parents and grandparents in the NWC. Both primer combinations 
used for AFLP analysis successfully generated high quality profiles. The two 
independent profiles generated using different DNA extracts for the varieties Bj6m and 
Astrid were identical for both samples, indicative of the robustness of the experiment. 
In profiles generated with both primer combinations, several clear bands were detected 

in the full-sib individuals LA940140, LA940143 and LA940112 that were not present 
in either of the parental profiles (112/18 "Brunette Noire" and 115/34 "Bowles 
Hybrid") (Figure 4.6). Furthermore, several bands detected in 112/18 "Brunette 
Noire" were not detected in any of the three progeny analysed (Figure 4.6). With the 

exception of a single band, all bands detected for the second expected parent (115/34 

"Bowles Hybrid") were also detected in the profile of at least one of the three 

offspring. 

In contrast, all AFLP bands in individuals of the K477 population were present in 

either of the parents SW930984 or SW880435 var. Astrid. Similarly, all bands 

detected in LA960230 and LA960231 (cross 581; Table 4.1) were also observed in 

their parents (SW910006 var. Bj6m and 33/08 "Pavainen"). 
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Figure 4.6. An AFLP autoradiograph showing profiles generated for all candidate 

parents and grandparents of the mapping population. Pedigree information is provided 
in Table 4.1. 
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4.3.2 Establishment of the field trial 

Of the 950 seeds randomly selected for each of the KI and K8 populations, 946 and 
947 seedlings survived in the nursery, respectively. For the KI and K8 populations, 
915 (96.7%) and 869 (91.8%) individuals grew to a sufficient length to yield six 

cuttings, respectively. Details of the number of cuttings yielded by the remaining 31 

K1 and 78 K8 individuals are summarised in Table 4.5. 

Table 4.5. Individuals of the KI and K8 populations that failed to yield sufficient 

material for the production of six cuttings. 

Number of cuttings Population 

KI K8 

118,275,827 263,758 

2 163,818 162,238,245,291,324,425,563,586,716,733,791, 

890,899,927,930 

3 83,265,255,643,762,858 85,269,332,538,724,755,780,921,940 

4 237,298,332,359,479,581,764,905,906 14,158,221,243,273,382,419,427,454,480,567, 

595,615,689,699,717,719,725,768,914 

5 15,329,427,545,616,787,771,826,875,898,938 11,28,58,86,147,181,225,261,264,265,268,283, 

300,310,314,318,322,401,415,430,435,441,487, 

497,507,518,531,554,578,754,760,851 

For all populations, a high proportion of cuttings successfully established. For 

example, 5322 (-97%) of the 5513 K8 cuttings originally planted survived 
establishment. In general, both populations grew well during the establishment year. 
However, despite the presence of an electrified rabbit fence around the site, significant 
levels of mammalian damage, attributed to grazing by deer, were observed in some 

areas of the field trial. This was most prevalent along the northern and western 

perimeters of the trial, and also in the south-westem comer. As a result, several stools 

were excluded from subsequent yield-based trait assessments. 

Following harvest after the first year of growth, established stools successfully 
regenerated as shown in Figure 4.7. 
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Figure 4.7. The field trial at LARS in the second year of growth. 

4.3.3 Trait assessments 

4.3.3.1 Fleld-based assessments 

In the K1, K8 and K3 mapping populations phenotypic variation was observed for all 

field-based traits assessed. The distributions of raw, unadjusted scores for each trait 

assessed are shown in Figure 4.8. For all traits assessed, with the exception of mean 

number of stems per stool, a wider distribution of phenotypic values was observed for 

each trait in the K1 and K8 populations in comparison to K3. Furthermore, again with 

the exception of mean number of shoots per stool, greater variation for all traits 

assessed was observed in K1 than in K8. When comparing trait distributions between 

populations K1 and K8, phenotypic values were, in general, more evenly distributed 

across the range of observed values in K8 than in K1, i. e. for the rust assessment, rust 

scores between 0 and 1 were recorded for 66.5% of K1 individuals assessed. 

However, for K8,39.5% of rust scores were in this category. A similar trend was 

observed for A other traits assessed. 

For all traits, variation in the values recorded for the reference Jorr plots within the Kl 

and K8 populations, was observed (Table 4.6). However, for each trait, the level of 

variation observed in such plots was less than that observed within the K1 and K8 

progenies. Furthermore, with the exception of fresh weight, greater variation was 

observed for all traits in Jorr plots interspersed throughout the Kl population than for 

those within K8. 
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Summarised trait data for the KI and K8 mapping populations, their respective 

putative parents and grandparents and the reference Jorr plots within each population 

arc shown in Table 4.6. 

Figure 4.8. Field- and nursery-based trait value distribution plots. 
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Figure 4.8 continued. 
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4.3.4 Laboratory-based trait assessments 

4.3.4.1 Laboratory-based assessment of rust resistance 

Following the 13 day incubation period, pustules were observed on several of the leaf 

discs derived from the Kl, K8 and K3 populations with both the LETI -and LET5 

pathotypes. For populations K1 and K8, several leaf discs showed no evidence of 

infection, while others showed high levels of susceptibility. However, pustules were 

observed on all individuals from the K3 population, although the level of infection 

varied between the progeny. An example of results obtained from a single repli-platc 

is shown in Figure 4.9. 

Figure 4.9. An example of a single repli-plate showing variation in the number of 

observed uredinia (pathotype LET5) for five individuals of the KI population. 
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The distribution of mean pustule counts for each population tested and for each 

inoculum used is shown in Figure 4.10. 

Figure 4.10. Distribution plots for mean pustule count data for the Kl, K8 and K3 

populations, following inoculation with two rust pathotypes (LET1 and LET5). 
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Table 4.7. Summary of rust inoculation experiment data. Values refer to mean pustule 

counts calculated from five replicates per genotype. 

Population K1 K8 K3 

Pathotype mean min max mean min max ----------------- mean min max 

LET1 4.2 0 29 5.8 0 24.2 8.3 1.4 20 

LET5 10.3 0 22.6 10.3 0.6 22.6 6.9 4.1 9.6 
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4.3.4.2 Laboratory-based beetle feeding experiments 

For each experiment, variation in the amount of leaf area remaining was observed 
between individual leaf discs of the K1, K8 and K3 progenies. An example of the 

results from a single dish is shown in Figure 4.11. 

Figure 4.11. Variation in the amount of leaf area remaining for the ten leaf discs 

included in a single Petri-dish (Dish 2; Appendix 1) of the KI beetle feeding 

experiment. 
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The distributions of trait scores for each of the three populations tested are shown in 

Figure 4.12 and the results are summarised in Table 4.8. 

Figure 4.12. Distributions of beetle feeding test results for populations KI, K8 and 

K3. 
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Table 4.8. Summary of results from beetle feeding assays for populations KI, K8 and 

K3. Values indicate the mean amount of leaf area remaining (mm 2) calculated from 

the ten replicates per genotype. 

Population K1 K8 K3 

mean 89.29 94.49 79.92 

min 64.48 75.50 51.10 

max 103.09 107.87 100.75 

Following statistical analysis by ANOVA, kast significant diffcrcnce (LSD) valucs at 

P=0.05 were 13.353 and 10.213 for the K1 and KS data sets, respectively. 

4.4 Discussion 

The Chapter describes how data generated from molecular marker analyses and field- 

and laboratory-based trait assessments were used in making an informed choice of full- 

sib population for use in the QTL mapping part of this present study. All data 

generated from analyses and assessments were, therefore, addressed only in this 

context. More detailed examination of the fundamental information afforded by the 

trait data is provided in Chapter 6. 

4.4.1 AFLP analysis of candidate pedigrees 

The identification of several bands in the AFLP profiles that were not detected in the 

either of their parents of three of the full-sib willows (LA940140, LA940143 and 

LA940112), included in the list of candidates for establishment of the new QTL 

mapping population, indicated that the pedigree information that had been provided 

was incorrect. The detection of numerous bands in the profile of the expected male 

parent, S. triandra "Brunette Noire", that were not present in any of its three progeny 

suggested that this clone was the not the individual used in the original cross. In 

contrast, the observation that all but a single AFLP band detected in the profile of the 

proposed female parent were also detected in at least one of the three progeny tested, 

may suggest that this clone is a true parent. These results led to the exclusion of 

145 



crosses 524,529, and 553 from those that may have eventually been used as the 

mapping population. 

All AFLP bands detected in the K477 population individuals (RI1, S3, R6, RIO and 

SI) were also detected in the parental (SW930984 and SW880435 var. Astrid) and 

grandparental (SW910006 var. Bjbm and SW880435 var. Astrid) profiles. This was 

indicative of the robustness of this pedigree. This was also found with the full-sib 

willows LA960230 and LA960231 used to make cross 581 (Table 4.1). 

The value of molecular markers in pedigree testing was clearly demonstrated in this 

phase of the study, with the results obtained from AFLP analysis playing a key role in 

the final selection of candidate mapping populations. 

4.4.2 Field-based trait assessments 

For all field traits assessed, inter-population comparisons of trait values were 

performed based on the raw data recorded in the field and did not, therefore, take 

account of any positional variation that may have been present within the trial site. 

While the adjustment of recorded trait values according to any spatial heterogeneity 

observed across the Jorr reference plots may have permitted a more informed choice of 

the mapping population, limitations regarding both time and statistical support 

prevented such an approach being employed. However, where applicable, trait data 

generated in this phase of the project was later adjusted for spatial variation prior to 

use in QTL analysis (Section 6.2.2). 

4.4.2.1 Field-based assessment of rust resistance 

Rust scores in both K1 and K8 progenies ranged across all possible scores, but the 

replicated Jorr plots yielded a narrower range of rust scores in comparison (Table 4-6). 

This suggested that genes conferring resistance to rust infection are segregating in both 

populations. Although no detailed analysis aimed at the identification of any 

positional trends relating to rust score was attempted during this phase of the project, 

the fact that all the replicated Jorr plots showed signs of rust infection suggested that 

the entire field trial site had been subject to disease. Moreover, a high degree of 

consistency in rust scores for Jorr plots was observed, with 87% of assigned scores 
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between two and three. Further evidence that the variation in rust scores was not 

wholly due to positional effects was provided by the observation that several plot 

positions containing highly susceptible mapping population individuals were located 

adjacent to highly resistant plots, e. g. a mean rust score of five was recorded for K1 

individual 53. The mean rust scores for the two adjacent plots, 52 and 54, were both 

zero. 

The mean rust score for the K8 population as a whole (2.09) was greater than the mean 

rust score of the KI population (1.28). This may reflect differences in the genic 

contribution of rust resistance genes and alleles between the two crosses. However, 

the mean rust score calculated from all of the Jorr reference plots within the K1 

population (2.33) was also slightly less than the corresponding mean score obtained for 

the K8 population (2.64), although the statistical significance of this difference was not 

tested. If found to be significant, this result may be indicative of spatial 

inconsistencies relating to disease pressure. Alternatively, this may be a consequence 

of more favourable conditions for pathogen establishment resulting from the overall 

increased susceptibility of the K8 population in comparison to K1. 

Relative mean rust scores obtained from the parents and grandparents of both the KI 

and K8 populations were in general agreement with data previously generated in 

Swedish assessments (Tables 4.2 and 4-6), with SW880435 var. Astrid consistently 
being most susceptible and SW930984 always the most resistant. As expected, K477- 

R6 and K477-Rll were more resistant to rust than K477-Sl. This may indicate that 

disease pressures in both the UK and Sweden were of a similar nature at the time of 

each respective assessment, i. e. similar rust pathogens, with comparable 

pathogenicities were present. 

The assessment results suggest that both the KI and K8 progenies are suitable for QTL 

analysis aimed at identifying genomic regions underlying rust resistance. However, 

the wider distribution of rust scores attained for K8 progeny may be a consequence of 

segregation of additional alleles that do not segregate in family K1, thus, K8 may be a 

more informative population for mapping QTL involved in resistance. In contrast to 

populations KI and K8, the fact that none of the K3 progeny assessed demonstrated 

complete resistance (Figure Table 4.7) indicates that this population would be an 
inferior choice, in comparison to K1 or K8, for mapping QTL involved this trait. 
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4.4.2.2 Assessments relating to yield 

Although variation recorded for yield assessments in the Jorr reference plots within the 

K1 and K8 population was, with the exception of mean number of stems per stool, 

consistently less than that observed within the mapping populations, the wide 

variability in trait scores recorded for these clonal replicates suggested that 

environmental factors were contributing to the phenotypic variation observed across 

the K1 and K8 progenies. While genetic factors may also have influenced phenotype, 

without adjustment of trait values according to any spatial heterogeneity that may have 

be present, differentiation of genetic effects from environmental influences was 

difficult. In turn, accurate inter-population comparisons of yield-based traits, in tenns 

of underlying genetics, were confounded. However, some potentially informative 

general trends were observed. First, the more even distribution of yield-related trait 

values in K8 compared to K1 may suggest that a greater number of QTL affecting 

these traits are segregating in population K8. Additional support for this hypothesis 

was provided by the observation that, apart for fresh weight, greater variation in all 

yield-related trait values were recorded for the Jorr reference plots located within the 

KI population than for those within K8. Had greater variation been observed between 

Jorr plots in K8 compared to those in K1, then the wider distribution of trait values in 

K8 could have occurred purely as a consequence of more variable environmental 
influences in this area of the trial. 

Within the limitations of obtaining information on yield, these results also suggested 

that the K8 population would be a better choice for QTL mapping, because of the more 

even distribution of variation found in this population compared with KI. 

4.4.3 Laboratory-based assessments 

Laboratory-based assessments were performed to provide a more accurate reflection of 

differences in the segregation of traits between the various progenies. In all cases, 

more standard conditions in the laboratory in comparison to the field should provide 

trait values that are influenced by environment to a lesser extent than related 

assessments performed in the field. 
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4.4.3.1 Laboratory-based assessment of rust resistance 

Laboratory-based assessments of rust resistance were performed for two main reasons. 
First, as a standard inoculum could be applied in the laboratory, this approach provided 

a more informative system for assessing the interaction of each individual genotype 

with the rust pathogen. In contrast, results generated in the field-based assessment are 

subject to more environmental variation, particularly in infection pressures in different 

areas of the trial. By eliminating this variation in the laboratory, a potentially more 

accurate measurement of rust resistance was achieved. Second, it is known that rust 

populations may be highly heterogeneous within willow plantations (Samils et al., 
2001), with several different pathotypes being present at any given time. Therefore, 

field assessments of rust resistance may be simultaneously based on 

resistance/susceptibility to several different pathotypes. The inoculation technique 

permitted the examination of pathotype-specific: interactions. Using two different 

prevalent pathotypes as inocula (LET1 and LET5) in separate experiments, potentially 

greater dissection of the rust resistant phenotype may be achieved, i. e. if different loci 

were involved in resistance to alternative pathotypes, then the detection of pathotype- 

specific QTL may be possible. 

The results of the inoculation experiments performed in this study indicated that genes 

underlying resistance to both pathotypes are segregating in all three populations. 
However, in agreement with the field-based assessment of rust resistance, no progeny 

of the K3 population demonstrated complete resistance to disease, suggesting that this 

population may not be the most suitable for use in subsequent QTL studies. In 

contrast, both KI and K8 populations showed a wide distribution of different 

phenotypes, indicative of the potential usefulness of these populations for mapping loci 

underlying resistance. When comparing K1 and KS, the greater distribution of 

phenotypic values recorded for K8 than KI, which was also in agreement with data 

recorded in the field, suggested that population K8 may be more informative as a basis 

for subsequent QTL mapping of this trait. 

4.4.3.2 Laboratory-based beetle feeding experiments 

Assessments of beetle feeding preferences were performed in the laboratory, in 

preference to the field, as field assessments are based on the overall levels of leaf 
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damage observed. Hence, resulting data can be confounded by herbivory from other 
leaf-feeding insect pests. Furthermore, as several willow beetle species may be present 

within a plantation at a given time, and different species may exhibit contrasting 
feeding preferences (Section 1.2.3.2.1), it was important to examine this trait based on 

experiments that permitted the scrutiny of feeding preferences of single beetle species. 

The blue willow beetle (P. vulgatissima) was used in these experiments since it is 

currently the most important invertebrate pest of biomass willows. Moreover, its 

relative abundance on willows growing at LARS permitted the collection of sufficient 

numbers of specimens for use in the experiments. 

When choosing the K1 and K8 progenies as the two candidate mapping populations for 

use in this study, it was predicted that there would be little segregation of palatability 
for a single willow beetle species within these populations, owing to the large 

contribution of S. viminalis to the pedigree. As discussed in Section 1.2.3.2.1, this 

species is considered to be, on the whole, susceptible to damage by P. vulgatissima. 
However, also included in the pedigree of these populations is the species S. 

schwerinii, for which there remains a paucity of information in the literature regarding 

the relative susceptibility or resistance of this species to herbivory in relation to each of 

the major willow beetle species. Based on the data available for S. viminalis, the 

results of the beetle feeding tests performed here were, in general, as expected, with all 
individuals from all three populations showing a degree of susceptibility. As a 

consequence, more in-depth statistical analysis was employed, aimed at determining 

the robustness of the experiment and establishing whether the between-progeny 

variability observed was statistically significant, and not merely a consequence of 

experimental inconsistency. Upon examination of the LSD values calculated for each 

of the K1 and K8 populations, evidence for real underlying differences was obtained. 
This suggested that genetic factors were influencing the susceptibi Ii ty/resi stance to 

beetle herbivory to some degree. For example, in KI, the difference between the mean 

values for individual 776 (64.48 mm 2 leaf area remaining) and individual 93 (107.87 

mm 2 leaf area remaining) was approximately three-fold greater than the associated 
LSD (13.353). Likewise in K8, the difference between individuals 776 (75.50 MM2 
leaf area remaining) and 132 (107.87 mm 2 leaf area remaining) was approximately 
three-fold greater than the associated LSD (10.213). These data suggest that, with 

respect to variation in susceptibility to beetle feeding, either K1 or K8 would be a good 

choice. 
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4.5 Chapter summary 

e This Chapter describes the establishment of a large segregating mapping 

population as a basis for genetic mapping of agronomic importance in willow. 

*A new population was required, as the existing K3 mapping population did not 

appear to segregate as required for all traits to be targeted in the study. 
Furthermore, only 66 progeny were available at this time. 

9 The progeny of two crosses were chosen initially as candidates to increase the 

likelihood that segregation for all traits of interest would be achieved. A single 

population was then chosen later on the basis of early trait assessments. 

* The two candidate crosses were selected from seven potentially suitable crosses 

made as part of the European Willow Breeding Programme. These crosses 

were deemed likely to segregate for traits of interest and had all produced 

adequate numbers of seed to produce a sufficiently large mapping population to 

underpin QTL analysis. 

e The pedigrees of all the potential parents of the crosses were checked using 

AFLP markers. A discrepancy in the pedigrees of three crosses was identified, 

in turn, ruling them as potential mapping populations 

e Two populations derived from crosses between different full-sib progeny of the 
K477 population (produced in Sweden) were elected as the mapping 

populations that wcrc cstablished for initial study. This choicc was madc on 

the basis of expected trait segregation and seed availability. 

* These two full-sib populations, named KI and K8, were planted in a field trial 

designed specifically to allow the collection of trait data suitable for use in later 

QTL analysis. 

11 Following establishment, field-based trait assessments were performed on both 

populations for yield-related traits and field-based resistance to Melampsora 

rusts during the first year of growth. Laboratory assays of rust resistance and 

palatability to the blue willow beetle (P. vulgatissima) were also perfonned. 

0 For the majority of traits assessed, more even distribution of trait values across 

the observed ranges was observed in the K8 population compared to KI. 

Therefore, this full-sib population, comprising 947 progeny, was chosen for 

more detailed phenotypic study and to underpin later QTL analyses. 
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5.1 Introduction 

This chapter describes the construction of a genetic linkage map based on the large- 

scale mapping population K8 (Chapter 4). This map will subsequently be used for 

QTL analyses aimed at the identification of genomic regions underlying traits of 

agronomic importance in willow (Chapter 6) that are shown to segregate in this 

population (Chapter 4). 

5.1.1 General strategy 

In order to maximise the chances of detecting significant associations between markers 

and QTL, a large mapping population of 947 progeny was generated in K8 (Chapter 

4). Genotyping large numbers of mapping progeny is expensive and labour-intcnsive 

and it would be uneconomical, both in terms of time and cost, to embark on a large- 

scale genotyping programme if the intended objectives may be achieved using a 

smaller sample size. Consequently, although phenotypic measurements were 

performed on all 947 progeny (Chapter 4), initial linkage studies were based on 

genotyping only 480 individuals (plants 1-480). When compared to analogous studies 

in other outbrecding species, this sub-population still represents a relatively large 

number of segregating offspring for inclusion in linkage mapping and QTL analyses. 

For example, a QTL study of bud flush and bud set in poplar was based on two full-sib 

populations comprising 55 and 346 individuals, respectively (Frewen et al., 2000). If 

necessary, for high-resolution mapping and more accurate QTL analysis in future, the 

number of individuals can be extended to include the entire K8 population. 

For map construction, emphasis was placed on mapping microsatellite markers as 

these can be more highly informative in both linkage and QTL analyses in outbreeding 

populations compared with dominant markers such as AFLPs (Section 3.4-1). 

Furthermore, if sufficient microsatellite markers were shown to segregate in both the 

K3 and K8 mapping populations, then alignment and future comparative analysis of 

corresponding linkage groups in the two maps would be possible. However, given the 

relatively large number of progeny to be screened, and limitations regarding the time 

available for map construction within the project, calculation of a map based entirely 

on microsatellite markers would have been too ambitious an undertaking. The fact that 

microsatellite markers are conventionally screened in single locus assays and that only 
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a limited number of markers of this type available at the start of the project would also 
have hindered construction of a map based purely on microsatellite loci. To address 

these potential bottlenecks, a large number of additional microsatellite markers were 
developed and the use of multi-locus microsatellite screening protocols based on 
fluorescent multiplex systems were examined. However, the latter only became 

possible with the acquisition of an ABI 3100 Genetic Analyser during the last 10 

months of the project whilst initial microsatellite genotyping assays were run using 

autoradiographic techniques 

In addition to microsatellite markers, several AFLPs were mapped. For more informed 

selection of AFLP primer combinations for mapping, bulked segregant analysis (BSA) 

was performed prior to AFLP genotyping in order to identify those combinations that 

would yield markers linked to microsatellite locus S13226. This locus was one of the 

first microsatellites to be mapped on K8, and was identified in early non-parametric 
QTL mapping screens as linked to a locus involved in field-based rust resistance (see 

Section 6.4.3 for details). Saturation of this map region with additional molecular 

markers should facilitate more detailed analysis of this region in future work. BSA 

was also performed on DNA pools of rust-resistant and rust-susceptible phenotypes to 

identify additional markers that segregated with the rust-resistant phenotype. 

Map construction was perfonned according to the double pseudo-testcross strategy as 

employed earlier for calculation of the K3 map (Section 3.1.2), i. e. separate parental 

maps were generated prior to construction of a consensus map. 

5.1.2 Pedigree authentification 

The first marker to be screened against the K8 progeny was a co-dominant ESTP 

marker (ESTPI; Section 3.2.10). Segregation at this locus revealed a discrepancy 

between the progeny and parents. The expected male (K477-RI 1) and female (K477- 

S1) parents appeared homozygous and heterozygous for this marker, respectively. 
Therefore, 1: 1 Mendelian segregation of homozygotes: heterozygotes would have been 

expected in the progeny. However, all were homozygous at this locus indicating that 
K477-RI I could not have been a parent of the mapping population. At a second locus, 

microsatellite SB54, both parents were heterozygous for this marker while the progeny 
were all homozygotes. This indicated that neither of the expected parents could have 

155 



been used in the original K8 cross. However, no alleles were detected in the progeny 

that were not detected in the expected parents, suggesting that the true parents may be 

relatives of those expected. In response, a panel of available microsatcllite markers 

were used to identify the true parents of the mapping population from likely 

candidates, i. e. the 21 full-sibs of the K477 population from which the expected 

parents were derived. 
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5.2 Materials and Methods 

5.2.1 Plant material 

The K8 mapping population was established and grown as described in Chapter 4. 

After coppicing at the end of first year of growth, fresh leaf shoots were collected from 

re-generating stools during the early part of the 2001 growing season. Leaf material 

was directly placed into 96-well forrnat deep-well collection tubes supplied as part of 

the DNeasy@ 96 Plant DNA Extraction Kit (Qiagen). Care was taken to sample from 

stool W (Figure 4.1) in each plot of six replicates for all individuals. In cases where 

this stool had not established, stool W was used as an alternative. Leaf material was 

stored at -20'C for a maximum of 24 hours prior to DNA extraction. 

5.2.2 High-throughput DNA extraction from K8 progeny 

Immediately prior to DNA extraction, 96-well format collection tubes (Qiagen) 

containing leaf samples were frozen in liquid nitrogen and a MM300 Mixer Mill 

(Retsch) was used to grind the tissue into a fine powder. DNA extractions were then 

performed using the DNeasy@ 96 Plant DNA Extraction Kit (Qiagen) according to the 

Manufacturers' instructions. DNA quality and yield were assessed by agarose gel 

electrophoresis (Section 2.4.1 and 2.4.2). DNA extracts were diluted to a standard 

concentration of 10 ng/[tl, with SDW, and aliquots were transferred to 96-well U- 

bottom plates (Matrix Technologies) for use in marker screening. Where plants had 

failed to establish in the field and, therefore, could not be sampled, collection tubes 

were left empty. In this way, the order of the samples was maintained and the blanks 

could be used as a negative control for DNA extractions. 

5.2.3 Identirication of the correct K8 parents 

Genomic DNA was extracted from fresh leaf material collected from the 21 inviduals 

of the K477 population using the NucleonTMPhytopureTm Genomic DNA Extraction 

Kit as described in Section 2.4.1. Microsatellite primer sets SB24, SB38, SB54, SB85, 

SB93, SB194, SB226, SB276, SB293, SB354, SB525 and SB565 were each used to 

screen the K477 population and 12 randomly selected K8 progeny, using the 

157 



radioisotope-based protocol as described in Section 2.5.1.4.1. Allele segregation at 

each locus was examined to allow systematic exclusion of K477 individuals that could 

not be parents of the mapping population. 

5.2.4 Development of additional SSR markers 

For development of additional microsatellite markers, more microsatellite library 

inserts (Section 3-2.5) were characterised. Plasmid DNA was isolated as described in 

Section 2.5.1.2 and sequenced in a single direction using the M13 Universal forward 

primer according to Section 2.4.4. Vector and adapter sequence that flanked the 

willow DNA insert (see Edwards et al., 1996) was manually identified and removed. 
Edited sequences were then screened for duplications against previously generated 

sequence data using the SequencherTm software package (Section 2.4.5). 

Primer sets were designed to microsatellite flanking regions (Section 2.5-1.3) if: 1) 

sufficient sequence length was available between the vector/adapter and the 

microsatellite motif; 2) successful primers had not already been designed to a 

homologous library insert; 3) the nucleotide composition of sequence flanking the 

microsatellite was suitable for primer design. Primers were synthesised and desalted 

by Sigma Genosys Ltd.. For several duplicates to which primer sets had previously 
been designed but had not generated a PCR product, alternative primers were selected. 

All primer sets were designed for use under the same PCR conditions in an attempt to 

aid subsequent development of PCR multiplexes. 

5.2.5 Testing and screening of SSR primer sets 

Potentially useful microsatellite primer sets previously developed for mapping in K3 

(Section 3.3.2) and those designed as part of the work described in this chapter were 
tested for their ability to detect polymorphic PCR products. Genomic DNA of the 

parents and grandparents of the K8 population was used with the experimental 
conditions described in Section 2.5-1-4.1. Those that successfully amplified easy-to- 
score, polymorphic products between the parents were then used to screen genomic 
DNA from the progeny of the KS mapping population, using one of two visualisation 
methods: 1) microsatellite PCR products were amplified using radio-labelled PCR 

primers and visualised by autoradiography (Section 2.5.1.4.1); or 2) PCR products 
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were generated using fl uorescently-label led primers for detection on an ABI 3100 

Genetic Analyser (section 5.2.5.2). DNA extraction control samples (Section 5.2.2) 

were also used as a negative control in PCR amplifications. 

5.2.5.1 Screening microsatellites for detection by autoradiography 

PCR amplification of microsatellite alleles was performed as described in section 
2.5.1.4.1 and resulting products were detected using denaturing polyacrylamide gel 

electrophoresis and autoradiography (Section 2.5.1.4.1). Multiple loadings on 

acrylamide gels were performed where applicable, i. e. for loci where allele sizes were 

sufficiently similar, the resolution of multiple 'rows' of alleles on a single gel was 

possible (see Figure 5.4 for an example). 

5.2.5.2 Screening microsatellites for fluorescent detection 

Microsatellite loci were amplified in PCR reactions containing a newly synthesised 

fluorophore-labelled forward primer and an unlabelled reverse primer. Each forward 

primer was end-labelled with one of four commercially available fluorescent labels: 6- 

FAMTM (blue), VICTM (green), PETTM (red) or NEDTM (yellow). All fluorescently- 

labelled primers were synthesised by Applied Biosystems. 

To determine microsatellite allele sizes, each locus was amplified separately. PCR 

reaction components and thermocycling conditions were identical to those described in 

section 2.5.1.4.1, except that fluorescently-labelled forward primer was substituted for 

7- 33p_labelled forward primer. Also, the increased sensitivity of the fluorescent 

detection system allowed for a reduction of the number of PCR cycles to 30. 

Following amplification, PCR products were resolved on an ABI 3100 Genetic 

Analyser (Section 5.2.7) and genotypes were determined using GeneMapper@ 

software (Applied Biosystems). 
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5.2.6 Development of microsatellite multiplexes 

To increase the efficiency of microsatellite genotyping of the K8 population, with 

regard to both time and expense, microsatellite multiplex systems were developed. 
Two complementary strategies were employed: 1) multiple microsatellite primer sets 

were included in a single PCR reaction to allow simultaneous amplification of several 
distinct loci; 2) amplification products from PCR multiplexes were pooled prior to 

genotype detection. 

Initial selection of loci to be included in a given multiplex was made on the basis of 

relative size differences between alleles detected during primer testing (Section 5.2.5). 

If two microsatellite primer sets produced well-defined alleles of sufficiently different 

sizes, primers for both loci were labelled with the same fluorophore. Where different 

loci generated overlapping alleles, primers were labelled with different fluorophores. 

In such cases, primer labels were selected on the basis of their different emission 

spectra to prevent scoring problems associated with matrix 'pull up' (Applied 

Biosystems) when signals are strong. 

PCR multiplexes were then tested using the conditions described in Section 5.2.7, with 
the exception that multiple primer sets were included in a single reaction. The relative 

concentrations of each primer set was based on the strength of signal initially observed 

visually after autoradiography, i. e. microsatellite primer sets that generated products 

with intense signals during initial tests were included in multiplex PCR at lower 

concentrations relative to those primer sets that generated weak signals. 

To determine whether all expected alleles could be reliably detected, suitable 

microsatellite PCR multiplexes were tested against a panel of eight randomly selected 
K8 individuals. In cases where all expected alleles were observed, but the signal 

strength associated with one or more included loci was weak, a second round of 

optimisation was performed in which primer ratios were adjusted further to obtain a 

more uniform signal strength. Where loci completely failed to generate a product in a 

given PCR multiplex, the locus was removed from the multiplex and tested in 

combination with other suitable loci. When successful combinations were identified, 

resulting allele sizes were recorded and the possibility of pooling products from 
different PCR multiplexes for simultaneous electrophoretic resolution was examined. 
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5.2.7 Screening microsatellite multiplexes 

Once definitive PCR and/or loading multiplexes were identified (Table 5.1), 

genotyping of K8 progeny was performed. PCR reactions were set up as described in 

Table 5.1 and thermocycling performed as described in Section 5.2.5.2. For loading 

multiplexes, PCR products were mixed in equal volumes and 0.5 PI of the resulting 

mixture used in a 10 [il loading cocktail containing Hi-DI Tm Formamide (Applied 

Biosystems) and Genescan LIZTM-500 size standard (Applied Biosystems) according 

to the Manufacturer's instructions. 

Table 5.1. Microsatellite multiplexes used for K8 progeny screening. All figures 

represent ld volumes used in PCR reactions. Colours refer to fluorescent labels. 

Loading PCR Locus F&R primers DNA 10x PCR MgC12 dNTP SDW Taq Final 

Multiplex multiplex (100 ng/ýtl) (2.5 ng/ul) Buffer 50 mM (5 mM) polymerase volume 

(Invitrogen) 5LJ / Rl 

(Invitrogen) 

11 0.2 2 1.25 0.375 0.5 6.175 0.1 12.5 

0.2 

0.15 

SB784 0.25 

0.25 

22 SB288 0.2 2 1.25 0.375 0.5 6.075 0.1 12.5 

0.2 

SB955 0.2 

SB194 0.3 

SB293 0.2 

A Al SB111 

SB196 

SB913 

SB945 

A2 

SB405 

c cl 

SB918 

0.12 1 1.25 0.375 0.5 7.755 0.1 12.5 

0.22 

0.2 

0.22 

0.2 1 1.25 0.375 0.5 0.1 12.5 

0.2 

0.15 

0.2 1 1.25 0.375 0.5 0.1 12.5 

0.2 

0.25 

0.25 
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Table 5.1 continued. 
Loading PCR Locus F&R primers DNA I Ox PCR M902 dN`FP SDW Taq Final 

Multiplex multiplex (100 nglW) (2.5 ng/ul) Buffer 50 MM (5 MM) polymerase volume 

511 / Al 

C2 SB201 0.36 1 1.25 0.375 0.5 0.1 12.5 

all= 0.21 

0.17 

D Dl 

D2 

SB24 

SB498 

SB126 

SB93 

1 

0.26 

0.27 

0.2 

0.2 

0.2 

0.25 

0.26 

0.17 

1 

1 

1.25 

1.25 

0.375 

0.375 

0.5 

0.5 

0.1 

0.1 

12.5 

12.5 

E El SBI035 0.18 1 1.25 0.375 0.5 7.815 0.1 12.5 

0.23 

PNO94 0.1 

SBI045 0.22 

E2 0.2 1 1.25 0.375 0.5 7.295 0.1 12.5 

SB1048 0.24 

SB1308 0.18 

SB1317 0.15 

SIB988 0.22 

E3 0.25 1 1.25 0.375 0.5 7.795 0.1 12.5 

0.18 

SBI147 0.15 

0.16 

E4 0.15 1 1.25 0.375 0.5 8.315 0.1 12.5 

0.22 

SBI148 0.11 

F Fl IM 0.18 0.8 1 0.3 0.4 5.92 0.08 10 

SB504 0.35 

0.22 

F2 ff -1 "'-'Fro 
biý 0.2 0.8 1 0.3 0.4 5.62 0.08 10 

SBM 0.3 

SB331 0.4 

F3 0.2 0.8 1 0.3 0.4 6.62 0.08 10 
W, 

0.2 

F4 SB1075 0.24 0.8 1 0.3 0.4 6.7 0.08 10 

im 1.111 v 0.12 
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5.2.8 Scoring microsatellite markers 

For radioisotope methods, autoradiographs were scored independently by two persons 

and genotype segregation codes were assigned for each locus in accordance with 
JoinMap@ software requirements (Table 2.1). Electropherograms resulting from 

fluorescent detection methods were analysed and JoinMap genotype codes assigned 

using GeneMapper software (Applied Biosystems). 

5.2.9 Bulked segregant analysis 

Bulked segregant analysis was primarily performed to identify AFLP primer 

combinations that yielded markers linked to microsatellite locus SB226, which showed 
linkage to rust resistance in QTL analysis (Section 6.3.4.3). To achieve this, six pools 

of genomic DNA were generated based on individuals of the K8 population as shown 
in Table 5.2. In addition, a further two pools were constructed based on ten 

individuals each with either a field-based rust resistant phenotype or a rust-susceptible 

phenotype, respectively. Individuals were selected on the basis of the raw data 

collected in field-based rust assessments performed in 2000 and 2001 (Chapter 4). 

Table 5.2. K8 individuals included in DNA pools used for bulked segregant analysis 

aimed at identifying AFLP markers linked to microsatellite locus SB226. 

Bulked Sample SB226 genotype K8 progeny included Number of progeny 

1 aa 2,4,5,14,20,23,29,31,36,40 10 

2 bb 6,8,10,11,17,21,30,33,34,35 10 

3 aa 85,90,93,97,102,106,107,111,119,131 10 

4 bb 81,89,92,94,96,100,109,114,121,124 10 

5 aa 55,64,65,71,72,73,78 7 

6 bb 142,147,149,151,152,154,155 7 

Bulked sample Phenotype K8 progeny included Number of progeny 
7 Rust resistant 12,15,26,32,57,75,98,115,133,142 10 

8 Rust susceptible 77,78,87,106,117,120,123,131,164,230 10 

AFLP analysis of bulked DNA samples was essentially performed according to AFLP 

Method 2 (Section 2.5.2.2). In brief, digestions and ligations, based on EcoRlIMsel 

primer/adapter combinations, were first performed on each constituent DNA sample 
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separately. Samples were diluted ten-fold in TEO., and equal amounts taken and 

pooled according to Table 5.2. To optimise the amount of pooled DNA that should be 

used in subsequent amplification steps, pre-amplifications were performed on bulked 

samples 7 and 8 using three different concentrations of template DNA in the PCR 

reaction (5 [il, 10 [tl and 14.9 gl). Following dilution of pre-amplification products, 

selective amplifications based on primer combinations EACT/MAAG and 

EAGA/MAAG were performed and products were subsequently resolved by 

denaturing polyacrylamide gel electrophoresis. Corresponding AFLP products from 

both K8 parents were also run on the gel to determine whether all loci were detected. 

Examination of the resulting autoradiographs suggested that there was no discemable 

difference in bulked profiles when different amounts of DNA template were used and 

all loci present in the parental profiles were detected. As a result, 10 gl of 

digested/li gated DNA was routinely used for the pre-amplification stage of subsequent 
BSA. 

All DNA pools were screened using 56 AFLP primer combinations that were available 
in the laboratory, according to the optimised protocol described above. In addition, K8 

parental DNA samples were included in analyses to facilitate identification of 

particularly informative primer combinations that were detecting large numbers of 

parental markers. Details of the primer combinations screened are shown in Table 5-3. 

Table 5.3. AFLP primer combinations used to screen DNA pools in bulked segregant 

analysis where 'V' =tested; 'n/t' = not tested. 

EcoRI+ 

AGA AGC ACT ACA ATA AAC CAA CAG 

MseI+ AAG V/ %/ V/ I/ 
AAT V/ V, 
ACC ve ve 
ACA ve 
CCG I/ V lift n/t V, V I/ v 
CTA n/t nA I/ I/ I/ 
CTG n/t n/t V V/ 
CTT V/ n/t n/t Yll I/ V, Iv/ 

Following amplification, products were resolved by denaturing polyacrylamide gel 

electrophoresis with four primer combinations loaded on to each gel. Autoradiographs 
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were examined for presence of loci that segregated between the respective pools. 
Markers that were present in bulks 1,3 and 5, and absent in bulks 2,4 and 6, or vice 

versa, were labelled as putatively linked to microsatellite locus S13226. Markers 

present in bulk 7, but not bulk 8, or vice versa, were labelled as potentially linked to 

the field-based rust resistant/susceptible phenotype. Primer combinations that detected 

such markers in both types of bulk were then preferentially used to screen the K8 

progeny for detection of polymorphisms that could be mapped. 

5.2.10 AFLP screening 

AFLP markers were generated according to AFLP Method 2 (Section 2.5.2.2). PCR 

products were resolved on denaturing polyacrylamide gels as described in Section 

2.5.3, with 80 samples loaded per gel. Following autoradiography, segregating alleles 

were scored and assigned JoinMap segregation codes according to Table 2.1. 

5.2.11 Map construction 

Linkage analysis was based on 471 (out of the first 480) individuals of the K8 

population. Of the nine that were not included, eight individuals had not survived 

establishment and one individual (318) was shown not to be a member of the full-sib 

family. 

JoinMap version 3.0 software (Van Ooijen and Voorrips, 2001) was used for all 

aspects of linkage analysis. The software was used to first test markers for segregation 
distortion using a chi-square test. AFLP markers with highly significant levels of 
distortion (P < 0.005) were excluded from further linkage analysis. Parental and 

integrated linkage maps were constructed according to the strategy described in section 
3.1.2. The Kosambi mapping function was used with the following JoinMap 

parameter settings unless stated otherwise: Rec = 0.45, LOD = 1.0, Jump = 5. 

Resulting linkage maps were drawn using MapChart 2.1 software (Voorrips, 2002). 

Where possible, robustness of the consensus linkage map was tested by comparison of 

marker orders with separate parental maps. 
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5.3 Results 

5.3.1 Identification of the K8 parents 

All microsatellites screened against the K477 and K8 populations gave profiles that 

could be clearly scored. After examination of segregation at five loci, only two K477 

individuals, K477-S3 and K477-R13 (Y and d, respectively), remained as possible 

parents of the K8 mapping population (Figure 5.1). 

Figure 5.1. Microsatellite-based exclusion experiment to identify possible parents of 

the K8 mapping population. Analysis of five loci showed K477-S3 and K477-R13 to 

be the only possible parents of the mapping population. 
K477 population K8 progeny 

RII R2 I R3 I R4 I R5 I R6 I R7 I R8 I R9 IR 10 1RIII R121 R13 I R141 SII S2 I S3 I S4 I S5 I S6 I S7 

aa aa Ua xv ac ac aa ac a9 aa ac I aa I aa C 

Locus SB38. Two alleles (a and c) detected in the K8 progeny. Parents must be of segregation type aaxac 
(or acxaa). Can exclude all K477 individuals that carry allele b. 
Possible parents after analysis of SB38- R4, R5, R6, R9, R 11, R 12, R 13, S 1, S3, S4, S5, S6 

K477 population K8 progeny 
........................ ................ .................................................. 

wiemm omt** - 

R4 I R5 I R6 'K8' I R9 I "XýO IRIIIR 121 R 13 1 ̀ 1ý141 SI S3 I S4 I S5 I S6 

aa I aa aa aa I aa aa I aa I aa j 
"I 

aa I , 4e 'Xb aa 'bo 
% 
J)W, "I 3a 

Locus SB54. One allele detected (a) in the homozYgous K8 progeny. Parents must both be homozygous aa. 
Exclude all heterozygous K477 individuals. 
Possible parents after analysis of SB38 and SB54-. R5, R6, R9, R12, R13, S3, S6 
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Figure 5.1 continued. 

K477 population K8 progeny 
................................ - ........... .......... 

40 00 to vo 00 

R5 R6 R9 ['&-tfi [V-1 R 12 R 13 S3 "-., S4 I S6 

aa aa ail aa aa aa aa aa i1a aa ;I 

Locus SB85. One allelc detected ( a) in the homozygous K8 progeny. Parents must both be homozygous aa. 
Exclude all heterozgous K477 individuals. 
Possible parents after analysis of SB38, SB54 and SB85: R5, R9, R 13, S3 

J.. ' J. ['10 R5 "ýz R9 i4T R 13 1'4 '-kr 

ac ac ab ab ab . Aq, . 1w* ab hq"' ab 

Locus SB194. Three alleles detected a, b and c) in the K8 progeny. Some progeny are homozygous aa 
Both parents must, therefore, carry allele a. One parent must be ab and the other ac. 
Possible parents after analysis of SB38, SB54, SB85 and SB 194: R5, R 13, S3 

R13 7 
. 
Xý] R5j,. *R-q. '. F, 7j... ' 

.. 
Sj. ['Sýj S31. 

aa aa 'st( aa ail aa aa aa aa aa aa aa ila 

Locus SB525. One allele detected ( a) in the homo zygous K8 progeny. Parents must both be honiozygous 
aa. Exclude all heterozgous K477 individuals. 
Possible parents after analysis of SB38, SB54, SB85, SB 194 and SB525: R 13, S3 
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Segregation at the other microsatellite loci tested were in agreement with the results 

presented in Figure 5.1, in that K477-S3 and K477-R13 were never excluded as the 

possible parents of the mapping population. Furthermore, later microsatellite 

screening of additional microsatellite markers for mapping provided further evidence 

that these individuals were the K8 parents. Also, in subsequent AFLP analysis, no 

bands were detected in the progeny that were not present in either of these clones. All 

of this evidence indicated that the correct parents of the mapping population had been 

identified and the correct K8 pedigree was as shown in Figure 5.2. 

Figure 5.2. Correct pedigree information for the K8 mapping population. 

Great grandparents: SW880435 (var. Astrid) x SW910006 (var. BjOrn) 

(S. viminalis) (S. vitninalis x S. schwerinii) 
I 

Grandparents: SW880435 (var. Astrid) x SW 930984 

(S. viminalis) (S. viminalis x S. schwerinii) 

S3 R13 
I 

K8 mapping population 

5.3.2 Development of additional microsatellite markers 

Willow DNA inserts from a further 398 microsatellite library inserts were successfully 

sequenced. After discarding sequences that had no microsatellite motif, were 

duplicates of previous inserts, had insufficient flanking sequence between the 

microsatellite and the vector/adapter, or were otherwise unsuitable for primer design as 

a result of nucleotide composition, 183 primer sets were synthesised for testing. As a 

rule, primer sets were not designed to sequences if they were duplicates of clones 

detected in prior sequencing efforts and had already been used for primer design. 

However, in some instances, where nucleotide composition was suitable, alternative 

primer sets were designed if the original primer set had been shown to not yield a PCR 

product or had resulted in banding pattern that could not easily be scored. 
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5.3.3 Testing for microsatellite polymorphisms in K8 

In total, 349 microsatellite primer sets developed either during the EU-AIR project, 

during the K3 mapping phase of this project or in the latest marker development effort, 

were tested for their ability to detect polymorphism. between the parents and 

grandparents of the K8 mapping population. Single locus, easy-to-score, polymorphic 

PCR products were observed for 71 (-20%) of the loci when amplified under standard 

PCR testing conditions (Section 2.5.1.4.1. ). 

Of the 56 microsatellite loci included in linkage analysis of the K3 population (Chapter 

3), 52 were tested for informativeness in K8. Segregating alleles that could be reliably 

scored were observed with 29 microsatellite primer sets. Twelve loci were 

monomorphic and 11 primer sets generated complex banding patterns that could not be 

scored. 

Primer re-design to duplicated inserts for which original primer sets did not yield 

scorable products was successful in some instances. For example, locus SB1366 was 

homologous to the duplicate loci SB886 and SB890. While primers designed to the 

latter two inserts failed to generate scorable products when tested, altemative primers 

designed to SB1366 were successful in yielding a banding pattem that was easily 

interpreted. However, this was not the case for all duplicated loci, and in several cases 

primer re-design proved unsuccessful, e. g. three different primer sets generated for the 

homologous inserts SB321, SB606 and SB1300 did not yield scorable products. 

5.3.4 Development of microsatellite multiplexes 

In some cases, microsatellite PCR multiplex design proved straightforward with 

originally selected locus combinations working well without the need for further 

optimisation, e. g. multiplexes 1 and 2 (Table 5.1). However, for the remaining 

multiplexes, development was more difficult and a significant amount of time was 

invested in identification of successful locus combinations. This was deemed 

worthwhile due to the increased throughput that could potentially be achieved. Several 

microsatellites, including S13233, S13268, SB420 and SB587 failed to generate 

scorable products in any of the multiplex combinations tested. Efforts to incorporate 
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such loci in alternative multiplexes were aborted if the markers could be more 

efficiently mapped by more conventional, single-locus, assays. 

The number of microsatellite loci successfully amplified in a single multiplex PCR 

reaction ranged from two to five. By pooling PCR products from several PCR 

multiplexes prior to loading on the ABI 3100 Genetic Analyser, it was possible to 

interrogate from five to sixteen loci in a single capillary injection. 

An example of data obtained from successful microsatellite multiplexing strategy is 

shown in Figure 5.3. The figure comprises a screenshot taken from GeneMapper 

software, illustrating the genotype scores obtained for K8 individual 275 at 

microsatellite loci SB51, SB201, SB226, SB276, SB514b and SB918 (Multiplex C: 

Table 5.1). 
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Figure 5.3. An example of successful genotype detection using a PCR- and loading- 

based multiplexing strategy. 

File Edit Alleles View Help 
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5.3.5 Microsatellite screening of the K8 population 

Using both radioisotope and fluorescence-based detection methods, a total of 71 

segregating microsatellite markers were screened against the K8 population for 

inclusion in the mapping data set, For detection by autoradiography, allele sizes 

generated for the majority of loci permitted multiple loadings of polyacrylamide gels 

(Figure 5.4), greatly enhancing throughput capacity. 

Figure 5.4. An autoradiograph of a section of a polyacrylamide gel showing two 

loadings of PCR products for microsatellite SB288. Three alleles (a, b and c) were 

detected at this locus. 

81-116 117-128 129-152 153-160 

. 04 . 00""tw W-. " , Vý mw go, 0 OWO * *W., "* 0 1*4 No ""p-. 4 . Is. ý'w 0,00wom ý ""' loading 
-P, w -4* -* "I 1pow-, Ip .'W, -. mow wo 00" 0". 6'ý anew 

or I" loading 4L j 0, 

Samples 1-36 37-48 49-72 73-80 

Due to the limited time available, several microsatellites could not be screened against 

all K8 individuals included in the mapping study. Furthermore, despite rigorous 

testing in the development phase, some markers included in multiplexes occasionally 
failed to give a reliable signal for some individuals. In such cases, unreliable marker 

genotypes were excluded from further analysis. Again, limitations regarding time 

prevented such genotypes being re-analysed, resulting in the inclusion of a significant 

number of missing genotypes in the final mapping data set. 

For microsatellite SB 1308, fluorescent detection of alleles resulted in a banding pattern 

that was difficult to score in a co-dominant manner. However, this microsatellite, of 

segregation type abxab, could be scored as a dominant marker. 

Early microsatellite screening identified K8 individual 318 as possessing several 

alleles that were not present in the K8 parents. Comparisons of these alleles against 

marker data generated in previous studies (ST Hanley; J. H. A. Barker; unpublished 
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results) suggested that DNA sample for this individual had originated from the 

biomass variety Jorr, also included in the field trial as a reference clone (Section 4.1.3). 

All genotype data generated from this DNA sample was, therefore, discarded. 

Details of microsatellite loci included in K8 linkage analysis are shown in Table 5.4. 

Table 5.4. Details of microsatellite loci included in the K8 mapping data set. 

Locus Detection 

method 

Segregation type Expected 

(y x CT) segregation ratio 

Forward primcr (5'-3') Reverse primer (5'-3') 

SB24 F, I <abxac> 1: 1: 1: 1 ACTTCAATCTCTCTGTATTCT CTAMATCjGGTrGGTCGATC 

SB38 Ag <aaxab> 1: 1 CCACTTGAGGAGTGTAAGGAT CTrAAATGTAAAACTGAATCT 

SB51 7. F <abxaa> 1: 1 GGTAATAGCTTGAGCCTrCAT AACMGCTCTGGTCCrCM 

SB55 T, F <abxab> 1: 2: 1 TAGGGAATCCTACTrCTrGCA CrMAAAGACCCTAACTTGAA 

SB80 y, F <abxaa> 1: 1 TAATGGAG7MACAGTCCTCC ATACAGAGCCCATrrCATCAC 
SB88 1, F <abxaa> 1: 1 TAITGCTrrGATGGCGACTGC CAGCAACGGAAATAGCAACAG 

SB93 Y, P <aaxab> 1: 1 GACGCACATACACCA77ACAC T07TAGAAAATrAGGCACGGA 

SBIII Y, P <abxab> 1: 2: 1 CATAGTCAAGGTTGOAGATGG GGTGGAGAAGAAAAGAGCAGA 

SB126 y, F <abxac> 1: 1: 1: 1 TAAACTTGTGTrAGTGAAAGC TCAGCAACCAACAATC77CTC 

SB194 y, F <abxac> 1: 1: 1: 1 TGTGAGATAACATffGTCGGT CCATAAATAAAAAACGTGAAC 

SB196 7, F <aaxab> 1: 1 CTGn7CCTGCCACTAITACC TATAATCTGTCTCUI III GGC 

SB201 y, F <aaxab> 1: 1 CCTCrll=ATrGTGGTCT GGCATGTATrMACTCCAAC 

SB226 Ag, F <abxab> 1: 2.1 TG7rGTGCATAGAGATMGT CrrrrMCAAlTr=CrG 

SB233 I <abxac> 1: 1: 1: 1 AAATTACCGTCCAACTAAAGA CAITAGCCATGAACAAGTAAA 

SB268 y <abxaa> 1: 1 CTAG=GGTGGGGAAGATG =AAACCATCAMGGGTG 

SB274 y, F <abxac> 1: 1: 1: 1 CCGACCCTCTMMCrATC AGCACAGATTGAATGA77GAG 

SB276 -y, F <abxaa> 1: 1 AATAACCACTCCATCMCAC TAITAGTGMGCMGGAGC 

SB288 y, F <abxac> 1: 1: 1: 1 AGGCTI)CACrGTCTCCrCTAG TCATCACAGCATCrrATCAGG 

SB293 y, F <abxab> 1: 2: 1 TOATrGGGCTAAAGATGAAGC AACTCAGCAACCACCAGAAAC 

SB306 F <abxab> 1: 2: 1 GATAAGCATCTOTCGATAGGC GGTrATCTrCATrCATGTATC 

SB331 y <aaxab> 1: 1 TG71"rGT7"rGGGAGTATGTrG TGAATCCTATCATrrGGCAAC 

SB337 'Y <aaxab> 1: 1 TACTCTGTcrnTGcAnTcc ATAcccATrAGAGAAGGMC 

SB354 -f, F <abxaa> 1: 1 TGTCMGTGTAACGACTCTG ATCCATATAGCrGATCCCAAC 

SB355 1, F <abxab> 1: 2: 1 ITCATMCATCTCGAAGCAC AMAGTGCGGA'iCi II CAAC 

SB405 y, F <abxaa> 1: 1 TGACAACGCCATMACATGAC MC7rrCTrCATCAGTAGCC 

SB420 I <abxab> 1: 2: 1 TGATGAGGTAAAAAGATGGAG TAAGOAACACATAATrGAGGO 

SB430 y, F <abxaa> 1: 1 CACCCTCATAACAAAAATGGC CAAATCAGAAAAGAAGTTAAC 

SB488 y, F <abxab> 1: 21 AGCGCAAAGAGAATCGACAAC TAAGTGTTCCAAGAAGTTGCC 

SB504 Y, F <aaxab> 1: 1 TGTTGATTAAGATGTGACTGG ATCATGCCACTAAACACAACC 
SB514b y, F <abxab> 1: 2: 1 CTrCAT)CCTGACCAAAGTTAC AAGGGAGATrCATrACCAGAG 
SB522b y, F <aaxab> 1: 1 CrGGAGTGAGAATGGTGTATC GTGGACTAACGOATCTATCAC 

SB532 T <abxab> 1: 2: 1 ITGCCrr=GTGGTCAAAC ATCTrCGCTCC77ACMCrO 

SB565 y, F <abxab> 1: 2: 1 GAAAATATAATGCCCAGGAAG ACAGAACACAGCGACATGAAC 

SB587 y <abxac> 1: 1: 1: 1 cAArrcATccATrAGCACCTG AAGAAACACGGGACAAACTAC 

SB784 y, F <aaxab> 1: 1 GCACAGATAAAAAAITGGTrG ATATGACrAGGAGGATGTGTr 
SB869 y, F <aaxab> 1: 1 AATTCTAAAGCCACTrGTGAG AGATrMCGTGGTGTGTGTO 
SB880 -f, F <abxab> 1: 2: 1 AAAACACCAGAGAACTGCTAC TACAAC7rCATCTrCCTCrCC 
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Table 5.4 continued. 
L, ocus Detection 

method 

Segregation type Expected 

(9 x (S) segregation ratio 

Forward primcr (5'-3') Reverse primcr (5'--*3') 

SB896 y, F <aaxab> 1: 1 CTGAT7ACAAGATOAAGGTGG CAAA17GTATGTATGTGCGGT 

SB901 y <abxaa> 1: 1 CATTGGGTrMATCCTATCG TrAGGGIIIIACACAGAGGAG 

SB913 y, F <abxab> 1: 2: 1 TGC7TGTGTAATCTCATOCTC AOTGAAGGCCTCTCrACCM 

SB914 T, F <abxab> 1: 2: 1 CTGACCTrCACGCATrCACAC CATCCTGGTOATCrrGACITO 

SB918 7, P <aaxab> 1: 1 CCAACTTCGATrMGGTCTC ATGGTGGGCAAAGGAGOMA 

SB921 Y, <abxaa> 1: 1 CAAAGAAAGACAAGAAAGAGC ACAGOTGATGATOATAAATCC 

SB945 y, F <aaxab> 1: 1 TACGCCAACAATCTCTCT'rAC GGGCAOTAGAAACTTACAAGG 

SB955 y, F <abxaa> 1: 1 ACCACTCTICCAAATCCCTrAC ATA7=AACAAGCCACGCrC 

SB984 y, F <abxaa> 1: 1 ACAATCACACTTCGCATATCA GGATGGAAAGATrCAAGGAIT 

SB988 F <aaxab> 1: 1 AAGAAAAGGAGAGAGACCACG AGAAGAAATGGAGI'rGGAGTO 

SBI035 F <aaxab> 1: 1 GCAATrACTCAGCTCCTMA 7TAGTGTGTrACOTCATrCOA 

SB 1045 F <abxaa> 1: 1 GTrATCCAAATGTAAGCGAGG CC77AGACTGAAATACACCCA 

SBIG48 F <abxaa> 1: 1 AGTGC77GTCATMCCATAC ATOTrCTTAITCCCCCTCrrC 

SBI060 F <aaxab> 1: 1 AAACACAAGATGAAGAGGAGA TrAGTFGGAATAGOATGATGG 

SB 1075 F <abxab> 1: 2: 1 AGTATTrCrACCCCCTCTCCC CCAAGAACATOAAGAGCTACG 

SBI084 F <abxab> 1: 2: 1 AAAGCAGACACAATGAACACA TOTOGATTGATGOAAAACTFG 

SBI091 F <abxac> 1: 1: 1: 1 GGTATAGAGTTGGATTGCCTr GCOTATMGTTATCCTGAGA 

SBI092 F <abxab> 1: 2: 1 AACrGAAACAGGAGCAACATC AGAGATGGGATACAGGAGAAG 

SBI094 F <abxaa> 1: 1 ACrCTATAATrCTTGGCGACC AGAGATGGGATACAGGAGAAG 

SB 1148 F <abxaa> 1: 1 TAGGATGTffCTGAGGCMC AGACITGCTAGAGACTTGGCC 

SBI185 F <aaxab> 1: 1 TGAGGTCATGGTTGAGTrATG ATGGTGCCTGCAA'iCi II AAC 

SB 1196 F <abxab> 1: 2: 1 ATMrCCGTCACCATAACCAC GATGCTATCOAAGGGATGAAC 

SB1229 F <aaxab> 1: 1 AAGCTAACCGGAACAATACCA TCAATAAAGAAAGGGAGACCA 

SB1249 F <abxaa> 1: 1 GTGCTCAAATTAAAGGGAGAT CGCTCGATOAACAAACTCTAC 

SB1254 F <abxab> 1: 2: 1 GAATAGTrATCGCACrMOO GGTGGTGAAGCCTGTAGTOTA 

SB1303 F <abxaa> 1: 1 GCATrrCCAATCTCACAACAA TGGTCrGCTrATGCrCTTATC 

SB1308 d F <abxab> 3: 1 CCrrGTTrCOTOACTGATATG TCACTCATGGCITrMAGAC 

SB1317 P <abxaa> 1: 1 ACCATACGAGGTrCTrAGTGA CCACCAAAGAAGGATrGAAAG 

SB 1318 F <aaxab> 1: 1 TGATrAGCATGTrCTGAGGTT TGCrCAGTrCCrrffAACTGT 

SB1332 F <abxac> 1: 1: 1: 1 CTrCCCCGT=AATTrCAG TCCAGCATCATAAAAGATrCO 

SB1357 F <abxab> 1: 2: 1 TATAGCTGTGGAGAGTCGGGT AGTCCCTAGCAAAATGACCAG 

SB1366 y <abxab> 1: 2: 1 TCAATACATCCATCCTAGAGG ATCCCrITMACATrCACCTG 

SB1464 y <abxab> 1: 2: 1 =CGCrACTTCATACCAGA ACCACACAACCAAACAATAAG 

SB1518 y <abxab> 1: 2: 1 AA17AGCTrCGGACACA III AACCrCATCATCTrCAACAAC 

y: marker detected by radioisotope methods 
F. marker detected by fluorescent methods 
Ag: marker resolved by agarose gel electrophoresis 
d: indicates marker was scored as a don-dnant marker 

Distorted segregation ratios were observed for ten (14%) of those microsatellites 

screened (P < 0.1). 

5.3.6 Bulked segregant analysis 

AFLP profiles for all bulked DNA samples were obtained for 44 of the 56 primer 

combinations used, with all markers detected in the parents also being identified in the 
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bulked samples. The eight primer combinations involving the EAAC primer generated 

extremely faint profiles that could not be scored. Similar results were obtained for 

primer combinations EATA/MCCG, EATA/MCTA, EATA/MCTG and 

EATA/MCTT. For seven potentially interesting markers, accurate scoring was 

difficult due to loss of resolution towards the bottom of the gel or because they were 

located extremely close to an adjacent band. From the 44 successful primer 

combinations, 10 (+5 that were difficult to score) markers were highlighted as 

putatively linked to microsatellite locus SB226 and 17 (+4) markers were identified 

that differed between the field-based rust phenotype pools. Of these, 2 (+2) markers 

were identified that segregated between the alternative S13226-targeted bulks and also 

the rust resistant and susceptible bulks. 

An example of a bulked segregant profile generated with pfimer combination 

EAGA/MCTA indicating two AFLP markers putatively linked to locus SB226 is 

shown in Figure 5.5. 

Figure 5.5. Bulked segregant analysis AFLP profiles identifying two markers 

putatively linked to microsatellite locus SB226. 
DNA bulk 

The results of BSA for those primer combinations yielding putatively informative 

markers are summarised in Table 5.5. 
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Table 5.5. Details of primer combinations yielding putatively informative markers 
from BSA. The number of markers that segregated only between the SB226-targeted 

bulks, only between the rust resistant/susceptible bulks and between both the SB226- 

targeted and rust resistant/susceptible bulks are shown. Figures in brackets indicate a 

marker that could not be conclusively scored. 

Primer Markers putatively Markers putatively linked to rust Markers linked to both 

combination linked to locus SB226 resistance/susceptibility 

EAGA/MAAG 2 

EAGA/MCTA 2 

EAGA/MCTT (1) 

EAGC/MAAG (1) 2 

EAGC/MACC I 

EAGC/MCTA I I 

EAGC/MCTT 2 

EACT/MACC I 

EACA/MACC I 

EACA/MACA I 

EATA/MAAG I I 

EATA/MAAT 

EATA/MACA 

ECAA/MAAG 

ECAA/MAAT 

ECAA/MACA 

ECAA/MCTG 

ECAA/MCTT 

ECAG/MAAT 

ECAG/MACA 

ECAG/MCTA 

ECAG/MCTT I 

On the basis of these results, AFLP primer combinations EAGA/MAAG, 

EAGA/MCTA, EAGC/MAAG, EAGC/MCTA, MATA/MAAG, EATA/MAAT9 

ECAA/MCTT and ECAG/MCTA were highlighted as those that should be used 
initially to generate markers for mapping, as they would potentially yield markers 
linked to SB226. For further results regarding mapping of the AFLP markers 
highlighted by the BSA approach see Section 5.3.8. Results obtained from the 

resistant versus susceptible bulks were not used as a basis for selection of informative 
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AFLP primer combinations as only a one resistant and one susceptible pooled DNA 

sample were included in the experiment. As individuals comprising these bulks were 

not screened individually for the presence or absence of putatively informative 

markers, there was a strong possibility that several of the highlighted markers may 
have been false positives. 

In addition to the primer combinations selected from screening the bulks, the primer 

combinations EAGC/MAAT and EAGC/MACA were included for mapping as they 

gave parental profiles that included a relatively large number of polymorphic markers. 

5.3.7 AFLP markers 

In total, 149 polymorphic AFLP markers were scored from seven primer combinations, 

the characteristics of which are shown in Table 5.6. 

Table 5.6. Characteristics of polymorphic AFLP markers generated from seven primer 

combinations. Restriction enzymes/adapters/primers used in AFLP production are 

indicated for each combination (E = EcoRI, M= MseI and P= PstI). Additional 

characters indicate selective nucleotides. 

Primer combination Female markers' Male markers' Heterozygous markers' Total polymorphic markers 

EAGA/MAAG 6 4 14 24 

EAGA/MCTA 3 5 8 16 

EAGC/MAAG 4 6 15 25 

EAGCIMAAT 7 9 6 22 

EAGCIMACA 3 2 9 14 

EATA/MAAG 8 8 7 23 

EATA/MAAT 7 4 14 25 

Total 38 38 73 149 

a: abxaa marker; present in the female parent only; segregating 1: 1 in the progeny 
b: aaxab marker; present in the male parent only; segregating 1: 1 in the progeny 
c: aOxaO marker; heterozygous in both parents; segregating 3: 1 in the progeny 

The average total number of bands identified per assay was 67, with an average of 20 

(29.9%) revealing scorable polymorphisms in the K8 population. Following analysis 
of genotype frequencies for each AFLP marker, 17 showed segregation distortion (P < 
0.1: chi-square test). Thirteen highly distorted markers with P values less than 0.0005 
(-8.7% of markers) were removed from the data set prior to construction of the 
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parental and consensus linkage maps. Of these, four were of segregation type abxaa, 
four were of type aaxab and five were aOxaO markers. 

5.3.8 Construction of the parental maps 

V- For the paternal map, a total of 34 AFLP markers and 28 microsatellitc markers that 

segregated in the mapping population were included in linkage analysis. At a LOD 

threshold of 4.0,43 (69.4%) markers could be assigned to eight linkage groups each 

containing a minimum of three markers. In addition, five duplets were formed and 

nine markers remained unlinked. For the majority of groups, map construction proved 

straightforward with no markers causing problems with respect to goodness of fit. 

However, two markers were removed from the data set as they were problematic in 

map calculation. The first, EATA/MAAT/l could not be easily placed on to the Group 

A map. This marker was difficult to score and yielded a distorted segregation ratio (P 

< 0.01), suggesting that genotype data for this locus may have been erroneous. The 

second difficult marker, EATA/MAAG/17, showed linkage to group P. However, 

when included in subsequent analysis, this marker prevented calculation of the linkage 

group. This marker had been noted as difficult to score upon initial examination of the 

autoradiograph and was, therefore, discarded. Calculation of marker orders and 

relative map distances could not be achieved for Group D when only marker pairs with 
LOD significances greater than 1.0 were included in analysis. However, when this 

threshold was relaxed to incorporate marker pairs with LOD significances greater than 

0.9, all markers assigned to this group were mapped without difficulty. 

The paternal map comprised 28 AFLP markers and 22 microsatellites. The resulting 

13 linkage groups (including duplets) spanned 490.0 cM with an average interval 

between markers of 13.2 W. (Figure 5.6). 

For the maternal map, a total. of 34 AFLP markers and 30 microsatellite markers were 

included in linkage analysis. At a LOD threshold of 4.0,53 (82.8%) markers could be 

assigned to nine linkage groups each containing a minimum of three markers. In 

addition, three duplets were formed and 11 markers remained unlinked. Two AFLP 

markers, EAGA/MAAG/22 (Group T) and EAGA/N4AAG/5 (Group F) were not 

mapped as they could not be positioned without using the capability of JoinMap 
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software to force markers on to the linkage map. Calculation of linkage maps for all 

other groups proved unproblernatic. 

The maternal map comprised 27 AFLP markers and 24 microsatellites. The resulting 

12 linkage groups (including duplets) spanned 528.7 cM with and average interval 

between markers of 13.6 W. (Figure 5.7). 
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5.3.9 The K8 consensus map 

For the consensus map, those markers identified as problematic whilst calculating the 

parental maps were excluded from linkage analysis. The final mapping data set 

comprised 34 abxaa AFLP markers, 34 aaxab AFLP markers, 69 aOxaO AFLP 

markers, and the 71 microsatellite markers shown in Table 5.4. Marker groupings at a 

LOD threshold of 4.0 resulted in the formation of 24 linkage groups comprising three 

or more markers, with two duplets and 12 markers remained unlinked. With the 

exception of three groups, marker orders and relative map positions were calculated 

without difficulty. 

For the first problematic group, a map could not be calculated due to a potentially 

spurious linkage of two groups (H and 1) caused by the presence of microsatcllite 

marker SB587 (type abxac). No evidence of linkage was observed between these 

groups in the paternal map, which also included segregation data for paternal alleles 
from S13587. Furthermore, this locus remained unlinked to any other markers in both 

paternal and matemal linkage analyses, even at a decreased LOD threshold of 3.0. In 

response, this marker was removed from the data set and marker groupings were 

recalculated, resulting in the identification of 25 major linkage groups, with the 

number of duplets and unlinked markers remaining unchanged. For group 1, inclusion 

of an aOxaO-type AFLP marker (EATA/MAAG/14), previously highlighted by BSA as 
being linked to microsatellite locus S13226, caused a disagreement between marker 

orders of the corresponding paternal and consensus groups. This marker was difficult 

to score on a number of autoradiographs and was, therefore, discarded from further 

analysis. Subsequent recalculation of this consensus linkage group resulted in 

congruent marker orders between maps. 

A discrepancy between marker orders of the maternal and consensus maps was also 

observed for the second problematic linkage group, Group A. Here, the inclusion of a 

single aOxaO AFLP marker was shown to be the cause. When excluded from analysis, 

resulting marker orders were in agreement between maps. 

For group Y, which comprised only markers segregating in both parents, three AFLP 

markers of type aOxaO were excluded from map construction as they were shown to 

cause 'tension' within the group with regard to goodness-of-fit. If included, all 

markers assigned to this group could not be placed without using the capability of the 
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software to force them on to the map. When removed from this linkage group, 
remaining markers could be placed without difficulty. 

A total of 18 consensus linkage groups (A -0 and X- Z), defined here as those 

containing one or more markers that segregated in both parents, could be calculated. 

Of these, three groups (X, Y and Z) did not contain any markers that segregated 

exclusively in either parent. The consensus linkage groupst comprised 19 abxaa 

AFLP markers, 20 aaxab AFLP markers, 49 aOxaO AFLP markers and 50 

microsatellites. The total map length (including duplets) of these groups was 1191.8 

cM with an average interval between markers of 10.1 cM (Figure 5.8). 

Linkage groups P-W comprised only markers segregating in a single parent, hence 

consensus linkage groups could not be calculated in these instances. Groups P, Q, R, 

V and W contained paternal markers exclusively and represented a combined map 
length of 169.2 cM. Groups S, T and U comprised maternal markers only and spanned 

a total map distance of 112 cM. 

Both AFLP and microsatellite markers were well distributed over the linkage groups 
identified, although some evidence of AFLP clustering was observed on consensus 

linkage groups A and B. 

5.3.10 Mapping AFLP markers putatively linked to microsatellite SB226 

Of the eight AFLP primer combinations identified by BSA as potentially yielding 

markers linked to microsatellite locus SB226, five were used to generate markers for 

mapping. Of the seven markers identified by BSA as being putatively linked to 

SB226, six were successfully mapped to the target region on linkage group I (Figure 

5.8). These markers mapped to within 17.3 cM of locus SB226. Despite evidence of 

strong linkage to group I (linked at a LOD threshold of 10.0), the seventh marker, 
EATA/MAAG/14, was not mapped for the reason described in Section 5.3.9. 

1 linkage groups comprising at least one marker hctcrozygous in both parents 
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5.3.11 Identification of horneologous K3 and K8 linkage groups 

Microsatellite markers mapped in both the K3 and K8 populations were used as locus- 

specific anchor points between the two respective consensus maps. For the most part, 
the relative positions of these 25 microsatellites were in agreement across both maps, 

with no sets of markers showing linkage in one map but not the other. Putative 

identification of 17 homeologous linkage groups was achieved, although the 

orientation of corresponding linkage groups relative to one another could not be 

deduced for groups aligned by a single microsatellite marker (Figure 5.9). However, 

one discrepancy was observed. In K3, microsatellites SB274 and SB504 both mapped 
to linkage group IV, while in K8, these markers mapped to linkage groups D and P, 

respectively. Although group P comprised only paternal markers, group D contained 
four markers heterozygous in both parents. Hence, if these groups were truly linked in 

K8, detection of linkage would have been likely given the marker information 

available. These results suggested that in K8, these primers did not detect linked 

polymorphisms. 
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In K8, microsatellite markers SB276 and SB1075 both mapped to linkage group B. 

Locus SB1075 is homologous to locus SB419b, for which, alternativc primas werc 

designed as the original set gave a complex banding pattern when tested on K8 

parental DNA. Although SB419b was not mapped on K3 for reasons discussed in 

Section 3.3.5, evidence of linkage to group III was observed. However, if the ability 

of JoinMap software to force this marker on to the map was used (an approach not 

routinely employed in K3 map construction) S13419b was found to map to a position 

37 cM away from SB276 (Figure 5.10). This result further substantiates the claim that 

groups III and B of the K3 and K8 linkage maps, respectively, represent homcologous 

linkage groups. 

Figure 5.10. Alignment of K3 linkage group III and K8 linkage group B based on 

microsatellite loci SB276 and SB419b (=SB1075). 
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5.4 Discussion 

In this chapter, the construction of a framework genetic linkage map for K8 is 

described. Microsatellite markers enable the anchoring of this map to the K3 map. 
The fact that good co-alignment was found between the maps confirms the robustness 

of the linkages established and provides a firm foundation for subsequent QTL 

analysis (Chapter 6). Furthermore, the availability of two genetic linkage maps of 

willow (K3 and K8), which share several locus-specific microsatellite markers 

provides the means for future comparative mapping studies, not only in terms of 
linkage analysis, but also for comparative QTL analysis. 

5.4.1 Identification of the K8 parents 

Following the discovery that the pedigree information supplied for the K8 population 

was incorrect, the identification of the correct parents became of paramount 

importance to the success of this mapping study. The usefulness of co-dominant 

microsatellite markers in pedigree testing was illustrated here. Interrogation of 

segregation at five microsatellite loci in the likely full-sib parents (the K477 

population) and K8 progeny successfully excluded all but two possible potential 

candidates - the male clone K477-1113 and the female clone K477-S3. Although this 

microsatellite analysis could not provide concrete evidence that these two willows 

were the parents of the mapping population, subsequent AFLP and additional 

microsatellite screening during mapping confirmed conclusively that the true parents 
had been identified. Furthermore, K477-R13 and K477-S3 were planted in adjacent 

plots to the expected parents (K477-RI 1 and K477-S 1) as part of the NWC, suggesting 

that a sampling error had occurred when the material was originally collected to make 

the cross. As a consequence, the pedigree information for the KI population, which 

was expected to share a common parent (K477-R11) with K8, is also likely to be 

incorrect, although this was not tested. 

As the parents of the K8 mapping population were successfully identified, the original 

error was of no consequence to the linkage mapping part of this study. However, this 

problem only came to light after the field trial was planted. Therefore, the correct 

parents were not included in the trial and were not included in the phenotypic 
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assessments. Furthermore, they were also not included in the laboratory-based trait 

assessments of rust and beetle palatability performed during the establishment year. 
While subsequent detection of QTL will not be directly affected by this problem, more 
fundamental trait analyses, such as calculation of heritabilities will not be possible with 

the current data set. 

5.4.2 Microsatellite markers 

5.4.2.1 Microsatellite marker development 

The need to develop additional microsatellite markers for mapping in K8 arose from 

the observation that a large proportion of previously developed markers (Section 3.3.2) 

either failed to detect polymorphism in the K8 mapping population or failed to 

generate a profile that could be reliably scored. Difficulties in detecting polymorphic 

microsatellite loci were not unexpected given the K8 pedigree, i. e. in this pedigree S. 

viminalis var. Astrid, a great grandparent of the mapping population, was backcrossed 

to one of its offspring, "SW930984". From the full-sib progeny of this cross, two 

individuals were then crossed to produce the K8 population. This pedigree 

construction would have resulted in lower levels of polymorphism. than a wide cross 

between two unrelated parents. The observation that several microsatellite primer sets 

yielded profiles that were easily scored in K3, but were difficult to interpret in K8, may 

be a result of the inclusion of S. schwerinii in the background of K8 pedigree. The K3 

pedigree comprised only S. viminalis and was used for initial testing of the original 

microsatellite primer sets. This result also suggested that, although not tested on K8 

due to lack of time during the current study, some microsatellites that were not useful 
in the K3 population due to complex profiles or failure to yield a PCR product, may be 

informative in K8 and could be pursued in future studies. 

The re-design of microsatellite primers sets to loci that were not successfully amplified 

previously using the original primer sets, was beneficial in some cases. For example, 

primer sets SB886 and SB890 failed to generate amplification products when initially 

tested on K8, while alternative primers designed to a homologous insert, S131366, 

successfully generated a scorable profile. This suggests that, in future, a number of 

loci represented in the microsatellite library may be successfully interrogated in the 

mapping populations if alternative primer sets are designed. However, for some loci, 
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primer re-design failed to result in amplification, e. g. original primer sets SB321 and 

alternative primer sets SB606 and S131300. As discussed in Section 3.4.3, this may 
have been due to nucleotide diversity existing in the microsatellite flanking regions 
between the species included in the mapping pedigrees (S. vindnalis and S. schiverinii) 

and that used for construction of the microsatellite-enriched willow library (S. 

burjatica). 

To summarise, development of microsatellite markers required significant investment, 

both in terms of resources and time. Despite the highly-enriched nature of the 

microsatellite library, and the large number of unique microsatellite loci detected, 

development of a sufficient number of polymorphic markers for mapping in K8 was 

not straightforward. 

5.4.2.2 Microsatellite screening 

The use of both radioisotope- and fluorescence- based detection strategies were 

successfully employed for microsatellite genotyping in the KS population. In some 

cases, the potential to exploit both of these complementary strategies was beneficial to 

the study. For example, microsatellite marker SB306 generated a banding pattern that 

was difficult to score by autoradiography. This was due to the presence of a stutter 
band, from the larger allele of the two alleles detected, migrating to an equivalent 

position on the gel as the second true allele. The ability of fluorescence-based systems 

to more accurately quantify signal strengths and, thus, differentiate between 'true' 

allele bands and stutter bands, meant that this marker could be scored without 
difficulty when fluorescent detection methods were employed. In contrast, a number 

of markers could not be reliably scored when fluorescence was used for detection but 

were more easily interpreted using autoradiography. This was particularly important 

for loci at which different microsatellite alleles were preferentially amplified, e. g. 

SB233, at which the larger of the three alleles detected consistently generated a very 
faint signal and could not be reliably scored when using fluorescence-based 

genotyping. The ability to use extended exposure times in autoradiography meant that 

radioisotope-based methods were more suitable for accurately genotyping loci of this 

kind. 
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The use of microsatellite multiplexing strategies can greatly increase sample 

throughput capacity in microsatellite genotyping studies (Mitchell et al., 1997; Donini 

et al., 1998). This was clearly the case in this study. For example, alleles at 16 loci 

could be simultaneously detected for Multiplex E (Table 5.1). This number was 

comparable to the number of polymorphic AFLP markers that were generated in a 

single assay by some primer combinations. However, development of viable multiplex 

combinations was a time-consuming process, and not all of the informative loci 

available could be incorporated into such strategies due to time limitations. The 

observation that some of the microsatellite loci were consistently difficult to amplify in 

multiplex PCR scenarios has been noted by other researchers working with these 

markers in other willow genotyping studies (S. Trybush, personal communication). 
Furthermore, a number of loci included in multiplexes generated genotypes that could 

not be reliably scored for all individuals, resulting in the inclusion of missing data 

points in the final mapping data set. However, these problems did not offset the 

benefits of using multiplexing approaches, which were, in general, highly reliable. 

This study has proved the efficacy of such approaches in genotyping studies in willow. 
However, further multiplex optimisation may prove beneficial in increasing the 

efficiency (and for some cases, reliability) with which the available microsatellite 

markers can be used in future genotyping programmes, both in terms of increasing the 

number of loci that may be simultaneously screened, and by achieving more consistent 

signal strengths. 

The observation that the DNA sample for K8 individual 318 was in fact derived from 

S. viminalis var. Jorr, highlighted the usefulness of molecular markers in pedigree 
testing. This error may have arisen from two possible sources: 1) Jorr may have been 

planted in error at this plot position of the field trial or 2) the leaf material used in 

DNA extraction may have been mistakenly sampled from a plant contained in the 

adjacent Jorr plot. Further investigation based on microsatellite analysis of re-sampled 

material would shed light on the source of this erroneous DNA sample. Time did not 

allow for this during this present study. 

5.4.3 AFLP markers 

As observed in the K3 mapping study (Chapter 3), the AFLP technique successfully 
identified a large number of high-quality, polymorphic markers for mapping in K8. In 
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general, the technique was highly reproducible, which was of particular importance in 

this study as PCR assays were performed independently on batches of 80 individuals. 

However, for a small number of markers that consistently produced very faint signals, 

several genotypes were not scored in order to exclude potential gcnotyping crrors from 

the data set. For other cases, where a large proportion of genotypes for a given marker 

was not scored, this was more a consequence of differences in the quality of resolution 
between gels, i. e. some gels produced slightly less well-defined banding patterns than 

others. In such scenarios, the location of some markers very near to an adjacent 
marker prevented accurate genotyping. Rather than attempt to score such error-prone 
markers, such questionable genotypes were not included. If sufficient time had been 

available, then AFLP gels would have been re-run to circumvent this problem and the 

missing data values filled in. 

5.4.4 Bulked segregant analysis 

The use of BSA for identification of markers located in a particular map region has 

been reported in a large number of mapping studies and has also been successfully 

used in detecting markers linked to a variety of traits in a wide range of species, 
including a number of trees (Kondo et al., 2000; Moretzsohn et al., 2000; Barros et al., 
2002; Cevik and King, 2002). BSA was successfully employed here to identify 

additional segregating AFLP markers in the vicinity of microsatellite locus SB226- 

The identification and mapping of markers near to QTL or genes of importance may 
benefit downstream appplications in a number of ways. First, markers more closely 
linked to QTL or major genes may be more successfully implemented in marker- 

assisted selections (Asins, 2002). Secondly, the availability of several of markers in a 

region can lead to more accurate positioning of QTL (Kearsey and Farquhar, 1998). 

Finally, tightly linked markers are a pre-requisite for successful map-based cloning 

strategies (Tanksley et al., 1995). 

The field-based resistant and susceptible DNA pools were included in BSA in an 

attempt to identify markers putatively linked to the phenotype. As the genetic basis of 

rust resistance is currently not known in willow, both in terms of the number of genes 
or loci involved, it was important to identify additional phenotype-I inked markers that 

were not necessarily linked to the SB226 locus. Although several markers were found 

to segregate between the bulked DNA samples (Table 5.5), the fact that only a single 
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resistant and a single susceptible bulked DNA sample was used may have resulted in 

the identification of several false positives. If time had permitted, DNA samples 

comprising each of the bulks would have been screened individually with the 

putatively phenotype-linked markers to determine which of the detected markers were 

true positives. However, time was too restrictive and this line of work was not pursued 
further. 

5.4.5 The K8 parental maps 

For both the paternal and maternal linkage maps the number of resolved linkage 

groups was lower than the haploid chromosome number of willow, with 13 and 12 

groups comprising two or more markers being identified, respectively. This indicates 

that large regions of parental genomes are not represented and additional marker data 

is required in the future to achieve wider genome coverage. This observation is of 

consequence for future QTL mapping studies based on the parental maps, as there may 

be important QTL segregating in regions that are not represented which will, therefore, 

go undetected. In the paternal map, no regions containing markers displaying distorted 

segregation ratios were detected, with only a single mapped marker, microsatellite 
S13337, showing a weakly significant deviance from the expected 1: 1 segregation ratio 
(P < 0.1). Similarly, no distorted map regions were identified for the maternal map, 

although several mapped markers that were unlinked to one another displayed 

deviance from expected segregation ratios. It is important to note that some slightly 
distorted segregation ratios may have arisen from biased scoring of difficult markers. 
For example, for a faint AFLP band, it may be easier to confidently score for the 

presence of a band rather than its absence. Such scenarios may lead to a bias towards 

scoring for the presence of the band leading to a false suggestion of a deviant 

segregation ratio. For this reason, it is important that all possible marker genotypes are 

scored with equal confidence prior to reporting marker segregation ratios as distorted. 

The failure to detect any clusters of distorted markers in either parental map, as 

observed in the published willow maps (Hanley et al., 2002; Tsarouhas et al., 2002), is 

most probably a consequence of the incomplete map coverage achieved. 
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5.4.6 The K8 consensus map 

As with the parental maps, the number of consensus linkage groups (defincd here as 

those containing at least one marker segregating in both parents) that could be 

identified (18) was less than the willow haploid chromosome number (19), although 
the number of linkage groups detected was greater for the consensus map than for the 

parental maps. This was a consequence of the increased amount of marker segregation 
information provided by the inclusion of AFLP and microsatellite markers 
heterozygous in both parents. However, the 18 consensus linkage groups detected may 

not necessarily reflect 18 chromosomes. 

The eight linkage groups comprising markers from a single parent exclusively may be 

representative of regions linked to those consensus linkage groups detected in this 

study, but were not observed as linked due to a paucity of markers in potentially 

connecting regions. Alternatively, these groups may correspond to distinct 

chromosomes. Furthermore, linkage cannot be determined directly for paternal and 

matemal markers in the absence of linked markers heterozygous in both parents 
(Hanley et al., 2002). Hence, it is possible that the exclusive groups of the paternal 

and maternal maps may, in some cases, be representative of corresponding linkage 

groups of the consensus map, with linkage remaining undetected due to an absence of 
linked markers heterozygous in both parents. The generation of additional marker 

segregation data for inclusion in future linkage analysis should help to resolve all of 

the above uncertainties. 

As in construction of the K3 map (Section 3.3.6), several AFLP markers of segregation 

type aOxaO were problematic and were excluded from linkage analysis for those 

reasons outlined in Section 3.4.8. Although these markers could have been forced on 

to the consensus map they were excluded in order to allow construction of a robust 

consensus map. This was deemed important given that the consensus map would be 

used as a basis for QTL analysis using interval mapping methods, for which the correct 

ordering of markers is of prime importance (Asfns, 2002). 

AFLP markers showed good distribution across the map, highlighting the usefulness of 

the technology for rapid map coverage. The clustering of AFLP markers on linkage 

groups A and B may be a result of suppressed recombination in those regions (Section 

200 



3.4.8). Microsatellites also showed good gcnome distribution, with at least one marker 

of this type on all but one (Group W6) of the linkage groups detected. With the 

exception of linkage group 0, which contained two markcrs displaying distorted 

segregation ratios, no obvious clusters of distorted markers were detected. As 

postulated with the parental maps, this may be a consequence of the limited map 

coverage obtained. 

5.4.7 Comparisons with the K3 map 

At present, the K3 and KS consensus linkage maps differ greatly in the number of 

markers included. Information regarding both the increased density of markers and the 

greater genome coverage achieved in K3, when compared to K8, may be exploited in 

future studies to target regions that are not currently represented in the K8 map. While 

the locus-specific nature of microsatellites makes them amenable to direct transfer 

from one cross to another, for AFLPs, it is preferable to first convert target markers 

into locus-specific markers such as Sequence Characterised Amplified Regions 

(SCARs) (Paran and Michelmore, 1993). Furthermore, as this approach provides 

single-locus markers for use in subsequent screenings, the high costs associated with 

the multi-locus AFLP technique may be avoided (Brugmans et al., 2002). 

The transferable nature of the microsatellites facilitated the identification of several 

putatively homeologous linkage groups of the K3 and K8 linkage maps. However, the 

fact that a significant number of microsatellites that were mapped in K3 could not be 

mapped on K8, due to absence of polymorphism. or complex banding patterns, 
decreased the certainty of such results. The identification of putatively homeologous 

groups was based on a single common microsatellite marker in several cases, and 

should, therefore, be interpreted with caution. This is highlighted by the discrepancy 

identified regarding the positioning of loci SB274 and SB504 on the same linkage 

group in K3, but on distinct groups in K8. This observation may have resulted from 

the duplication of loci within the willow genome. If the polymorphism used for 

mapping was detected at one locus in the K3 population, but at another corresponding 
homeologous locus in K8, then the observed result may be explained. Discrepancies in 

microsatcllite positions have also been reported in comparative mapping studies in 

poplar (Cervera et al., 2001). For example, microsatellite markers PMGC61 and 
PMGC409 were located on group VIII of P. nigra and A trichocarpa maps and also 
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on the same linkage group in the map of Bradshaw et al. (1994). However, on the A 
deltoides map, these markers were located on distinct linkages groups (VI and VIII, 

respectively). 

Further insight into the relationships between linkage groups of the K3 and K8 linkage 

maps could be gained through mapping additional markers that segregate in both 

populations. The microsatellite markers generated in the most recent development 

phase (SB961 to SB1534) were not tested for their ability to detect polymorphism in 

K3. Of these, those that were mapped in K8 should be tested in K3 and mapped, if 

polymorphic, in future studies. 

5.5 Chapter summary 

A genetic linkage map based on the large K8 mapping population was 

constructed for use in QTL analysis. 

Microsatellite markers were successfully employed to identify the two parents 

of the K8 mapping population. This result was later substantiated during 

further marker screening for mapping. 

*A double pseudo-testcross strategy was employed, resulting in the construction 
of separate framework parental maps and a preliminary consensus map. 

*Molecular marker screening focused on informative, co-dominant 

microsatellites, however, a limited number of AFLPs were generated to rapidly 
improve map coverage. 

e Additional microsatellite markers were developed, following characterisation 

of additional microsatellite library inserts. 

9 To increase genotyping throughput, microsatellite multiplexing approaches 
based on fluorescent detection were used. 

* BSA was used to select AFLP primer combinations that would yield markers in 

the vicinity of microsatellite marker SB226, a marker that was found to be 

linked to rust resistance in early non-parametric QTL analysis. 

9 The preliminary maternal framework map comprised 27 AFLP markers and 24 

microsatellites. The resulting 12 linkage groups (including duplets) spanned 
528.7 cM with and average interval between markers of 13.6 cM. 

202 



The preliminary paternal framework map comprised 28 AFLP markcrs and 22 

microsatellites. The resulting 13 linkage groups (including duplets) spanned 
490.0 cM with an average interval between markcrs of 13.2 cM. 
The parental linkage maps were integrated to produce a preliminary consensus 
linkage map comprising 19 abxaa AFLP markers, 20 aaxab AFLP markers, 49 

aOxaO AFLP markers and 50 microsatellites. The total map length (including 

duplets) of these groups was 1191.8 cM with an average interval between 

markers of 10.1 W. 
Microsatellite markers allowed the identification of several homeologous 

linkage groups between the K8 and K3 (Chapter 3) maps. With one exception, 

microsatellite marker groupings were in agreement with those identified in K3. 

e Although the K8 linkage maps will require additional work to improve genome 

coverage, marker saturation and accuracy in some regions, these maps will be 

suitable for use in preliminary QTL analyses, as described in Chapter 6. 
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6.1 Introduction 

The work described in this chapter concerns the use of previously constructed linkage 

maps (Chapters 3 and 5) and phenotypic data generated in several trait assessments in 

QTL analysis aimed at the identification of genomic regions underlying variation in 

traits of agronomic importance. In addition, more fundamental issues regarding 

relationships between various traits are addressed. 

6.1.1 QTL analysis in outbreeding species 

As with linkage mapping, QTL analysis in outbred populations is subject to additional 

complications in comparison to studies based on populations derived from fully 

homozygous parents due to differences in marker (and QTL) segregation type. As 

described in Section 2.7.1, this was taken into account in the choice of the JoinMap 

software for linkage analysis. Similarly, for the QTL mapping reported upon here, the 

fact that a mapping strategy was a pseudo-testcross approach influenced the methods 

used for analysis of the data and, in particular, the choice of the QTL analysis software 

used (see Section 6.2.4). 

6.2 Material and Methods 

6.2.1 Additional trait assessments 

Following the choice of the population for further study, additional trait assessments to 

those previously described in Chapter 4, were performed. For all field-based trait 

assessments, the entire K8 progeny (1-947) and the original K3 individuals (I - 66; 

those used to construct the K3 linkage map (Chapter 3) were included. Data were 

recorded separately for plants growing in position 3 and 4 of each plot (Figure 4.1c), 

unless otherwise stated. To allow for the adjustment of resulting trait data, according 

to any spatial variation that might be present across the trial site, all reference plots 

containing S. viminalis var. Jorr were also assessed. 
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Field-based assessments of rust resistance 

Further assessments of field-based rust resistance were performed in Septcmbcr of 
both the 2001 and 2002 growing seasons. In both instances, rust scores were assigned 
to individual plants according to the scoring system described previously in Section 

4.2.6.1. 

6.2.1.2 Non-destructive yield assessments 

Following the second year of growth (2001-2002), stem diameters were recorded 
during January 2002 for all stems of each assessed plant. These assessments were 

performed as described in Section 4.2.6. Maximum stem heights were also recorded at 

this time. After the third year of growth (2002-2003), a further assessment of stem 

diameters and stem heights was performed. However, unlike in 2002, the heights of all 

stems per stool were recorded in this year. 

6.2.1.3 Destructive yield assessments 

In accordance with standard short rotation coppice practise, the field trial was 
harvested following the third year of growth, in February 2003. The fresh weight of 

each plant growing in positions 3 and 4 of each plot was first recorded. The remaining 
four stools of each plot were then harvested and weighed as a single unit. For 

assessment of percentage dry matter content, all stems in positions 3 and 4 of each plot 

were separately chipped using a standard garden chipper. Approximately 700 g of 

chipped material from each was transferred into trays, re-weighed and dried in 

accordance with the drying protocol outlined in Section 4.2.6.2. Total plant material 

obtained from each stool could not be included in moisture assessments due to limited 

oven capacity. 

6.2.1.4 Laboratory-based beetle feeding experiment 

A second beetle feeding experiment was performed for individuals of the K8 

population during August 2001. The experimental protocol was as described in 

Section 4.2.7.2, with the following exceptions. First, due to a shortage of willow 
beetles (of any species) at LARS in this year, beetles were collected from a SRC 
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plantation in Redditch, UK on the day prior to the experiment. Second, the design of 

the experiment, in terms of the layout and number of leaf discs included in each dish, 

differed from the first experiment in that: 1) more genotypes (121) were included (c. f. 

89 genotypes in the 2000 test) in accordance with a balanced 11 xII lattice square 

design (see Appendix II) and 2) the K477-S3 and K477-RI3 parents were included in 

each dish, at an equivalent position each time. Third, eight bectles were released into 

each dish (c. f. ten in the 2000 test). Finally, plant material for production of leaf discs 

was collected from K8 progeny growing in the field trial at LARS. Efforts were made 

to sample the youngest leaves for which sufficient leaf area was available. 

Following the assessment, the percentage leaf area remaining was recorded (c. f. total 

leaf area remaining in the first experiment) using an Optomax V Image Analyser 

(Synoptics, Cambridge). As resulting data were recorded on a true percentage scale, 

with the absolute end point of 100, the closer the means are to 100, the smaller the 

variability and thus the assumption of approximately equal variation across the whole 

range is not valid. The appropriate data trans-formation to use with such data is the 

logit (adjusted to allow for values of 100 being included): 

1'9 " --": 1'9 e 
((%left + 0.5)1(100.5 - %left)) 

6.2.2 Examination of spatial variability and adjustment of K8 trait values 

Data analyses described in this section (6.2.2) were performed and validated by Dr. 

Stephen Powers, Rotharnsted Research, UK. All field-derived K8 trait data (Sections 

4.3.3,4.3.4 and 6.3.1) were analysed to identify and adjust for any spatial trends across 

the field site that may have contributed to variation in trait values recorded in 

assessments. The method of Residual Maximum Likelihood (REML) (Patterson and 
Thompson, 1971; Robinson et al., 1982) was used to fit mixed (involving fixed and 

random effects) models (Searle et al., 1992) to the trait data, employing the GenStat 

statistical package (@Sixth Edition, Lawes Agricultural Trust, Rotharnsted 

Experimental Station, 2002). Using theory developed by Gleeson and Cullis (1987), 

Cullis and Gleeson (1991) and Cullis et al. (1998), the most appropriate model to 

correctly describe the effects of spatial trends for each trait was identified. To this end, 
the method utilised the trait information provided by the control genotype (var. Jorr), 

which was planted strategically throughout the design. Changes in model deviance 
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(Genstat Committee, 1993) were used to assess the significance of extra (spatial) tcrms 

in models, these changes being distributed as chi-squared on degrees of freedom equal 
to the number of extra parameters. 

In accordance with the field trial design (Figure 4.1), column (Y = 1-52) and row (x = 

25-47) co-ordinates were assigned to each plot within the KS field trial, including the 

tramline rows (x = 30,36 and 42) as they complete the spatial arrangement of plants in 

the design. For all traits except percentage dry matter content, analyses were based on 

data recorded separately for the two plants in positions 3 and 4 (designated A and B in 

spatial analysis, respectively) at each (x, y) co-ordinate. This feature was built into 

each model as a further (fixed) design factor so that all data could be modelled for each 

variable whilst taking account of the order of sampling plants. For %dry-01 and %dry- 

03, mean values derived from the two plants assessed were used (see Table 6.1 for 

explanation of all trait abbreviations). Preliminary analysis of the data revealed that a 

square root transformation was required for traits Shts-01, Shts-02 and Shts-03. Also, a 

natural log transformation was required for the FW-03. 

The best model for traits MxHt-01, FW-01, DW-01, RR-01, MxHt-02, MxHt-03, 

MnHt-01, MxDia-01, MxDia-01, MxDia-02, MnDia-01 and MnDia-02 was of the 

form: 

dijkl =, a + ABk + Geno, + (XAR(l) 
*YAR(l))ij + 6ijkl 

where, for data values dijkl, # is a constant, ABk (k = 1,2 (A or B)) is the effect of the 

genotype on the right or the left (positions 4 and 3, respectively) and Genot (I = 
952) is the effect of the genotype I (originally denoted 8001,..., 8947) including Jorr, 

parents and grandparents (I = 948,949,950,951 and 952). For these variables, using 

just the interaction term (as a random effect), between columns and rows (x. y)ij (i = 

25,..., 47 andj = 52), provided the best description of the spatial characteristics 

of the design, together with an autoregressive process of order 1, referred to as AR(I), 

component for both rows and columns. This means that, moving along columns (x) or 

rows (y), the description of the variation is of the form: 

Xi (OIXI-I + zu 

YJ V2Yj-l + Z2J 
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where (p, and 0 are the autoregressive parameters and zil, z2J - N(O , az 2) are purely 

random processes, with a, 2 as the variance of the processes. Therefore, the spatial 

variation, or adjusting effect, for row i on the variable modelled, depends on the spatial 

variation for row i -1 and similarly for columns. In other words, in this case, the 

spatial trend is a gradual change across rows and columns, rows or columns being 

spatially correlated significant to one step. The final term in the model, euki, is the 

error in fitting the observation of genotype 1 at position k, row x, and column yp 

Using the same notation as above, the best model for MnHt-03 and MxDia-03 was of 

the fonn: 

dijkl =p+ ABk + Geno, + (XAR(l). y)ij + 6ijkl 

as significant autoregressive spatial variation was only apparent up and down columns. 

For traits RR-02, FW-03, MnDia-03, Shts-01, Shts-02 and Shts-03, no significant 

spatial variation was detected, so that the models for these variables were simply of the 
fonn: 

dij, u =p+ ABk + Geno, + (x. y),, + -, iju 

For RR-00, the best description of the spatial variation was given by including the row 

and column terms separately as random effects with no AR components required. The 

best model was: 

dijk, =p+ ABk+ Geno, + x, + yj + cuu 

Similarly, for %dry-01 and %dry-03 the best model maintained separate independent 

effects of rows and columns: 

dij, =, u + Geno, + x, + yj + eij, 
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6.2.3 Phenotypic correlations between characters 

To examine the linear relationship (positive or negative) between any two traits over 

the K8 population, phenotypic correlations between all traits assessed in the field were 

calculated, using all pairs of trait values for all individuals. Calculations were 

performed using the GenStat statistical package ((D Sixth Edition, Lawes Agricultural 

Trust, Rotharnsted Experimental Station, 2002), according to theory described in Mead 

et al. (1993). 

To test the significance of each correlation, the F-statistic, and its associated 

probability was determined. Given the probabilistic nature of such significance tests, 

in which multiple comparison were performed, the probability of type I errors 

occurring (significant correlations were detected by chance alone), was determined 

according to: 

where a was set to 0.05 as a realistically small type I error, and ni = 190 (the number of 

correlations). A threshold p-value of 0.0003 resulted. 

6.2.4 QTL analysis 

QTL analysis was performed for the K8 and K3 populations, as defined in Section 

6.2.1. For K8, REML estimates (Section 6.2.2) were used in analyses of field-based 

traits. For laboratory-assessed traits in K8 and K3, and for K8 nursery heights, 

unadjusted trait values were used. For K3 field traits, unadjusted trait values were 

used based on mean trait values derived from plants in positions 3 and 4 of each plot. 
Furthermore, for K3, phenotypic data generated for rust resistance, mean plot weight, 

number of shoots per stool and resistance to the leaf roll galling midge (D. 

marginemtorquens) in assessments previously performed in Sweden (I. Ahman, 

personal communication) were also included in analyses. Details of the protocols used 
in the Swedish assessments are described in Ahman, (1997). A summary of all traits 
included in QTL analysis is provided in Table 6.1. 
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Table 6.1. Summary of traits included in QTL analyses. Details of the timing of 

assessments and the QTL methods used for analysis (KW = Kruskal-Wallis, IM = 
interval mapping) for each trait are provided. Unless specified, traits were assessed for 

both KS and KI Codes assigned for each trait are indicated. 

Traits Year Growth season Code Method Assessment described 

(in field trial) in section 

Nursery height 1999 n/a NH KW, IM n/a 

Field-assessed traits 
Rust resistance 2000 Ist RR-00 KW 4.2.6.1 

Dry weight 2001 Ist DW-01 KW, IM 4.2.6.2 

Fresh weight 2001 Ist FW-01 KW, IM 4.2.6.2 

% dry matter content 2001 Ist %dry-01 KW, IM 4.2.6.2 

Maximum stem diameter 2001 Ist MxDia-01 KW, IM 4.2.6.3 

Mean stem diameter 2001 Ist MnDia-01 KW, IM 4.2.6.3 

Maximum stem height 2001 Ist MxHt-01 KW, IM 4.2.6.4 

Mean stem height 2001 Ist MnHt-01 KW, IM 4.2.6.4 

Number of shoots per stool 2001 Ist Shts-01 KW. IM 4.2.6.3 

Rust resistance 2001 2nd RR-01 KW 6.3.1.1 

Maximum stem diameter K8 2002 2nd MxDia-02 KW, IM 6.3.1.1 

Mean stem diameter KS 2002 2nd MnHt-02 KW, IM 6.3.1.1 

Maximum stem heightK8 2002 2nd MxIIt-02 KW, IM 6.3.1.1 

Number of shoots per StoolK8 2002 2nd Shts-02 KW, IM 6.3.1.1 

Rust resistance 2002 3rd RR-02 KW 6.3.1.1 

Maximum stem height 2003 3rd MxIIt-03 KW, IM 6.3.1.1 

Mean stem diameter 2003 3rd MnDia-03 KW, IM 6.3.1.1 

Mean stem height 2003 3rd MnHt-03 KW, IM 6.3.1.1 

Maximum stem diameter 2003 3rd MxDia-03 KW, IM 6.3.1.1 

Number of shoots per stool 2003 3rd Shts-03 KW, IM 6.3.1.1 

Fresh weight 2003 3rd FW-03 KW, IM 6.3.1.1 

% dry matter content 2003 3 rd %dry-03 KW, IM 6.3.1.1 

Laboratorv-assessed traits 
Beetle resistance 2000 n/a, BF-00 KW, IM 4.2.7.2 

Beetle resistance K8 2001 n/a BF-01 KW, IM 6.2.1.4 

Rust resistance - LET 1 2000 n/a. LETI KW, IM 4.2.7.1 
Rust resistance - LET5 2000 n1a. LET5 KW, IM 4.2.7.1 
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Table 6.1 continued. 
Traits Year Growth season 

(in field trial) 

Code Method Asscssmcnt described 

in section 

Swedish dataK3 

Fresh weight 1992 n/a FW-92 KW, IM Ahman, (1997) 
Fresh weight 1993 n/a FW-93 KW, IM Ahman, (1997) 

Number of shoots per stool 1991 n/a Shts-91 KW, IM Ahman, (1997) 

Rust Resistance 1993 n/a RR-93 KW Ahman, (1997) 

Rust Resistance 1995 n/a RR-95 KW Ahman, (1997) 

Rust Resistance 1996 n/a RR-96 KW Ahman, (1997) 

Rust Resistance 1997 n/a RR-97 KW Ahman, (1997) 

Rust Resistance 1998 n/a RR-98 KW Ahman, (1997) 

Resistance to D. margineintorquens ? n/a DM KW Ahman, (1997) 

K8: trait assessed in population K8 only 
K3: traits assessed in population K3 only 
?: not known 

All QTL analyses were performed using MapQTLO 4.0 software (Van Ooijcn et al., 
2002) as this package enables analysis of full-sib families in which up to four QTL 

alleles may be segregating (MapQTL population type CP). Linkage phases were 
known from linkage analysis (Chapters 3 and 5). As a first step in QTL identification, 

the non-parametric rank-sum test of Kruskal-Wallis (KW) (Lehmann, 1975) was used 

to identify associations between single markers and each trait, with significance 

threshold of P<0.005 used to declare significance. This was the only approach used 

with data recorded for field-based rust assessments and resistance to the leaf roll 

galling midge due to the non-continuous, categorical nature of the scoring systems 

used (Section 4.2.6.1). For all other traits, interval mapping (IM) (Lander and 
Botstein, 1989; Van Ooijen, 1992) was then performed based on the two parental maps 

of both the K8 and K3 populations, followed by analyses based on the consensus maps 

using an 'all-markers approach' (Knott and Haley, 1992; Maliepaard and Van Ooijen, 

1994). Five neighbouring markers were used in such analyses. 

For analyses based on both parental and consensus linkage maps, the permutation test 

(Churchill and Doerge, 1994) within the software package was used to determine LOD 

significance thresholds at both chromosome-wide and genome-wide levels, based on 

1000 permutations and using a significance level of P<0.005 in both cases. QTL with 

associated LOD scores above the genome-wide significance threshold were considered 

to be significant. QTL with associated LOD scores that exceeded the chromosome- 
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wide threshold were considered to be suggestive QTL (Van Ooijcn, 1999). All charts 

were constructed using MapChart 2.10 software (Voorips, 2002). For each QTL 

identified, ambiguity of map position was indicated by both I-LOD and 2-LOD 

support intervals (Van Ooijen, 1992). 

6.3 Residts 

6.3.1 Additional trait assessments 

6.3.1.1 Field-based trait assessments 

Variation in trait values was recorded for all field-based assessments of the K8 and K3 

populations. Results of all assessments are presented as distribution plots in Figure 6.1 

(K8) and Figure 6.2 (K3). For K8, these plots are presented to allow comparison with 

distribution plots following adjustment for environmental factors (Section 6.2.2). 

Distribution plots based on raw, unadjusted trait data for assessments not included here 

but used for choosing the OTL population, are provided earlier in the thesis (Figure 

4.8). As no adjustment for environment was performed for K3, the distribution plots 

for K3 are representative of the data used in final QTL analyses. 

Figure 4.1. Field-based trait distribution plots : K8. 
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Figure 6.1 continued. 
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Figure 6.2. Field-based trait distribution plots : K3. 
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6.3.1.2 Laboratory-based beetle feeding assay 

Variation in the percentage leaf area remaining per genotype was observed as shown in 

Figure 6.3. There was strong evidence of statistically significant differences between 

K8 individuals tested, with an overall F-probability for the comparison between 

samples of P<0.001. 

Figure 6.3. Distribution of logit transformed means of percentage Icaf area remaining 

for the 2001 beetle feeding assessment. 
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respectively, on the logit scale, (representing percentages of 94.8% and 97.7%, 

respectively). With an approximate LSD (P = 0.05) of 0.985, the difference in the 

amount of leaf disc remaining was, therefore, not statistically significant between the 

two parents. 
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6.3.2 Adjustment of K8 trait values for spatial heterogeneity 

Figure 6.4. Distribution plots of REML-cstimatcd trait values (x axis) against 

frequency (y axis) for K8 traits assessed in the field trial. 

=rust resistance 

=fresh weight 

=dry weight 

=maximum stem height 

Rit-01 0R -07 

[20 - 
250 120 - 

1 (X) - 200 -- 100 --- 
-- 

90 --ý 

40 40 

101l45634 

FW-03 

400 

350 

3400 

250 

200 

150 

100 

50 

0 

IW- 

Not 
R(I 

40 

20 

a 02 04 0,0,8 56A (I IAý 01 04 

MA ILAV M, I it o2 KW 144)) 

250 

200 

150 
ISO 

50 A 

0 
A 3.3 80 1M 160 201) 2 41) ? go J10 3tAi 400 

M,, Tll 01 MnHi 03 

250 

200 

1541 

1 (X) 

I Vi 1 21 11 

104) 

No 

60 

441 

20 

1) 

140 

120 

l(W) 

m 

60 

40 

In 

I15,,, I . ", 

=mean stem height 

=maximurn stem diameter 

= mean stem diameter 

=percentage dry matter 

= numbcr of shoots per stool 

218 



Figure 6.4 continued. 
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6.3.3 Correlations between characters 

Correlations between all data recorded in the field are shown in Table 6.2 with 

associated probabilities shown in Table 6.3. 
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6.3.3.1 Correlations between growth traits In the establishment year 

Several correlations between growth traits were identified upon analysis of the trait 
data generated in the establishment year. With the exception of any trait with RR-00, 

and trait Shts-01 with MxHT-01, MnDia-01 or MxDia-01, all correlations were 

significant (P < 0.0003). As may have been expected, a strong correlation (r = 0.997) 

between fresh and dry weight data (FW-01 and DW-01) was observed (Table 6.2). 

For potential yield components, strong relationships between both FW-01 and DW-01 

and MxHt-01 were observed (r = 0.735 and 0.742, respectively). These correlations 

were higher than those observed when MnHt-01 was compared to FW-01 and DW-01 

(r = 0.183 and r=0.187). Similarly, with stem diameter data, stronger associations 
between FW-01 and DW-01 with MxDia-01 were observed (r = 0.252 and r=0.254) 
in comparison to FW-01 and DW-01 with MnDia-01 (r = 0.228 and 0.230, 

respectively). Interestingly, a non-linear relationship between MxHt-01 and yield was 

identified (Figure 6.5). 

Figure 6.5. Scatter plot of MxHt-01 vs. FW-01 showing a non-linear relationship 
between maximum stem height and fresh weight (2001 data). 
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Number of shoots per stool (Shts-01) showed no correlation with any other growth 

traits in this year with the exception of FW-01 and DW-01 for which weak correlations 

were observed (r = 0.342 and 0.347, respectively) 
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6.3.3.2 Correlations between growth traits In the second year (2001-2002) 

In this year (the first year of growth since the previous harvest) all correlations were 

statistically significant with the exception of RR-01 with MxDia-02 and MnDia-02 and 
RR-01 with Shts-02. A strong correlation between MxHt-02 and MxDia-02 (r = 
0.647) was observed. Weak to moderate correlations between Mx1It-02 and MnDia-02 

(r = 0.343), MxHt-02 with Shts-02 (r = 0.203) and MxDia-02 with MnDia-02 (r = 
0.466), were detected. A weak negative correlation (r = -0.387) between Shts-02 and 
MnDia-02 was also identified. 

6.3.3.3 Correlations between growth traits In the third year (2002-2003) 

For this year, most comparisons were significant, although, as in previous years, 

correlations between number of shoots pcr stool and all othcr traits were weaker in 

comparison to relationships between other traits, and no growth traits were correlated 

with rust levels. The strongest correlations identified were between MxHt-03 with 

FW-03 (r = 0.746) and MxDia-03 with FW-03 (r = 0.746). These maximum height and 

diameter traits were also highly associated with corresponding mean height and 

diameter traits. Furthermore, height components were highly correlated to diameter 

components. Similar to data generated in 2001, but in this case more marked, a non- 

linear relationship between MxHt-03 (and MnHt-03 to a lesser degree) with FW-03 

was observed. In contrast to 2001, in 2003 this phenomenon was also evident for 

MxDia-03 (and MnDia-03) as shown in Figure 6.6. 

Figure 6.6. Scatter plots of MxHt-03 vs. FW-03 and MxDia-03 vs. FW-03 showing 

non-linear relationships between maximum stem height and diameter with fresh weight 
(2003). 
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For number of shoots per stool (Shts-03), evidence of a negative relationship with 

mean diameter (MnDia-03) was detected as in the previous year. In addition, in 2003 a 

similar negative correlation was identified between this trait and MnHt-03. However, 

there was some evidence of a correlation (r = 0.465) between the number of shoots 

(Shts-03) and fresh weight (FW-03). 

6.3.3.4 Correlations between traits over three years 

Between the establishment year (2000) and the second year (2001 after first harvest) 

several correlations were observed between traits, particularly for height and diameter 

traits, e. g. MxHt-02 was strongly related to MnDia-01 (r = 0.504), MnHt-01 (r = 
0.524) and MxDia-01 (r = 0.522). For trait data recorded in 2002 and 2003, strong 

correlations resulted between height and diameter traits, as in the previous comparison. 
Correlations between both MxHt-02 and MxDia-02 with FW-03 were also convincing 
(r =0.549 and 0.622, respectively). Between trait data from the establishment year 
(2001) and that from the third year (before final harvest in 2003), in general, 

correlations were poorer when compared to comparisons made between other years, 

with the exception of a convincing association between MxDia-01 and MxHt-03. The 

strongest correlations between fresh weight (yield) in the final harvest year and 

establishment year traits were provided by MxDia-01 and MnDia-01 (r = 0.478 and 
0.415, respectively). These yield components were more highly correlated with final 

harvest weights than were the first year (2001) harvest weights. 

For number of shoots per stool, the only strong correlation observed was between Shts- 

02 and Shts-03 (r = 0.869), although there was some evidence of a relationship (r = 
0.473) between Shts-02 and FW-03. 

Across all three years, correlations amongst rust data were evident, i. e. between RR-00 

and RR-01 (r = 0.299), between RR-00 and RR-02 (r = 0.306) and between RR-01 and 
RR-02 (r = 0.522). For all years, rust was not highly correlated with any other trait. 
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6.3.4 QTL analysis 1. K8 

QTL mapping was based on the K8 paternal, maternal and consensus maps as 
described in Chapter 5. It should be noted that some limitations on the QTL analysis 

resulted from the fact that there was insufficient time to increase marker coverage on 

the K8 maps, thus some linkage groups present in one parental map were not 

represented in the other. In addition, three linkage groups (X, Y and Z) comprised 

only markers heterozygous in both parents and were not, therefore, included in 

parental QTL analyses. 

Results of QTL mapping based on the K8 paternal, maternal and consensus linkage 

maps are summarised in Tables 6.4 and 6.5 (Section 6.3.4.1), 6.6 and 6.7 (Section 

6.3.4.2), and 6.8 and 6.9 (Section 6.3.4.3), respectively. For each trait, where putative 
QTL were identified on a given linkage group, the most significant marker-trait 

associations per group identified by KW analysis are indicated by asterisks (P > 0.1: *, 

P>0.05: **, P>0.01: ***, P>0.005: ****, P<0.0001: *****, P<0.0005: ******, P< 

0.00001: *******). KW results are not shown if the significance was below P>0.01 

except where positive results by IM were obtained. Maximum LOD scores for each 
trait and linkage group are shown if they exceeded the chromosomal significance 
threshold as determined in permutation tests. Figures in brackets indicate the 

percentage variance explained by each QTL. QTL are indicated in boxes when both 

the KW significance threshold (P < 0.005) for KW analysis and the chromosomal 
LOD significance threshold for IM were exceeded. Shaded boxes indicate significant 
QTL, for which genome-wide significance thresholds for IM analysis were exceeded. 
Linkage groups were excluded from the tables if there was no evidence of an 

association with any trait analysed. More comprehensive results of IM analysis are 

provided in Figures 6.9 and 6.11 for K8 and K3, respectively. 
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6.3.4.1 The K8 paternal data set 

Results of QTL mapping based on the K8 paternal data set are summarised in Table 

6.4 for yield-related traits and in Table 6.5 for pest and disease traits. For yield-related 
traits, 12 significant QTL, located on linkage groups A, I and P, were identified. A 

further 33 suggestive QTL, significant at the chromosome level in IM, were detected 

on linkage groups A, B, C, D, G, I, L, P, R, V and W. Of these suggestive QTL, nine 

were linked to markers that were significant by KW analysis (P < 0.005). In several 
instances of suggestive QTL, co-location with other yield-related traits was observed. 

Of the twelve significant QTL mapped, eight were located on linkage group P, for 

traits FW-01, FW-03, DW-01, MxHT-03, Shts-02, Shts-03, MxDia-01 and MxDia-03. 

Suggestive QTL for MxHt-01, MxHt-02, MxHt-03, MxDia-02, MnDia-01 and NH 

were also detected on this group. Similarly, three significant (MxHt-01, Shts-02 and 
Shts-03) and eight suggestive (FW-01, FW-03, DW-01, MxHt-02, Shts-01, MxDia-01, 

MnDia-01 and NH) putative QTL were detected on linkage group A. Co-location of 

several suggestive QTL for related traits (FW-01, DW-01, MxHt-01, MxHt-02 and 
MnHt-01) was also observed for group C. 

For traits assessed over multiple years, consistent putative QTL-linkage group 

associations were observed in some instances, although the degree of significance of 

each putative QTL was found to be variable. Linkage group P was associated with 
fresh weight in both 2001 and 2003 assessments (FW-01 and FW-03), groups A and P 

were implicated for number of shoots per stool in 2002 and 2003 (Shts-02 and Shts-03) 

and group P was putatively associated with maximum stem diameter and maximum 

stem height in all assessment years (MxDia-01, MxDia-02 MxDia-03, MxHt-01, 

MxHt-02 and MxHt-03). 

For field-based rust resistance, KW analysis detected highly significant marker-trait 

associations on linkage group I for all three years in which assessments were 

performed. Furthermore, a significant QTL was detected on this group for the rust 

inoculation test using pathotype LET1. Suggestive QTL for this trait was also 
identified on linkage groups A and E. For pathotype LET5, IM analysis also identified 

peaks on groups I and A although, in both cases, the chromosomal significance 

thresholds were not achieved (data not shown). Similarly, KW analysis of this trait 
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identified markers putatively linked to this trait although the significance threshold set 

within this study was not attained for either linkage group. Two putative QTL were 
identified on groups E and V for field-based resistance in 2000 (RR-00) that were not 
detected in subsequent years. 

A suggestive QTL affecting beetle feeding preference (BF-00) was detected on linkage 

group V when data generated in the first beetle feeding experiment (2000) (Section 

4.3.4.2) were analysed. No QTL were identified following analysis of data produced 
in the 2001 experiment (BF-01) (Section 6.3.1.2). 
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Table 6.5. Summary of putative QTL identified for pest and disease traits in the K8 

male parent (K477-R 13). 

LG RR-00 RR-01 RR-02 LETI LET5 BF-00 BF-01 

AI *** I 

E 

I 

V 

1.85 (30.4) 
* 

n/a 1.3(14.9) 

n/a n/a n/a 

n/a 2.52 (22.5j 

6.3.4.2 The K8 maternal data set 

Results of QTL mapping based on the K8 maternal data set are summarised in Table 

6.6 for yield-related traits and in Table 6.7 for pest and disease traits. For yield traits, 

six significant QTL were detected on linkage groups A, C, E, K and T, with a further 

30 suggestive QTL identified on groups A, B, C, E, F, H, K 0, S, T and U. Of these, 

ten were assigned to linkage groups that contained markers that were also significant 

for the corresponding trait (P < 0.005) in KW analysis. 

As with the paternal data, several of the putative QTL were located on linkage group A 

(FW-03, MxHt-02, Shts-03, %dry-01 and NH). On group K, significant QTL for 

nursery height and maximum stem height in 2001 were identified. In addition, 

associations with fresh and dry weight following the establishment year (FW-01, DW- 

01, MxHt-02, MxHT-03, MnHT-01 and MxDia-02) were also observed for this group. 
However, for these traits in the second and third years of growth, the significance of 

these QTL was less than that observed for nursery and establishment years. Similarly, 

while QTL were detected on linkage group T for FW-01, DW-01 and MxHt-01 and 

MxHt-02, %dry-01 and NH, little evidence of any QTL effects for this group were 

observed with the 2003 trait data. 
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Table 6.7. Summary of putative QTL identified for pest and disease traits in the K8 

female parent (K477-S3). 

LG RR-00 RR-01 RR-02 LETI LET5 BF-00 BF-01 

s 

1.59(6.1) 

F 

n/a 2.22(21.0) 

K 

n/a ri/a 

For field-based rust resistance, two linkage groups (F and K) contained markers that 

were putatively linked to the phenotype in 2001 and 2002 (RR-01 and RR-02), 

although the significance threshold of P<0.005 was not achieved in either instance. 

No evidence for QTL affecting RR-00 was observed. Suggestive QTL were identified 

for BF-00 on linkage groups F and S, although only the latter reached significance by 

both KW and IM analyses. For data generated in the second beetle feeding experiment 

(BF-01), evidence of a suggestive QTL, again on linkage groups S, was observed. 

6.3.4.3 The K8 consensus data set 

Results of QTL mapping based on the K8 maternal data set are summarised in Table 

6.8 for yield-related traits, and in Table 6.9 for pest and disease traits. Several putative 
QTL were identified when the consensus data set was used that were not detected in 

analysis of the parental data. Most notably, linkages groups N and Y yielded evidence 

of several additional QTL. On linkage group N, significant QTL for traits %dry-01 

and MnHt-01 were detected, with suggestive QTL identified for DW-01, MxHt-01, 

MxHt-03, MnHt-03, MnDia-01 and MxDia-03. A significant association with MxDia- 

01 was also detected on this group by KW analysis, although this was not detected by 

IM. On linkage group Y, which comprised only markers heterozygous in both parents 

and was, therefore, not included in parental analyses, significant QTL were detected 

for MxDia-02, MnDia-02 and MnDia-03. In addition, evidence of suggestive QTL for 

Shts-01, MxHT-03 and MnHt-03 was observed. Furthermore, some evidence for 

association (by KW analysis) of markers on this group with FW-03, MxHT-02 and 
MxDia-03 was detected. Interestingly, with the exception of Shts-01, no QTL were 
detected on this group for any yield-related traits in the establishment year (2001). 
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Significant QTL were detected on linkage group B for percentage dry matter content in 

both years in which destructive assessments were performed (%dry-01 and %dry-03). 

These QTL were not detected in parental analyses. Additional significant QTL for 

%dry-01 and %dry-03 were detected on linkage groups N and K, respectively. Once 

more, these associations were not detected in either of the parental analyses. 
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Table 6.9. Summarised results of QTL analyses of the K8 consensus data set for 
disease and pest traits. For explanation see text. 

LG RR-00 RR-01 RR-02 LETI LET5 BF-00 BF-01 

A 

n/a 
B ******* **** **** 

n/a n/a nla 
E 

n/a 
F 

n/a n/a 

n/a rda n/a 
K 

n/a n/a 
L 

n/a 
m 

2.3(20.3%) 
Pp 

Sm 

2.05 (18.2) 1.58 (6.1) 

vp 

n/a 
x 

n/a 
z 

n/a 

Evidence for the presence of QTL for rust resistance, from both field and laboratory 

data, was observed for several linkage groups, although the significance threshold for 

KW analysis (P < 0.005) used in this study was not achieved in all instances As with 
the paternal data, strong associations (P < 0.0001) were detected by KW analysis for 

markers on linkage group I (not represented in the matemal map) for field-based rust 
resistance in all three years assessed. Furthermore, this linkage group also showed 
some evidence of involvement in resistance to both pathotypes LETI and LET5 in 
inoculation experiments, although for LET5, criteria for declaring significant QTL 
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were not met for either KW or IM analyses. Similarly for LETI, while KW analysis 
detected a significant association, IM analysis failed to do so. More detailed results of 
KW analysis are shown in Figure 6.7. 

Figure 6.7. Results of Kruskal-Wallis analysis for rust traits on consensus linkage 

group I. The significance of each marker-trait association is indicated by asterisks (*: 

P<0.1, **: P<0.05, ***: P<0.01, ****: P<0.005, *****: P<0.001, ******: P< 

0.0005, *******, P<0.0001). Marker nomenclature is as described in Figure 3.6. 

I 

RR-00 RR-01 RR-02 LErl LL75 

o, o --ft- EATA/MAAG/19 

15.7 -ti- SB306 

33.7 - EAGA/MAAG/04 
35.9 - 

45.9 - 

EAGA/MAAG/15 

EAGAIMCTA705 
47.5 - ' - EAGC/MAAG/24 
51.0- . --SB226 
51.8,1 ' 1 SB1 092 ******* ******* ******* 

IMAA 7114 EAT 55.6 - - - A 

59.6 -- v - EAGAIMC7A109 

A second linkage group, group B, also showed evidence of containing a QTL involved 

in rust resistance, as KW analysis results were significant for the field data in all 

assessment years. Sub-significant associations were also detected on this group for 

resistance to LET1 and LET5 in the laboratory-based experiments (Figure 6.8). 
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Figure 6.8. Results of Kruskal-Wallis analysis for rust traits on K8 consensus linkage 

group B. The significance of each marker-trait association is indicated by asterisks (*: 

P<0.1, **: P<0.05, ***: P<0.01, ****: P<0.005, *****: P<0.001, ******: P< 

0.0005, *******, P<0.0001). Marker nomenclature is as described in Figure 3.6. 
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For beetle resistance, apart from the putative QTL previously identified on matemal 
linkage group S, no QTL that were significant by KW or IM analyses were detected. 
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6.3.5 QTL analysis 11. K3 

QTL mapping results, based on the K3 paternal, maternal and consensus linkage maps, 

are summarised in Tables 6.10 and 6.11 (Section 6.3.5.1), 6.12 and 6.13 (Section 

6.3.5.2) and 6.14 and 6.15 (Section 6.3.5.3), respectively. For an explanation of these 

tables see Section 6.3.4. 

6.3.5.1 The K3 paternal data set 

Results of QTL mapping based on the K3 paternal data set are summarised in Table 

6.10 for yield-related traits and in Table 6.11 for pest and disease traits. For yield 

traits, three significant QTL were detected, of which two (for MnHt-03 and MnDia-03) 

were located on linkage group XIII, and the third (for Shts-91) was on group XV. In 

addition, 18 suggestive QTL were detected on groups I (%dry-03), III (MxDia-01 and 
MnDia-01), IV (DW-01 and %dry-01), VIII (FW-92, FW-93, Shts-91), IX (MxHT-03, 

MnHt-03, MxDia-03), X (Shts-91), XVI (MnDia-03), XVIII (MnHt-03, Shts-03, 

MnDia-03 and FW-92). Of these, seven were also significant (P < 0.005) in KW 

analysis. Evidence for QTL was obtained upon analysis of data generated in Swedish 

assessments (FW-92, FW-93 and Shts-91) however, these did not co-locate to 

positions identified for corresponding traits with the LARS data. 

For field-based rust resistance, consistent associations with markers on linkage group 
III were detected upon analysis of data generated in both Sweden and the UK. In 

addition, this result was observed over several years (P < 0.005 for RR-95, RR-96, 
RR-97 and RR-00; P<0.01 for RR-01). Additional putative QTL were identified on 
linkage groups IV (RR-97, RR-01 and RR-02), V (RR-97 and RR-01), VI (RR-96 and 
RR-01) and XIII (RR-95, RR-96, RR-01 and RR-02). Upon analysis of data produced 
in inoculation tests, linkage groups III, IV and VI all showed association with 

resistance to the LET5 inoculum. Furthermore, KW analysis detected slight evidence 
(P < 0.05) to support the involvement of a locus (or loci) on group III in resistance to 
LET1. A second putative QTL for LET1, which was not detected with any other rust- 

related trait data, was identified on group Am. 
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A suggestive QTL for BF-00 was detected on linkage group 111. Evidence for the 

presence of a QTL affecting susceptibility to D. margineintorquens was observed on 
linkage group XXI. The three markers comprising this group all displayed strong 
linkage to this trait (P < 0.0001 for all markers). 
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Table 6.11. Summarised results of QTL analyses based on pest and disease traits in the 

K3 male parent (SW980082 var. Orin). See text for explanation. 

LET5 

IIB I 

n/a n/a n/a n/a n/a 1.81(12.8) 

IV *** *** 

n/a n/a n/a 
v 

n/a nla 
vi 

n/a 2.21(17.5) 
Ix 

n/a 
x 

n/a 
Mil **** *** *** *** 

n/a n/a n/a n/a 
xxi 

n/a 
Am 

2.01(13.5) 

6.3.5.2 The K3 maternal data set 

Results of QTL mapping based on the K3 maternal data set are summarised in Table 

6.12 for yield-related traits and in Table 6.13 for pest and disease traits. Two 

significant QTL were detected on linkage groups EB (FW-92) and VIII (Shts-03). 
Additional suggestive QTL were detected on groups IB (FW-93 and Shts-91), IIA 

(FW-01, DW-01 and MxHT-01, MxHT-03), IIC (MnHt-03 and MnDia-03), III (%dry- 

03 and FW-93), IV (MxDia-01 and FW-92), V (%dry-03), VII (Shts-03), XII (%dry- 

01), XIII (%dry-03 and MxHt-01), XVIII (Shts-03), Af (MnHt-03 and Shts-91), B, 

(DW-01 and FW-93) and F1 (FW-01 and Shts-03). 

For field-based rust resistance, evidence of a QTL on linkage group III was detected by 

KW analysis, although in 1995 and 2002 the KW significance threshold used in this 

study (P < 0.005; ****) was not exceeded (P < 0.01 and P<0.05 in 1995 and 2002, 

respectively). This group was also highlighted as containing a QTL for resistance to 

LET5 in the inoculation experiment. However, no evidence for an association with the 
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LETI pathotype was evident. A second fairly consistent QTL for rust resistance was 
identified on linkage groups V, although once more, the significance of this association 

varied over the years. Although not significant by either KW analysis (P < 0.01) or IM 

analysis, there was slight evidence of an association between this linkage group and 

resistance to the LET5 pathotype. As for group III, no significant association with 

pathotype LETI was detected for this group V. Suggestive QTL for resistance to 

LETI were, however, observed on groups XVIII and F2. 

No significant associations were detected on analysis of data produced in the beetle 

feeding experiment or the assessment of susceptibility to A margineworquens. 
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6.3.5.4 The K3 consensus data set 

Results of QTL mapping based on the K3 consensus data set are summarised in Table 

6.14 for yield-related traits and in Table 6.15 for pest and disease traits. Using IM, one 

significant QTL for Shts-92 was observed on linkage group I. In addition, several 

suggestive QTL were identified on linkage groups I (%dry-03, MxHt-03, MxDia-03 

and Shts-91), III (Shts-01 and FW-92), VIII (Shts-03), XIII (MxHT-01, MxHt-03, 

MnDia-01 and MnDia-03), XV (%dry-03 and Shts-91), XVI (MnDia-03), XVII 

(MxHt-01), XIX (Shts-01 and Shts-91), XX (MxDia-01), Af (MnHt-03 and Shts-91), 
B (FW-93) and D (MxDia-01). Of these, nine were linked to markers which 

significant by KW analysis (P < 0.005). Furthermore, ten of the suggestive QTL were 

not detected in analysis based on the parental maps. 

As in the parental maps, consistent evidence for QTL on linkage group III influencing 

field-based rust resistance in all years was attained, for both Swedish and UK data, as 

shown in Figure 6.10. Moreover, upon analysis of the laboratory rust data, both KW 

and IM analysis confirmed the likely presence of QTL influencing resistance to both 

the LET1 and LET5 on this group. 

Figure 6.10. Results of Kruskal-Wallis analysis for rust traits on K3 consensus linkage 

group III. The significance of each marker-trait association is indicated by asterisks 
(*: P<0.1, **: P<0.05, ***: P<0.01, ****: P<0.005, *****: P<0.001, ******: P 

< 0.0005, *******, P<0.0001). Marker nomenclature is as described in Chapter 3, 

Figure 3.8. 

III 
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Additional consistent marker associations with field-based rust resistance, that were 

not revealed in the parental analyses, were detected on several other linkage groups, 

e. g. markers on group XX showed association with 1996,1997,2000 and 2001 rust 
data. Furthermore, a suggestive QTL affecting resistance to LET5, which was not 
detected in the parental analyses, was identified by IM analysis on this group. 

For the beetle feeding experimental data set, a further suggestive QTL on linkage 

groups VIII, which was not identified upon examination of either parental data set, was 
identified. However, no markers on this group were significant for this trait by KW 

analysis. 

247 



u 

00 

rn 

CD 

00 

m rn 2 * 

"Zi 

00 

u m r- 

(U x * 't 
cn 2 vý 
m m m 
Gn 
u F iz, 
(A D lý6 * rn 



e) 

0 
0 

lý 

.0 

03 

CIS 

rn 

wl It N 

* 
* 

N 
* . -. 

N 

r1 

C., 

* v. 

0 
*- 
* 

In 
In 

wý 
* cl 

0 

qj, %0 
101 - 

cz el 

ri 

*- 
* 

00 

* -. 
*N 

* 
* 
* 

1&4 
200 

14 m0 

aN 



Table 6.15. Summanscd rcsults ol'Q'I'L analyscs bascd on pcst and diseisc ti-alts and 
the K3 consensus data. For explanation see text. 
LG RR-93 RR-95 RR-96 RR-97 RR-98 Rust'00 Rust'01 Rust'02 LETI LET5 WOO Dmarg 

15.52 

(45.3) 

ý3 

. 60(23.8)1 

IV 

V 

vi 

VIII 
3.09 (54.9) 

Ix 

X 

XII 

XIII 

Y-X 

3.23(24.2) 

xxi 

Am 

2.01 (13.5) 

D 

F2 

1.39(9.5) 

250 



FW-01 

HZM 

WHI-0 
152; H H2M 

22- 
04- 

.;:; 
:, Z 

1. u. 

T==x 

FN% -Y2 

FU _0 
755EIOE 

sh"M 

0+ 

M. Di. -W 

/\ 

hums I HIM 

HH 
its 11: 11 will 

. 1W 
i NNN-i 

MR Huu4 

y: 
ai ; er aa;; 0 

%Ul)qý-Ol 
K9200--i 

FW-92 
-020 

u3 

F'A 93 

. ýýx z-ý --;; ý 
5110, j 0'. ý3. 

Host- 

f . 92 

........... 

WD-01 

DFAK) 

it 

F%k -92 

S I, t, -, II 

i3 

i13 31 x i, 

7 5; 

>< 

> 

� 

4 Q, - 
i ý. -ý . 

10 

- Ic, - 

b-fl 

blft (P 

WON- 

\tAlt-W 
, VVUUH 

mom= -4 

x 
X 

x 

203 

. -7 3 

of 

sht-qI 

sht-f) I 

(1 11 

FW-92 
190 

WD., 0 
I2SH 

sh, ", 
mm 

NI'All 1ý1 

: 'z 
Ic 

q5 Hill. w 

u Ilý 
10 CL -5 zý 4 -ý 
i§ ti -0 0', 

'EI co 
CL. 

r', ' -, e ýO 
.. 0 

m l>I 0-J. - 
r= J2 

-j.: 00 geýu 

- *5 0-Ový 
g 

u 
2. 

.ý%E 
-0 4ý 

-i 

IIT1 lxwww=4 

Shtý4)3 

Zi. of 

MxDi. '03 
02 

. 21 

m 

FW-93 
FCM 

IS20 
ýT; o 

S, 

Of 

Oil 

IFH 

1.1 n 
M4 



Discussion 

Results of this study demonstrated that the identification of QTL affecting traits of 

agronomic importance is possible in Salix. Although detection of QTL affecting 

growth traits was recently reported by Tsarouhas et aL (2001), this thesis provides the 

first account of QTL mapping results for resistance to the major disease and pest 

pressures of SRC plantations. Phenotypic assessments of various growth traits in the 

field also provided some insight into the nature of the genetic control of the different 

traits and the correlation both among the different traits and between individual traits 

and overall biomass yield. A limitation of the study lay in the finding that the parents 

were incorrectly assigned and thus trait data from parents could not be used for 

heritability studies in this project. In this chapter, aspects of the phenotypic traits and 

of the QTL identification are discussed. 

6.4.1 Fundamental characteristics of the traits assessed 

The distribution of trait values within the mapping populations provided an important 

insight into the genetic basis of the agronomic traits under study, with particular regard 

to determining the qualitative and/or quantitative nature of each trait. 

6.4.1.1 Growth traits 

'V_ 

For population K8, examination of phenotypic distributions of all growth-related traits 

(fresh/dry weights, heights and diameters) following adjustment for spatial 
inconsistencies within the trial site suggested that genes underlying each of these 

characters were segregating in this population. Furthermore, as the majority of trait 
distributions were more or less normally distributed (with the exception of number of 

shoots in the first year of growth only) it was possible to conclude that these characters 

were, as may have been expected, inherited via polygenic modes of inheritance. This 

could imply that the traits were conventional quantitative traits, for which several 

genes of small effect underlie the phenotype. Alternatively, these traits may have been 

under the control of fewer genes, each having a relatively large effect, with 

environmental variation masking the detection of any discrete phenotype classes 
(Bradshaw and Stettler, 1995). 
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Mapping studies involving growth traits in poplar (Bradshaw and Stcttler, 1995) and 

willow (Tsarouhas et al., 2002) indicated that the lattcr scenario may have becn 

applicable in the populations analysed. In both studies, QTL with large effects on 

phenotype were identified, e. g. in the poplar study 44.7% of the genetic variance in 

stem volume after two years of growth was attributed to just two QTL; in the willow 

study, 32% of the phenotypic variance for height growth in a single year was explained 
by two QTL. In both cases, the question of whether these QTL represented many 

tightly linked genes, each having a small effect on phenotype, remained unanswered. 

For the K3 population, growth trait distributions similar to those for K8 were observed 

although no adjustments for environmental inconsistencies were performed for this 

population. However, given that this population comprises a considerably smaller area 

of the field trial in comparison to K8, it was unlikely that comparable levels of spatial 

heterogeneity to those recorded across K8 were present in K3. Therefore, for this 

population the trait distributions were likely to be more representative of variation in 

the true underlying phenotype values. 

6.4.1.2 Rust resistance 

In the K8 population the distribution of field-based rust scores deviated from normality 
in all years tested, with a shift towards a more resistant phenotype observed in all 

assessment years. The overall distributions suggested that major genes exerting a large 

effect on the resistant phenotype, as well as several genes of more modest effect, may 
be segregating within this population. 

In 2002, the distribution of rust scores within K8 appeared different to those of 

previous years, with a larger proportion of the progeny displaying a more susceptible 

phenotype. While this may have been a consequence of slight differences in the 

scoring over the years, this could also be explained by altered virulences within the 

rust population for that season, or perhaps more simply, by more favourable growth 

conditions for rust in that year. 

Over all three assessments, the distributions of rust scores for population K3 were 
markedly different to those observed in K8. This was most striking in the observation 

that no K3 individuals displayed complete resistance, although variations in the level 
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of susceptibility were observed. This indicated that genes conferring an incompatible 

phenotype (no infection) were not segregating in this population. Furthermore, the 

near normal distribution of trait scores suggested that, in this population, variation in 

rust resistance was of a more quantitative nature. 

This observation that, within the mapping populations, rust resistance may be both 

qualitative and quantitative was in agreement with results from a recent study in which 

inoculation experiments were used to investigate the inheritance of rust resistance in 

several willow hybrid populations (Pei et al., 2002). Results of these experiments 
indicated that compatibility to rust was under the control of major genes, with the 
degree of resistance affected by several genes of additive effect. Similarly in poplar, 
both qualitative and quantitative resistances to Melampsora. rusts have been reported 
(Lef6vre et al., 1994. ) 

For the K8 population, distributions obtained for field-based rust scores were in 

general agreement with those obtained in laboratory-based inoculation tests, with both 

pathotypes used, i. e. there was a general shift towards resistance accompanied by 

variation in the range of susceptibilities. It should be noted however, that levels of 

susceptibility may be slightly increased in laboratory tests in comparison to those 

observed in the field (Pei ei al., 1996). For population K3, as with the distribution of 
field scores, the inoculation tests were indicative of quantitative variation for this trait. 

6.4.2 Correlations between characters in K8 

The examination of correlations between field-assessed traits in K8 served to answer 
basic questions regarding the importance of both disease and growth components in 

relation to overall yield. These analyses also served to provide insight in to 
fundamental breeding issues such as which traits should be selected for within a 
breeding programme. The ability to examine correlations over a period of time that 
incorporated establishment, regeneration after harvest and second year growth 
following harvest, also provided information on the importance of different traits at 
different stages within the SRC cycle. Of more direct relevance to the current study, 
the results of correlations between growth components provided a greater opportunity 
for genetic dissection of broadly descriptive traits such as overall yield via comparison 
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with QTL. However, it is important to consider that these correlations were true of the 

population studied and may not be universally applicable to other biomass species, 
Evidence is now emerging which suggests that different willow species may have 

different strategies for accumulating biomass (G. Taylor, pers, comm. ). 

Both height and diameter traits have been identified as highly correlated in biomass 

willow, both in relation to one another (Tsarouhas et al, 2002) and also in relation to 

overall yield (R6nnberg-Wastijung and Gullberg, 1999). This was in agreement with 

results obtained in this study in which diameter and height measurements were 

generally highly correlated with one another and also with yield, both within and 

across growing seasons. This result suggested that growth patterns for individual trees 

were consistent over time. 

However, in the establishment year, correlations between diameter measurements 
(MxHt-01 and MnHt-01) with overall yield (FW-01 and DW-01) were weak in 

comparison to maximum stem height with yield, suggesting that maximum height may 

be a more important indicator of yield than diameter in early growth stages. The 

observation that establishment year diameter measurements (2001) were more highly 

correlated with final harvest weights (2003) in comparison to establishment year 

heights was also interesting. This result may suggest that selection based on early 

diameter measurements, as opposed to early heights, may be more indicative of later 

yields. 

The detection of a non-linear relationship between yield and height was also 

noteworthy. One possible explanation for the exponential increase in yield with 
increasing height might be provided when considering competition, i. e. individuals that 
become notably taller than the surrounding canopy provided by their neighbours may 
be more successful in intercepting light for photosynthesis and thus, are able to 

accumulate biomass more efficiently. A reflection of this phenomenon in the 

correlations between maximum diameter (highly correlated with height) and yield 
may, therefore, be expected 

The relatively poor correlations observed for number of shoots per stool and other 
growth traits, with the exception of harvest weights for which weak to modcrate 

correlations were observed, generally concurred with results of a previous study 
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examining the effects of several breeding characters on biomass production 
(R6nnberg-WUstljung and Gullberg, 1999). The weak negative correlations between 

number of shoots and mean stem diameter observed here in later years were not 

unexpected given the observation that several K8 progeny with large stem numbers 

produced many short, narrow shoots in addition to the primary stem(s) (S. J. Hanley, 

personal observation). This would have resulted in a reduction in the recorded mean 

stem diameter for each stool as stem number increased. This scenario highlights a 
bottleneck in willow breeding schemes concerning the choice of the most informative 

growth characters as a basis for yield selections. The results of this study suggest that 

assessments of maximum diameter (and also maximum height) may be more 
informative in predicting yield than assessments based on corresponding mean values 
derived from all stems per stool. 

In terms of overall yield, no evidence for a correlation between rust resistance and 

performance was identified. This was also the case for all comparisons between rust 

and growth components, both within and across years. These results, somewhat 

surprisingly (Section 1.2.3.1.1), suggested that disease levels within the mapping 

population were not influencing any component of growth to a large degree. This may 

suggest that the willow genotypes comprising this population display sufficient 

tolerance to rust infection so that yield remained unaffected. The generally high 

correlations between rust levels across years suggested that genetic factors were 

playing a consistent key role in resistance. 

6.4.3 QTL analysis: Approach 

Separate analyses based on two contrasting populations (K3 and K8), in terms of 

number of progeny, allowed comparison of the power of QTL detection in small and 

relatively large Salix mapping populations. Furthen-nore, by including both 

populations in the QTL mapping study, an opportunity for detection of QTL that were 

consistent across different pedigrees was afforded. It should be noted however, that 

the K3 mapping population is related to the K8 population, in that the male parent of 
K3 (SW870084 var. Orm) is also a parent of the hybrid variety Bj6m (SW910006) -a 
great grandparent of the K8 family. 
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Two complementary QTL mapping methodologies, KW analysis and IM, were used in 

this study where applicable, in response to suggestions that results obtained by 

different approaches are more likely to be real and reproducible (Marques et al., 1999). 

KW analysis is particularly useful for initial marker scans prior to the availability of a 
linkage, as highlighted in this study by the early detection of the linkage of 

microsatellite marker SB226 to field-based resistance to rust resistance (Section 5.1.1). 

Furthermore, this approach is useful for authentication of results obtained from other 

methodologies (Kearsey and Farquhar, 1998), is more robust with regard to deviations 

from normality and is the most suitable methodology for analysis of traits that are 

measured on a categorical, non-continuous scale (Van Ooijen et al., 2002). However, 

single marker analyses such as this do not take account of all information provided by 

genotype and trait and linkage data (Liu, 1997). For this reason, interval mapping was 

also employed (Lander and Botstein, 1989) in this study, to make full use of all 

available data. The more advanced technique of MQM mapping (Section 1.4.3.1.1) 

was not implemented here as it is computationally intensive and therefore, could not be 

included within the timefrarne of this study. 

In any QTL experiment the question of what significance thresholds should be used to 

declare the presence of a QTL is an important one. If significance thresholds are set 

too high, then several QTL may go undetected. Conversely, if thresholds are too low, 

clearly there is the risk that QTL will be declared when they do not exist. Therefore, 

for KW analysis, a stringent significance level (P < 0.005) was used, corresponding to 

an overall significance level of around 0.05 (Van Ooijcn et al., 2002). The problem of 

statistical significance in more developed QTL methodologies such as interval and 
MQM mapping has been addressed in several articles (Lander and Botstein, 1989; Van 

Ooijen, 1992; Feingold et al., 1993; Churchill and Doerge 1994; RebaT et al., 1994; 

Doergc and Churchill, 1996, Doerge and RebaY, 1996 and Dupuis and Siegmund, 

1999) although all of the presented solutions have associated drawbacks, in that they 

are either computationally expensive, or often involve complex mathematical formulae 

that are difficult to implement in practise (Van Ooijen, 1999). 

For this study, the permutation test of Churchill and Doerge (1994) was used to 

determine the significance of LOD scores resulting in IM analyses, as it provides a 

statistically sound method for estimating threshold values, it is robust to departure 

from standard assumptions (e. g. normality) and is calculated using the data set at hand. 
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Furthermore, although computationally intensive, it can easily be implemented within 

the MapQTL@ 4.0 software package. As described in the Van Ooijen (1999) two 

significance thresholds can be considered: the chromosomc-widc significance 
threshold, for which each chromosome (or linkage group) is considered as a separate 

experiment, or the genome-wide significance threshold which takes into account all of 

the available marker and trait data. In both cases thresholds are established using a 5% 

significance level. In this study, as in others (e. g. Atienza et al., 2003), QTL for which 

associated LOD profiles reach the genome-wide threshold are termed significant QTL, 

while those that exceed the chromosome-wide significance threshold are termed 

suggestive QTL. The use of such nomenclature provide a method by which QT1 that 

are not highly significant, but do exhibit some degree of association with a trait can be 

reported. 

6.4.3.1 QTL analysis : K8 

6.4.3.1.1 General considerations 

On interpretation of QTL mapping results based on the K8 population, it is important 

to consider a number of factors potentially affecting the outcome of this study. First, 

the limited map coverage provided by currently available markers (Sections 5.4.5 and 
5.4.6) means that large regions of the genome are not yet represented. Therefore, it 

may be that only a fraction of the true QTL governing each trait were identified here. 

Clearly, this reduces the level of characterisation possible for each trait in terms of the 

true number of underlying loci. 

Second, the limited amount of marker information available meant that several 

consensus map regions were not represented by both paternally- and maternally- 
derived markers, thus QTL mapping based on the consensus data set was problematic. 
Although this type of analysis was performed in a preliminary attempt to identify map 

regions linked to traits in regions comprising markers heterozygous in both parents, 

analyses based on parental maps should be considered to be more robust in this study. 

Third, the genotype data used in the consensus is based on segregation detected with 

either co-dominant (microsatellites) or dominant marker (AFLP) systems, which, by 

their nature, can differ in the amount of information they provide (Maliepaard et al., 
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1997). Although this phenomenon can be largely accounted for in QTL detection by 

IM analysis based on the all markers approach (where information from ncighbouring 
markers is utilised), results of KW analysis based on single markers must be 

interpreted bearing this in mind, as the power of each individual test depends on the 

associated degrees of freedom (Van Ooijen et al, 1999). Therefore the more 
informative co-dominant markers may show a stronger association with a trait than 

their dominant counterparts, leading to inaccurate predictions of the most likely QTL 

position. Clearly, this consideration does not apply to analyses based on parental data 

sets for which all markers are equally informative 

Finally, due to time constraints, the data set used for QTL mapping contained several 

missing genotypes for a number of markers (Section 5.3.5). These missing genotypes 

would have decreased the power of the experiment by effectively reducing the sample 

size for individual tests. In future, the resolution of these missing genotypes would 
improve the accuracy and power of the experiment. 

6.4.3.1.2 QTL detection: K8 

A large number of potential QTL were detected in this study. Indeed, putative QTL 

for all traits initially targeted were identified, suggesting that K8 was a good choice of 
mapping population to underpin this study (Chapter 3). 

For growth traits, the magnitude of effect of each QTL was generally low in 

comparison to those reported in other studies of willow (Tsarouhas et al., 2002) and 

poplar (Bradshaw and Stettler, 1995). However, the former study was based on a 
relatively small mapping population (n=94), thus, as acknowledged by the authors, 
estimations of QTL effect may have been exaggerated (Beavis, 1994). However, one 

exception was identified in the nursery height QTL on linkage group K, for which the 

estimation of percentage variance explained was 36%. The possibility remains that 
QTL of more marked effect are segregating in this population but were not detected as 
they are located in regions that are not yet represented on the linkage map. 
Furthermore, several linkage groups on which QTL were likely were only represented 
by markers from a single parent, e. g. groups P (paternal markers only) and T (maternal 

markers only). Hence, it is possible that QTL identified in one parent may also be 

segregating in the other but have, as yet, gone undetected. An additional point to 
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consider stemmed from the fact that the LOD profiles of several QTL were increasing 

towards the ends of linkage groups. In such cases, it is likely that the most likely QTL 

positions have not yet been identified due to the limited marker coverage. Therefore, 

estimations regarding magnitude of effect (and also significance) will be inaccurate in 

these instances. 

The identification of multiple significant QTL for highly correlated growth traits on 

group P was striking. Here, QTL were identified for almost all growth traits across 

several years. In a case such as this, evidence for the validity of the QTL detected is 

convincing. Whether the QTL identified for several traits on this linkage group 
represent many different clustered genes, or a single gene with pleiotrophic effect, 

remains indeterminate. In conjunction with data provided by correlations, the 

overlapping positions of QTL identified for yield components and overall yield 

measures may suggest that these traits share common genetic components. However, 

the most likely position of QTL involved in number of shoots in the second and third 

year of growth differed slightly on group P compared to QTL for other yield 

components (Figure 6.9). This trait was not highly correlated with any other yield- 

components across the assessment years, suggesting that on this linkage group, QTL 

underlying this trait might be distinct from those governing other yield components. 
The co-location of height and diameter QTL has previously been reported in willow by 

Tsarouhas et al. (2002). Similarly in poplar, clustering of QTL for stem basal area and 

number of sylleptic branches has been described (Bradshaw and Stettler, 1995). Co- 

location of multiple yield-related traits both within and between years, was observed 

on several linkage groups other than P, most notably on groups A an C, but also with 
lesser consistency on others. 

The identification of QTL that were consistent over time is in contrast to the study of 
Tsarouhas et al. (2002), where no such consistency was apparent. Although there were 

obvious differences between this study and the one described here (different 

environments, different planting regimes, different pedigrees, etc. ), these contrasting 
results may be a reflection of the increased power of QTL detection, in terms of 

population size, afforded by the larger K8 population. However, it is important to note 
that several QTL were also identified in the current study which were specific to a 

given year or growth stage. As highlighted by Tsarouhas et al. (2002), this may not be 

surprising for willows grown as SRC due to the drastic changes in shoot-root growth 
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relationships over the rotation cycle. Interestingly, linkage groups K and T showed 

some evidence of containing QTL that may be specific to an early stage of growth. 
For linkage group K, of all of the putative QTL detected, those for yield (FW-01 and 
DW-01) and maximum height (MxHT-01) were most significant in the establishment 
year. Furthermore, a significant QTL for nursery height was detected on this group. 
Similarly for group T, significant and suggestive QTL were only detected for yield- 

related traits in early stages of growth, i. e. the establishment year and in the nursery. 

The inclusion of nursery height (NH) in analysis provided a means for QTL validation 
as it presented QTL results for a growth-related trait that was not assessed in the field 

trial as for other traits, but in a contrasting environment. In several instances, QTL 

governing this trait co-located to linkage groups that were implicated for growth traits 

upon analysis of field-based data, e. g. groups A, K and P. This suggested that the QTL 
identified using data from both environments were real. Furthermore, this approach 
meant that QTL that were putatively either environment- or growth stage-specific 
could be identified. For example, a suggestive QTL for NH was identified on linkage 

groups M and Z. However, with the exception of percentage dry matter on Z, no other 
QTL growth traits were detected on either group. Therefore, this QTL may be 

particularly important for growth at an early stage. 

The ability to map QTL for overall yield was demonstrated in this study. In willow, 
the possibility of selecting for an ideotype for overall biomass yield has been discussed 

however, a large number of different traits could be important to consider and in order 
to achieve this goal it will be necessary to first establish which characteristics are 
important for high biomass yield. The proportion of variation that is genetically 
determined in all of these traits and the proportion of the correlation between the traits 
that is genotypic, should then be established (Viherd-Aamio, 1988). This is not a 
trivial task and although some progress was made towards it here, a thorough 
investigation was outside the scope of the present work. As the number of QTL that 

can be identified for a given trait in a single study is generally limited (Hyne and 
Kearsey, 1995), the presumed complex nature of the trait may restrict the likelihood of 
identifying QTL for overall yield. For this reason, it may be beneficial to focus QTL 

mapping efforts on more simple traits that are identified as playing an important role in 

determining yield. Such traits are referred to as yield components in the current study. 
Data from previous studies and correlations identified here suggested that yield 
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components such as stem height, stem diameter, number of shoots per stool may all 

play a role in determining overall yield and may therefore be suitable targets for QTL 

mapping. In this study, the significances associated with QTL identified for yield 

components were generally higher than those for overall yield assessments. However 

mapping QTL for overall yield was also achieved, indicating that both strategies are 

viable in biomass willow and that a few components may have a large effect on overall 
biomass yield. 

The identification of QTL for percentage dry matter was encouraging as this trait may 

particularly important in biomass willows considering their end-use as a fuel source. 
However, there was little consistency between QTL positions for this trait between the 

two years in which assessments were performed. This may be a consequence of the 

two different growth stages involved, i. e. following the establishment season (2001) 

and also in the second year of growth (2003). One notable exception, however, was 
the identification of highly significant QTL for this trait on linkage group B in both 

years assessed. 

For field-based rust resistance, the identification of highly significant associations 
between markers on linkage group I may be suggestive of a major gene (or genes) on 

this linkage group. This may also be applicable to the QTL consistently identified on 

linkage group B. However, as expected from trait distributions and previously 

reported studies on rust resistance in willow (Pei et al., 2002), the identification of 

additional QTL on different linkage groups was commensurate with the expectation 

that rust resistance is also of a quantitative nature. The results of QTL analysis based 

on rust data from the field were reflected on analysis of data provided by inoculation 

tests, particularly for the LETI inoculum. Here a significant QTL was identified on 
linkage group I in the resistant parent (K477-R13). Additional evidence of QTL was 

observed for linkage groups A and E (also positive with field data) using IM analysis. 
For the LET5 pathotype, evidence for associations were also detected on linkage 

groups A and I by KW analysis, although in both cases significance thresholds were 

not achieved. This may reflect the limited power of QTL detection associated with the 

inoculation test data due to the relatively small number of individuals for which trait 

data was generated. In future, it may be possible to validate these QTL if the 

inoculation experiment is repeated to include a greater number of progeny. 
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Interestingly, a number of likely QTL positions for field-based resistance to rust co- 
located with QTL identified for percentage dry matter content. This was most notable 
for linkage group B, but examples of this were also observed on linkage groups A, K 

and F. However, little evidence for this was obtained for linkage group 1, which 

showed the strongest association with rust resistance. This may be an example of 

where QTL analysis can shed light on the causal nature of observed trait variation, as 
the suggestion here is that susceptibility to rust may have influenced variation 

observed for percentage dry matter content. This may explain why a number of 

outliers in the trait distributions, with higher dry matter content, were observed. These 

progeny may have contained dead, dry shoots as a result of severe rust infection, and 
would therefore have shown a shift towards a higher percentage dry matter content. 
To investigate this further in future, it may be useful to discard these outliers and 

repeat the QTL analysis. Examination of correlations between rust levels and 

percentage dry matter content (not performed within this study) may also prove 
informative. 

Despite the expectation that identification of any differences in palatability to willow 
beetles amongst the K8 progeny may be difficult (Section 1.2.3.2.1), some evidence 
for the presence of underlying QTL was detected. Furthermore, as with the rust 
inoculation tests, the power of QTL detection was lower than for other field-based 

assessments due to the smaller number of progeny for which trait data was determined. 

One putative QTL in particular looked interesting. This suggestive QTL, mapped to 

linkage group S, was detected upon analysis of data generated in both the 2000 and 
2001 laboratory-based feeding experiments. Although genome-wide significance was 

not achieved in either instance by IM analysis, the association was significant at the 

chromosome level and also by KW analysis. The fact that this linkage group was 
highlighted in two completely independent assessments may be indicative of its 

validity although, clearly, further testing will be required. The inconsistency in 

positions of additional putative QTL identified between the two independent 

experiments may reflect the different nature of the leaf material used in each assay. In 

the first experiment, leaf material was collected from regenerated rootstocks grown in 

a gauzehouse. Consequently leaves were less tough than those obtained from the field 

for use in the second experiment (S. Hanley, personal observation). Thus, QTL 

inconsistency may also be explained here in terms of differences in environment. 
Alternatively, as the beetles used in the two tests were collected from different sites, 
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there may have been slight variation in feeding preferences associated with the two 
beetle populations. Evidence for geographical ly-based differences in feeding 

preference has been reported by Green el al. (2001) and Karp and Peacock (2003). 

6.4.3.2 QTL analysis: K3 

6.4.3.2.1 General considerations 

As for K8, several factors should be considered when interpreting QTL results in K3. 

First, the size of the mapping population (n = 64) is relatively small for QTL analysis 
(Beavis, 1994; Young, 1999). Therefore, only QTL of relatively large effect are likely 

to be detected in this family (Hanley et al., 2002). It is also likely that the percentage 

of the phenotypic variance explained by resulting QTL will be exaggerated due to the 

small population size. Second, the genome coverage provided by the map is not 
complete (Hanley et al., 2002), thus any QTL in regions that are not represented will 
have gone undetected. Furthermore, for the consensus map, linkage groups vary in the 
density of markers derived from each parent, thus QTL analysis based on the 

consensus data may not be comprehensive. Finally, both dominant and co-dominant 

markers were used to construct the map. The implications of this approach are 
discussed in Section 6.4.3.1.1. 

6.4.3.2.2 QTL detection: K3 

In general, less QTL were detected in this population in comparison to K8. This is 

most probably due to the small population size but may also be a reflection of the fact 

that the K3 pedigree comprised only pure S. vinjinalis individuals. The latter 

explanation may be less likely given the evidence from the willow QTL study of 
Tsarouhas et al. (2002) in which a greater number of growth trait QTL were detected 

in the pure S. vindnalis parent of the mapping population in comparison to the hybrid 

S. viminalis x S. schwerinii parent Bj6m. This result indicated that there is high 

genetic variation for growth traits within S. viminalis, suggesting that QTL mapping in 

an intra-specific cross is viable. 

In terms of consistency of QTL detection across years and across potentially correlated 
traits, this was less evident in K3 compared to analyses of the larger K8 population. 
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While these results may have been truly representative, it is probable that the small 

population size prevented the detection of significant (or suggestive) QTL across 

assessments, as in K8, the significance of QTL across years was found to be variable. 
This may have also have been a limiting factor in the study of Tsarouhas et al. (2002). 

Despite these limitations, some linkage groups showed a degree of consistency in 

terms of their association with related traits. For example, evidence for QTL affecting 
MxHt-03, MxDia-03, FW-92, FW-93 and Shts-91 was detected on linkage group 1. 

On linkage group II, there was evidence to support the presence of QTL affecting FW- 

01, DW-0, MxHt-01, MxHt-03, MxDia-01 and MnDia-01. Once more however, the 

significance of each of these putative QTL was found to be variable, especially on 
linkage group II, where QTL for establishment year traits were more convincing than 

those identified in later years. This may suggest that these QTL play a greater role in 

growth at early developmental stages. 

Whilst QTL analysis of growth traits using both the Swedish data (see Table 6.1) and 

the UK data sets failed to detect any consistent QTL positions for any single trait, there 

was evidence to support the presence of QTL for potentially related traits on K3 

linkage group L Here, putative QTL were identified for maximum height and diameter 

in the final UK assessment and for fresh weight in 1992 and 1993 in Sweden. 

Although not examined directly in this population, in K8, heights, diameters and fresh 

weights were highly correlated (Section 6.3.3). If these traits are correlated in K3, and 
it is reasonable to assume that they are, then the limited consistency of QTL across 

environments and time may be more of a reflection of the power of QTL detection 

power in a small population, rather than a representative description of the presence or 

absence of QTL. However, the possibility that QTL specific to either the Swedish or 
UK environment were detected must be considered. Such differences may be expected 

given the different climates of these two countries. 

The detection of consistent putative field-based rust resistance QTL across several 

years suggested the validity of results. Moreover, several linkage groups displayed an 
association with this trait in both environments examined (Sweden and the UK). The 
detection of putative QTL on a particular linkage group in some years but not othcrs 
may be consequence of changing pathogen virulences across seasons. The results of 
QTL analysis of resistance data generated in the inoculation tests were also in gcncral 
agreement with field data in terms of the linkage groups implicated. Strong evidence 
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for the presence of a QTL affecting resistance to both the LETI and LET5 pathotypes 

was detected on linkage group III, for which the strongest associations with field-based 

resistance were also detected. Furthermore, for the homeologous linkage group in K8 

(Group B; Section 5.3.11), significant evidence for a consistent QTL implicated in rust 

resistance was also identified. This result substantiates the validity of these respective 
QTL in both populations. Interestingly, no significant association between rust 

resistance on linkage group XVII in K3 were detected. The homeologous linkage 

group in K8 was group I, for which the most highly significant QTL for rust resistance 

were recorded in this population. 

Although not conclusive, comparisons of QTL detected using the inoculation test data 

and those identified with field-based data were interesting. For example, considering 

the field assessment data alone, where a putative association between linkage group I 

was identified in a given year, there was no evidence of a significant (or near 

significant) association between resistance and linkage group IV, i. e. for RR-95, RR- 

96, RR-98 and RR-00 in the same year. In the inoculation tests, the putative QTL for 

resistance on linkage group I was only identified when LETI was used as the 

inoculum. Furthermore, there was no convincing evidence to suggest that there was a 

QTL involved in resistance to this pathotype on linkage group IV. In contrast, using 

LET5, these results were reversed, i. e. there was no evidence for a QTL on linkage 

group I but there was a suggestion of a QTL on group IV. This may suggest that the 

prevalent rust pathotype in the field in 1995,1996,1998 and 2000 shared a virulence 

pattern more similar to LETI than to LET5, and that the putative QTL on linkage 

group I is of particular importance for resistance to LETI-like pathotypes 

For beetle resistance, results of QTL analysis suggested that there was only slight 

evidence for the presence of QTL affecting this trait. The putative QTL identified on 
linkage group III on analysis of paternal data set was significant by both KW and IM 

analysis at the chromosomal level and may, therefore, be of interest. However, the 

QTL that was identified by IM (chromosomal significance only) on linkage group VIII 

on analysis of the consensus data set, showed no signs of an association by KW 

analysis. Therefore, the reliability of this QTL may be questionable. The failure to 

detect any strong associations for this trait is most likely a consequence of the pure S. 

viminalis pedigree, within which there may be little difference in beetle fccding 

preferences (Section 1.2.3.2.1). 
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Although not initially a target trait in this study, the identification of highly significant 

associations between markers on linkage group XXI and resistance to the Icaf roll 

galling midge (D. marginemtorquens) is of potential interest to willow breeding 

programmes. Although this insect has not yet been reported as causing significant 
damage to willow crops in the UK, it is considered an important pest in Sweden 

(Glynn, 1996) and resistance is taken into account for selection within breeding 

programmes (Larsson, 1996). 

6.5 Chapter summary 

9 This chapter describes the use of previously constructed linkage maps 
(Chapters 3 and 5) and phenotypic data generated in several trait assessments in 

QTL analysis aimed at the identification of genomic regions underlying 

variation in traits of agronomic importance. In addition, more fundamental 

issues regarding relationships between various traits were addressed. 

In addition to trait assessments described previously in Chapter 3, results of 
further data collections for yield-related traits and also field-based resistance to 

rust are described. 

A second, more in-depth laboratory-based beetle feeding was performed to 

provide additional trait values for use in QTL analysis. 

* Phenotypic correlations based on all K8 field-based traits were calculated. 
Several strong correlations between different yield components and between 

yield components and overall yield were identified. In addition, information 

regarding correlations between characters over time was obtained. 

9 Prior to QTL analysis, all K8 field-based trait data was adjusted for any spatial 
heterogeneity across the trial site using the reference clone (var. Jorr) as a 

standard. 

9 Linkage and trait data for both the K3 and K8 mapping populations was used in 

preliminary QTL analyses based on parental and consensus linkage maps. 

* For yield and yield components, several QTL were idcntiried in K8. Several 

reliable QTL positions for traits assessed at different times were detected. In 

particular, linkage groups A and P were consistently highlighted as harbouring 

QTL for several correlated yield and yield-related traits. 
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In K3, QTL for yield and yield components were identified, although the 

consistency with which they could be detected was low in comparison to K8 - 
this was most likely a consequence of decreased power of QTL detection in K3 

afforded by the relatively small number of progeny. 
A major QTL for resistance to rust was detected on KS linkage group 1. A 

second significant association with this trait was detected on linkage group B. 

This latter QTL was also evident on K3 linkage group III (homeologous with 

KS group B) and was stable across several years and across Swedish and UK 

environments. Several QTL for field-based resistance were also detected upon 

analysis of data generated in laboratory-based inoculation experiments. 
No highly significant QTL for resistance to herbivory by the the blue willow 
beetle (P. vulgatissinia) were detected, although some suggestive QTL were 
identified in K8. One such putative QTL was identified on K8 linkage group S 

following analysis of data generated in both the 2000 and 2001 beetle feeding 

experiments. 
A significant association between K3 linkage group XXI and resistance to the 

leaf roll galling midge (D. marginemtorquens) was detected. 
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7. General Discussion and Future Perspectives 

As stated at the outset, this thesis describes the results of genetic mapping of 

agronomic traits in willows grown for biomass production through the application of 

molecular marker techniques. This chapter provides a general appraisal of the results 

obtained in this endcavour, in the context of the initial aims and specific objectives of 
the project, and also discusses implications for future work. 

Molecular markers 

At the start of this work, DNA-based molecular marker research was limited in willow 

species in comparison to many other crops, including poplar, with only a handful of 

publications available at that time. The vast majority of these studies reported 
investigations of genetic diversity within the genus (Lin et al., 1994; Lindegaard and 
Barker, 1997; Triest et al. 1997; Barker et al., 1999) although in some instances these 

investigations were aimed at resolving genetic relationships within breeding 

germplasm. In all of these studies, molecular marker analyses were limited to the use 

of arbitrary marker classes such as RAPI)s and AFLPs with the availability of co- 
dominant marker systems such as RFLPs and microsatellites not reported. Efforts to 

generate microsatellite markers specifically for use in willow were initiated at LARS 

with the production of a microsatellite-enriched library (Edwards et al., 1996) and the 

subsequent development of informative markers during the EU-AIR project (Barker et 

al., 2003). However, at the time that work described in this thesis commenced, the 

number of available microsatellite markers remained limited and was not nearly 

sufficient for use in a mapping study of Salix. Further characterisation of this library 

and subsequent development of a large number of microsatellite markers during this 

project produced an important resource for future studies in willow, not only in terms 

of linkage mapping studies, but also for other genetic applications such as diversity 

studies and pedigree testing. Of the markers tested for mapping in K3 or K8, a 

significant number were not used in mapping as they failed to segregate within either 

or both populations. However, while this was a bottleneck for mapping in both 

pedigrees analysed here, these markers could be informative in other genetic studies of 

either mapping or natural populations of willows. 

269 



The usefulness of microsatellite markers was well demonstrated here, not only in terms 

of their highly informative (co-dominant) nature in linkage and QTL analyses, but also 

with regard to the identification of the correct parents of the K8 mapping population. 
Within linkage analyses, microsatellites were of particular use in that they provided 

allelic bridges to allow the integration of separate male and female maps. 
Furthermore, due to their sequence-based nature, they also allowed identification of a 

number of putatively homeologous linkage groups between the K3 and K8 maps. 
However, the information provided by this approach was restricted due to the limited 

number of microsatellites that could be mapped (i. e. that were polymorphic) in both 

pedigrees. Had more time been available, then microsatcllite markers produced in the 

second phase of development (SB984 onwards; Table 5.4) for mapping in K8 would 
have been tested for their ability to detect polymorphisms between the K3 parents. 

A potential drawback of using microsatellite markers in linkage analysis results from 

their single locus nature. This can mean that these markers require significant 
investment of time and resources to be developed and mapped, especially when large 

numbers of markers are to be mapped on a large number of progeny. However, in the 

mapping study based on the K8 population, this hurdle was largely overcome through 

the development of microsatellite multiplexing strategies based on fluorescent 

detection systems. The implementation of these approaches based on both PCR and 

loading multiplexes, saved considerable time and money but were only made possible 
in the latter months of the project when an ABI 3100 Genetic Analyser was acquired. 

However, in some instances the mapping of microsatellite markers via more 

conventional radioisotope methods proved invaluable, indicating that the 

implementation of both technologies may be beneficial in studies such as this. 

As may have been expected (Jones et al., 1997) AFLP markers were highly reliable in 

this study, and were particularly useful for attaining rapid map coverage (Chapters 3 

and 5) and in pedigree testing of the candidate crosses for use in this study (Chapter 4). 

However, in linkage mapping it was necessary to treat AFLP markers with caution if 

highly distorted segregation ratios were detected, especially if the markers showing 
distortion did not map to regions in which linked markers also displayed distorted 

segregation. This situation substantiated one of the reported problems associated with 

this particular marker technology, in that several bands of equivalent electrophoretic 

mobility may co-migrate to the same gel position. Clearly, inclusion of such markers 
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in linkage analyses is problematic, so for this reason, several AFLP markcrs were 
discarded from the current study. Despite this minor limitation, AFLP tcchnology 

proved highly valuable in this study as large numbers of informative markcrs were 

generated in relatively short timeframes. 

Although not used to any large extent within current study, the efficacy of using ESTP 

markers was confirmed, providing a potential route to the development of markers 

based on functionally relevant sequences. The validity of this approach has been 

reported in an ESTP mapping study of loblolly pine (Temesgen et al., 2001). However, 

it is important to note that while the sequences from which the two markers examined 
in this study were derived from a poplar EST sequencing program, the expression of 

these sequences in willow was not confirmed. This may be investigated in future 

through the use of reverse transcription PCR (RT-PCR) (Freeman et al., 1999) or 
hybridisations based on RNA (e. g. a Northern blot; Sambrook et al., 1989). However, 

The ESTP approach demonstrated the potential exploitation of poplar gcnomic 

resources (i. e. EST databases) in willow research. This is an important consideration 
for future willow studies, for which the ever-increasing amount of genetic information 

generated for poplar may be exploited. This will become even more relevant at such 

time that the complete poplar (P. trichocarpa) genome sequence becomes available 
(6x draft sequence expected by the end of August 2003; DOE Joint Genome Institute, 

USA). 

The drawback associated with the development of markers based on coding sequences 

results from the fact that there is a tendency for sequences within coding regions to be 

more highly conserved than those in non-coding, intergenic areas (Cato et al., 2001). 
Consequently, the identification of suitable polymorphisms for mapping by 

conventional marker technologies, which are often based on detection of size 

polymorphisms, may be difficult. Perhaps the most likely solution to such problems is 

provided by the interrogation of SNPs, which are the most common form of 

polymorphism. between alleles (Rafalski, 2002). Recent advances in sequencing 
technologies make the identification and use of SNPs an attractive route towards EST 

mapping in future. 

Given the significant investment required, future mapping of ESTP markers in willow 

may be most efficient if targeted towards functional candidate genes. A similar 
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approach has been used in poplar in a study of QTL for bud set and bud flush, where 
two candidate genes believed to be involved in perception of photoperiod (PIIYB2) or 
transduction of abscisic acid response signals (ABIIB) co-located with QTL for bud set 

and bud break (Frewen et al., 2000). While these results did not prove a definitive role 
for the candidates in the trait, they did provide targets for further validation studies 

such as statistical association testing (for linkage disequilibrium) in natural populations 
or genetic transfon-nation studies (Pflieger et al., 2001). As the amount of sequence 
data available via public databases continues to increase, and the role of greater 

numbers of gene sequences is elucidated, the mapping of candidate genes becomes an 
increasingly more attractive approach. 

A second application of the candidate gene approach in future willow mapping studies 

may focus on the development of molecular markers based on Resistance Gene 

Analogues (RGAs) (Section 1.4.7). Although not included in this thesis, preliminary 

work is currently underway towards this goal in willow, using degenerate primers 
designed to the nucleotide binding site (NBS) region of known R-genes (Kanazin el 

al., 1996) to amplify willow RGAs. Resulting products have been cloned and 

sequenced and the homology to known R-genes (or RGAs) confirmed. However, 

initial examination of the resulting sequences suggested that multiple highly 

homologous, but unique, sequences were obtained using this approach. Consequently, 

RGA mapping in willow will be complicated and conventional mapping strategies 

such as those based on restriction digests may not be applicable in many cases. For 

these reasons the RGA approach was not pursued further as part of this thesis. 

The mapping populations 

The establishment of the large K8 mapping population to underpin QTL studies 
described in this thesis represented the development of an important genetic resource 
to underpin trait analyses in willow. This population represents the largest segregating 
mapping population currently available for willow. Using this population alone, 
putative QTL for all traits initially targeted in this study were identified. This 
highlights the usefulness of this population as an underpinning resource for future QTL 
investigations. However, this is not to say that other segregating populations will not 
be required. For example, interspecific crosses between highly palatable species and 
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those which are highly resistant to willow beetle herbivory may be more suited to 
identification of genomic regions underlying this trait. 

The ease of clonal propagation in willow, via the production of cuttings, means that 

this population is essentially immortal and could therefore be used as a basis for QTL 

mapping studies in several different environments and could be made available to the 

willow research community. Already this populations has been replicated in a field 

trial at Rothamsted Experimental Station, Herts, UK not only for future validation of 
QTL identified in this study across two contrasting environments, but also to allow for 

the identification of any environment-specific QTL. 

Trait analyses 

Trait assessments performed in this study have provided data used to answer some 
fundamental questions regarding the basis of some important traits in biomass willow. 
For example, analysis of segregation of rust resistance scores indicated that this trait is 

not purely qualitative and is influenced by multiple factors that are likely to differ in 

the effect they exert. For yield, results indicate that this trait is of a more quantitative 

nature, in that numerous genes are likely to be of importance. Answers as to exactly 
how many genes are important are as yet undetermined due to the inherent limitations 

of QTL analysis (Kearsey and Farquhar, 1998) and the incomplete genome coverage 

provided by currently available markers (Chapters 3 and 5). 

Analysis of phenotypic correlations between characters shed light on the relationships 
between various distinct traits that may potentially be indicative of biomass yield. For 

example, maximum stem height and stem diameter were highly corTelated with overall 
yield in the K8 mapping population. Results such as these are informative in that they 

suggest targets for future molecular study and also may also highlight which traits may 
be informative in selections within a breeding programme. However, it is important to 

note that it is possible that several traits not examined in this study may also be of 
importance. For example, preliminary physiological studies in a high yielding variety 
(var. Tora) and low yielding willow ("L78183") have highlighted leaf extension rate 
and leaf cell number as a potentially important trait affecting overall biomass yield 
(Robinson et al., in press). Such studies may provide additional targets for future QTL 

mapping and candidate gene analysis. 
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The linkage maps 

The construction of both the K3 and K8 linkage maps represented an important step 
forward in the molecular genetic analysis of Salix by providing fundamental genetic 

resources to underpin further research. However, as expected, the application of 
linkage analysis in willow required significant investment of both time and resources. 
The development and screening of large numbers of markers was required in order to 

provide an acceptable level of genome coverage. This was a consequence of the 

relatively large number of chromosomes (n=19) present in this species. Furthen-nore, 
both mapping populations were generated from crosses between parents that were 
themselves full-sibs, thus, the identification of suitable numbers of polymorphic 
markers, in particular microsatellites, was more difficult than it would have been if the 

mapping populations had been derived from more genetically diverse parents. 

The K3 linkage map was more highly saturated with molecular markers than the K8 

map and may, therefore, be an important source of markers for mapping in regions not 

yet represented on the K8 map, via the conversion of AFLP markers to SCARs. This 

approach was not implemented in the current study due to time limitations but should 
be achievable in future. As well as improving the genome coverage for the K8 map, 

this would also allow for more accurate comparisons between maps, as a greater 

number of shared markers would be identifiable. However, the mapping resolution 

power afforded by the K3 population, even if the additional available progeny were 
included in future analyses (Section 4.1.2), would not be as great as that provided by 

the larger K8 population. Similarly, the power and accuracy of any QTL studies in the 

K3 population will not be as high as those based on K8 (Beavis, 1994; Hanley et al., 
2002). It may therefore be prudent to concentrate all future linkage mapping and 

marker development efforts on the larger of the mapping populations. 

Despite the preliminary nature of the K8 linkage map as reported in this thesis, the 

available linkage information served as a basis for early QTL analysis and provided a 
means of comparison of marker (and QTL) positions, via the microsatellite markers, 
with the K3 map. However, a significant amount of work remains in order to 

maximise the information content provided by the K8 map, in that the genome 

coverage still needs to be improved and the missing genotypes should be determined to 

promote greater accuracy, both in terms of linkage and QTL analyses. 
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The availability of a willow linkage map comprising markers derived and mapped in 

poplar (and vice versa) may be beneficial to future research as comparative mapping 
will become a possibility. The efficacy of using poplar microsatellite markers in 

willow was demonstrated here, although the proportion of poplar microsatcllitcs that 
failed to amplify in willow (-75%) suggests that sufficient diversity is present between 

these genera to prevent the straightforward exchange of markers. Therefore, 

comparative mapping may be more successful if based on more highly conserved 

expressed sequences, i. e. ESTs, in future. 

QTL analysis 

Despite the limitations outlined in Chapter 6, QTL analyses based on both the K3 and 
K8 population were successful in so far as genomic regions linked to traits of 

agronomic importance were identified. As expected, the larger progeny size available 
for analysis in K8 resulted in greater QTL detection power, as illustrated by the larger 

number of QTL uncovered in this population compared to K3. However, this may 
have been due to the segregation of a greater number of QTL in population K8. While 

this may have been expected to some degree, given that the K8 pedigree comprised 
both S viminalis and S. schwerinil species while the K3 population comprised only 

pure S. viminalis, results reported by Tsarhouras et al. (2002) suggest that this may not 
be the case, as a larger number of QTL were detected in the pure S. vinlinalis parent of 

the mapping population used compared to the hybrid S. viminalis x S. schwerinii 

second parent. The identification of putative QTL underlying all traits initially 

targeted in this study, illustrated the suitability of the K8 population for QTL mapping 

of important agronomic traits in biomass willow. 

Putative QTL were identified for total yield and for all of the components of yield 

assessed in the K8 mapping populations. In K8 several consistent associations were 
detected indicating the robustness of the QTL uncovered. Evidence of reliability was 
afforded by the detection of QTL that were consistent between related yield traits 

assessed in different environments, e. g. QTL were identified on K8 linkage group K 
for height measured in the nursery, height measured in the field during the 

establishment year and overall yield following the first harvest. In addition, the 
detection of consistent QTL for numerous correlated traits over time was indicative of 
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the dependability of the QTL detected, e. g. several QTL were identified for related 

traits on linkage group P across all assessment years. While the co-location of QTL 

for correlated yield-based traits was previously been reported in willow (Tsarouhas et 

al., 2002), the consistent detection of QTL across time and different growth stages as 

shown here, was not. This may have been a consequence of the relatively small 

mapping population used in their study. Support for this explanation comes fromthat 

the fact that the QTL mapping results obtained here with the relatively small K3 

mapping population were also less consistent than those obtained with the larger K8 

progeny. 

The identification of QTL for rust resistance that were consistent over both time and 

environment, i. e. on K8 group I and on K3 and K8 homeologous groups III and B, 

respectively, suggested that these associations were robust. These highly significant 

rust resistance QTL may be worthy of further study. However, it is important that a 

number of points are first addressed. First, missing genotypes for markers in these 

regions should be resolved to ensure that each marker affords an equivalent amount of 
information. To a similar end, the co-dominant microsatellite markers should be 

analysed as dominant markers. More accurate positioning of the QTL may then be 

possible. Once achieved, nearby markers could be tested in marker-assisted selections. 

Preliminary data suggest that microsatellite marker SB226 may be of use in such an 

approach. To illustrate, when SB226 was used to screen the K477 population in 

experiments to identify the correct KS parents (Chapter 5) two alleles were detected 

(data not shown). The inheritance of one of these alleles in the K8 population was 

associated with a greater level of rust resistance. In the K477, with the exception of 

K477-RIO, all of the individuals designated as rust resistant carried this allele. 

However, K477-RIO had a more susceptible rust score in 1996 (Table 4.2) than the 

other resistant sibs and may, therefore, have been mis-classified. With the exception 

of K477-S3 (the K8 female parent), all of the remaining designated susceptible 

individuals lacked this allele. The mean field-based rust score for K477-S3 was at a 

comparable level to other susceptible sibs (Table 4.2), thus, in this individual a 

recombination event may have occurred between SB226 and the resistance locus. 

Alternatively, original rust scores may have been inaccurate for this clone. 

Unfortunately, susceptibi lity/resi stance to rust in K477-S3 could not be confirmed in 
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the current study due to the inclusion of the incorrect parents in rust assessments 
(Section 5.4.1). 

Rust resistance within many of the commercial biomass varieties is believed to have 

originated from the introduction of a highly resistant Russian S. schwerinii clone 
(L79069) into the breeding germplasm (Larrson, 2001). This clone is a parent of the 
Swedish variety Bjorn -a great, great grandparent of the K8 mapping population. 
Therefore, the resistance within K8 may have been inherited from L79069. 

Preliminary screens have now shown that the SB226 allele putatively associated with 

resistance in K8 is also present in all of the resistant willows contained in the pedigree, 
from L79069 through to the K8 population, i. e. L79069, var. Bj? jm (and it's highly 

resistant full-sib var. Tora), SW930984 and K447-RI3. However, with the exception 

of K477-S3 (susceptibility not confirmed in this study), this allele is not present in any 

susceptible willows within the pedigree, i. e. var. Orm or var. Astrid. Although these 

results are only based on a small number of samples, further screening across the 
breeding material should now be performed to confirm any predictive value of this 

marker. However, the possibility of testing other markers in the vicinity of the original 
QTL should be considered, as these may be more tightly linked to the QTL than 

microsatellite SB226. This may require the conversion of AFLPs into SCAR markers 
for ease of screening. 

If the position of this QTL can be more accurately determined and tightly linked 

markers are available, this locus may be a suitable candidate for map-based cloning. 
Cloning of the underlying resistance QTL may subsequently facilitate selections based 

on the gene itself, which may be more efficient than using linked markers. The small 
genome sizes of Salix species (2C = 0.76-0.98 pg; Thibault, 1998) makes them 

particularly suited to map-based cloning. However, it will first be necessary to 

construct a large-insert library (e. g. a BAC library) for this purpose and further work 

will be required to finely map any important QTL-containing regions. 

For resistance to herbivory by the blue willow beetle (P. vulgalissinza), a number of 

putative QTL were identified based on data generated in laboratory-based feeding 

experiments. However, in general, the significance of these associations was poor, 

although it must be noted that, as with all other traits examined, incomplete genome 

coverage provided by the markers available may have prevented the identification of 
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more highly significant QTL. In spite of this limitation, one suggestive QTL identificd 

upon analysis of data from the two independent assessments (on K8 linkage group S) 

may be worthy of further study, although this may be better achieved in populations 
derived from parents of more contrasting phenotypes. 

In order to improve the power of QTL analysis in subsequent analyses based on K8, it 

is important that marker coverage on the map is improved. This may help to 

substantiate the significance of suggestive QTL that were identified in large marker 
intervals, e. g. on K8 linkage group K, and may also decrease the large confidence 
intervals associated with many of the QTL detected. Bulked segregant analysis may 

provide a powerful approach by which markers targeted to potentially interesting map 

regions can be developed in future. This approach was successfully employed within 

the current study to map markers in the vicinity of microsatellite marker SB226. 

Furthermore, the inclusion of the K8 progeny that were not utilised in current analyses 

may be of potential benefit in terms of increasing mapping resolution, substantiating 
the significance of QTL identified here and increasing the accuracy with which QTL 

positions can be determined. 

Summary 

To conclude, this project has been successful in meeting the overall aims and 

objectives as set out at the onset of the study. Additional molecular markers were 

developed and successfully used to generate linkage maps and identify genomic 

regions underlying traits of agronomic importance in biomass willow. Moreover, 

putative QTL for all traits initially targeted (resistance to rust, resistance to leaf-eating 

beetles and yield) were identified. Although still preliminary in some cases, the results 

presented in this thesis represent a significant step forward in terms of making 

molecular breeding of SRC willows an obtainable future prospect and provide many 

avenues for future research into this increasingly important crop. 
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Appendix 1. Experimental design-for the 2000 laboratory-based 

beetle feedinji experiments based on mappini! populations Kl, K8 and 

K3 (Section 4.2.7.2). 



Population KI 
Kl Position in dish Position in dish 

Dish 1 2 3 4 5 6 7 8 9 10 Dish 1 2 3 4 5 6 7 8 9 10 
1 699 352 751 865 29 216 308 201 633 142 47 840 865 669 475 78 52 229 743 451 424 

2 352 89 702 664 81 374 686 806 868 52 48 299 664 475 115 633 235 168 658 786 324 
3 89 305 840 252 256 205 P2 244 142 235 49 $65 252 115 171 868 420 164 159 518 502 
4 305 133 299 353 216 919 116 199 52 420 50 664 353 171 680 142 819 743 939 320 265 
5 133 929 865 788 374 683 614 410 235 819 51 699 252 788 680 615 52 82 658 654 874 
6 929 751 664 433 205 877 538 669 420 82 52 352 353 433 615 78 235 33 159 236 425 

7 751 702 252 555 919 488 715 475 819 33 53 89 788 555 78 633 420 25 939 309 225 

8 702 840 353 93 683 300 201 115 82 25 54 305 433 93 633 868 819 652 654 463 424 

9 840 299 788 860 877 308 806 171 33 652 SS 133 555 860 868 142 82 820 236 451 324 
10 299 865 433 328 488 686 244 680 25 820 56 929 93 328 142 52 33 776 309 786 502 
11 865 664 555 PI 300 P2 199 615 652 776 57 751 860 PI 52 235 25 603 463 518 265 
12 664 252 93 177 308 116 410 78 820 603 58 699 702 328 177 235 420 652 74 451 320 
13 252 353 860 607 686 614 669 633 776 74 59 352 840 PI 607 420 819 820 554 786 874 
14 353 788 328 29 P2 538 475 868 603 554 60 89 299 177 29 819 82 776 229 518 425 
15 788 433 pl 81 116 715 115 142 74 229 61 305 865 607 81 82 33 603 168 320 225 
16 433 555 177 256 614 201 171 52 554 168 62 133 664 29 256 33 25 74 164 874 424 
17 555 93 607 216 538 806 680 235 229 164 63 929 252 81 216 25 652 554 743 425 324 
18 93 860 29 374 715 244 615 420 168 743 64 751 353 256 374 652 820 229 658 225 502 
19 860 328 81 205 201 199 78 819 164 658 65 702 788 216 205 820 776 168 159 424 265 
20 328 PI 256 919 806 410 633 82 743 159 66 699 840 433 374 919 776 603 164 939 324 
21 PI 177 216 683 244 669 868 33 658 939 67 352 299 555 205 683 603 74 743 654 502 
22 177 607 374 877 199 475 142 25 159 654 68 89 865 93 919 877 74 554 658 236 265 
23 607 29 205 488 410 115 52 652 939 236 69 699 305 664 860 683 488 554 229 159 309 
25 29 81 919 300 669 171 235 820 654 309 70 352 133 252 328 877 300 229 168 939 463 

25 81 256 683 308 475 680 420 776 236 463 71 89 929 353 PI 488 308 168 164 654 451 
26 256 216 877 686 115 615 819 603 309 451 72 305 751 788 177 300 686 164 743 236 786 
27 216 374 488 P2 171 78 82 74 463 786 73 133 702 433 607 308 P2 743 658 309 518 
28 374 205 300 116 680 633 33 554 451 518 74 929 840 555 29 686 116 658 159 463 320 
29 205 919 308 614 615 868 25 229 786 320 75 751 299 93 81 P2 614 159 939 451 874 

30 919 683 686 538 78 142 652 168 518 874 76 702 865 860 256 116 538 939 654 786 425 

31 683 877 P2 715 633 52 820 164 320 425 77 840 664 328 216 614 715 654 236 518 225 

32 877 488 116 201 868 235 776 743 874 225 78 299 252 PI 374 538 201 236 309 320 424 
33 488 300 614 806 142 420 603 658 425 424 79 865 353 177 205 715 806 309 463 874 324 
34 300 308 538 244 52 819 74 159 225 324 80 664 788 607 919 201 244 463 451 425 502 
35 308 686 715 199 235 82 554 939 424 502 81 252 433 29 683 806 199 451 786 225 265 
36 686 P2 201 410 420 33 229 654 324 265 82 699 353 555 81 877 244 410 786 518 424 
37 699 P2 116 806 669 819 25 168 236 502 83 352 78a 93 256 488 199 669 518 320 324 
38 352 116 614 244 475 82 652 164 309 265 84 89 433 860 216 300 410 475 320 874 502 
39 699 89 614 538 199 115 33 820 743 463 85 305 555 328 374 308 669 115 874 425 265 
40 352 305 538 715 410 171 25 776 658 451 86 699 133 93 PI 205 686 475 171 425 225 
41 89 133 715 201 669 680 652 603 159 786 87 352 929 860 177 919 P2 115 680 22S 424 
42 305 929 201 806 475 615 820 74 939 518 88 89 751 328 607 683 116 171 615 424 324 
43 133 751 806 244 115 78 776 554 654 320 89 305 702 PI 29 877 614 680 78 324 502 
44 929 702 244 199 171 633 603 229 236 874 90 133 840 177 81 488 538 615 633 502 265 
45 751 840 199 410 680 868 74 168 309 425 91 699 929 299 607 256 300 715 78 868 265 
46 



Population K8 
Positon in dish Position in dish 

Dish 1 2 3 4 5 6 7 8 9 10 Dish 1 2 3 4 5 6 7 8 9 10 

1 597 50 230 905 547 347 920 84 909 19 47 256 905 728 421 440 786 297 287 507 10 

2 50 695 315 94 71 192 350 422 P2 786 48 309 94 421 241 909 319 PI 880 648 767 

3 695 292 256 106 183 503 386 931 19 319 49 905 106 241 176 P2 436 420 517 774 383 

4 292 781 309 381 347 166 323 825 786 436 50 94 381 176 197 19 434 287 127 581 866 

5 781 614 905 460 192 628 470 805 319 434 51 597 106 460 197 732 786 180 880 295 77 

6 614 230 94 763 503 921 759 728 436 180 52 50 381 763 732 440 319 868 517 46 326 

7 230 315 106 520 166 132 548 421 434 868 53 695 460 520 440 909 436 379 127 542 608 

8 315 256 381 817 628 438 84 241 180 379 54 292 763 817 909 P2 434 359 295 912 10 

10 256 309 460 555 921 920 422 176 868 359 SS 781 520 555 P2 19 180 189 46 507 767 

10 309 905 763 414 132 350 931 197 379 189 56 614 817 414 19 786 868 939 542 648 583 

11 905 94 520 841 438 386 825 732 359 939 57 230 555 841 786 319 379 915 912 774 866 

12 94 106 817 237 920 323 805 440 189 915 58 597 315 414 237 319 436 359 577 507 581 

13 106 381 555 26 350 470 728 909 939 577 59 50 256 841 26 436 434 189 772 648 77 

14 381 460 414 547 386 759 421 P2 915 772 60 695 309 237 547 434 180 939 297 774 326 

15 460 763 841 71 323 548 241 19 577 297 61 292 905 26 71 180 868 915 PI 581 608 

16 763 520 237 183 470 84 176 786 772 PI 62 781 94 547 183 868 379 577 420 77 10 

17 520 817 26 347 759 422 197 319 297 420 63 614 106 71 347 379 359 772 287 326 767 

18 817 555 547 192 548 931 732 436 PI 287 64 230 381 183 192 359 189 297 880 608 583 

19 555 414 71 503 84 825 440 434 420 880 65 315 460 347 503 189 939 PI 517 10 866 

20 414 841 183 166 422 805 909 180 287 517 66 597 256 763 192 166 939 915 420 127 767 

21 841 237 347 628 931 728 P2 868 880 127 67 50 309 520 503 628 915 577 287 295 383 

22 237 26 192 921 825 421 19 379 517 295 68 695 905 817 166 921 577 772 880 46 866 

23 26 547 503 132 805 241 786 359 127 46 69 597 292 94 555 628 132 772 297 517 542 

24 547 71 166 438 728 176 319 189 295 542 70 50 781 106 414 921 438 297 Pt 127 912 

26 71 183 628 920 421 197 436 939 46 912 71 695 614 381 841 132 920 PI 420 295 507 

26 183 347 921 350 241 732 434 915 542 507 72 292 230 460 237 438 350 420 287 46 648 

27 347 192 132 386 176 440 180 577 912 648 73 781 315 763 26 920 386 287 $80 542 774 

28 192 503 438 323 197 909 868 772 507 774 74 614 256 520 547 350 323 880 517 912 581 

29 503 166 920 470 732 P2 379 297 648 581 75 230 309 817 71 386 470 517 127 507 77 

30 166 628 350 759 440 19 359 PI 774 77 76 315 905 555 183 323 759 127 295 648 326 

31 628 921 386 548 909 786 189 420 581 326 77 256 94 414 347 470 548 295 46 774 608 

32 921 132 323 84 P2 319 939 287 77 608 78 309 106 841 192 759 84 46 542 581 10 

33 132 438 470 422 19 436 915 880 326 10 79 905 381 237 503 548 422 542 912 77 767 

34 438 920 759 931 786 434 577 517 608 767 80 94 460 26 166 84 931 912 507 326 583 

35 920 350 548 825 319 180 772 127 10 583 81 106 763 547 628 422 825 507 648 608 866 

36 350 386 84 805 436 868 297 295 767 866 82 597 381 520 71 921 931 805 648 774 10 

37 597 386 323 422 728 434 379 PI 46 583 83 50 460 817 183 132 825 728 774 581 767 

38 50 323 470 931 421 180 359 420 542 966 84 695 763 555 347 438 905 421 581 77 593 

39 597 695 470 759 825 241 868 189 287 912 85 292 520 414 192 920 728 241 77 326 866 

40 50 292 759 548 805 176 379 939 880 507 86 597 781 817 841 503 350 421 176 326 608 

41 695 781 548 84 728 197 359 915 517 648 87 50 614 555 237 166 386 241 197 608 10 

42 292 614 84 422 421 732 189 577 127 774 88 695 230 414 26 628 323 176 732 10 767 

43 781 230 422 931 241 440 939 772 295 581 89 292 315 841 547 921 470 197 440 767 583 

44 614 315 931 825 176 909 915 297 46 77 90 781 256 237 71 132 759 732 909 583 866 

45 230 256 825 805 197 P2 577 PI 542 326 91 597 614 309 26 183 438 548 440 P2 M 

46 315 309 805 728 732 19 772 420 912 608 

0 



Population K3 
Position in dish Position in dish 

Dish 1 2 3 4 5 6 7 8 9 10 Dish 1 2 3 4 5 6 7 8 9 10 

1 48 4 38 158 PI 101 44 128 114 19 47 15 158 35 52 7 74 24 203 28 108 

2 4 8 18 2 188 164 60 131 29 74 48 45 2 52 51 114 P2 32 98 136 175 

3 8 66 15 47 31 21 14 1 19 P2 49 158 47 51 53 29 12 61 6 30 64 

4 66 75 45 10 101 118 180 49 74 12 50 2 10 53 96 19 55 203 23 1W 54 

5 75 88 158 5 164 63 46 40 P2 55 Sl 48 47 5 96 57 74 33 98 17 36 

6 88 38 2 146 21 62 9 35 12 33 52 4 10 146 57 7 P2 22 6 142 11 

7 38 18 47 65 118 26 59 52 55 22 53 8 5 65 7 114 12 37 23 204 13 

8 18 15 10 20 63 16 128 51 33 37 54 66 146 20 114 29 55 34 17 58 108 

9 15 45 5 25 62 44 131 53 22 34 55 75 65 25 29 19 33 27 142 28 175 

10 45 158 146 39 26 60 1 96 37 27 56 88 20 39 19 74 22 41 204 136 64 

11 158 2 65 50 16 14 49 57 34 41 57 38 25 50 74 P2 37 3 58 30 54 

12 2 47 20 43 44 180 40 7 27 3 58 48 18 39 43 P2 12 34 132 28 100 

13 47 10 25 42 60 46 35 114 41 132 59 4 15 50 42 12 55 27 56 136 36 

14 10 5 39 PI 14 9 52 29 3 56 60 8 45 43 PI 55 33 41 24 30 11 

15 5 146 50 188 180 59 51 19 132 24 61 66 158 42 188 33 22 3 32 1W 13 

16 146 65 43 31 46 128 53 74 56 32 62 75 2 I'l 31 22 37 132 61 36 108 

17 65 20 42 101 9 131 96 P2 24 61 63 88 47 188 101 37 34 56 203 11 175 

18 20 25 P1 164 59 1 57 12 32 203 64 38 10 31 164 34 27 24 98 13 64 

19 25 39 188 21 128 49 7 55 61 98 65 18 5 101 21 27 41 32 6 108 54 

20 39 50 31 118 131 40 114 33 203 6 66 48 15 146 164 118 41 3 61 23 175 

21 50 43 101 63 1 35 29 22 98 23 67 4 45 65 21 63 3 132 203 17 64 

22 43 42 164 62 49 52 19 37 6 17 68 8 158 20 Its 62 132 56 98 142 54 

23 42 P1 21 26 40 51 74 34 23 142 69 48 66 2 25 63 26 56 24 6 204 

24 Pi 188 118 16 35 53 P2 27 17 204 70 4 75 47 39 62 16 24 32 23 58 

2S 188 31 63 44 52 96 12 41 142 58 71 8 88 10 50 26 44 32 61 17 28 

26 31 101 62 60 51 57 55 3 204 28 72 66 38 5 43 16 60 61 203 142 136 

27 101 164 26 14 53 7 33 132 58 136 73 75 18 146 42 44 14 203 98 204 30 

28 164 21 16 180 96 114 22 56 28 30 74 88 15 65 PI 60 180 98 6 58 100 

29 21 118 44 46 57 29 37 24 136 100 75 38 45 20 188 14 46 6 23 28 36 

30 118 63 60 9 7 19 34 32 30 36 76 18 158 25 31 180 9 23 17 136 11 

31 63 62 14 59 114 74 27 61 100 11 77 15 2 39 101 46 59 17 142 30 13 

32 62 26 180 128 29 P2 41 203 36 13 78 45 47 50 164 9 128 142 204 100 108 

33 26 16 46 131 19 12 3 98 11 108 79 158 10 43 21 59 131 204 58 36 175 

34 16 44 9 1 74 55 132 6 13 175 80 2 5 42 118 128 1 58 28 11 64 

35 44 60 59 49 P2 33 56 23 108 64 81 47 146 PI 63 131 49 28 136 13 54 

36 60 14 128 40 12 22 24 17 175 54 82 48 10 65 198 62 1 40 136 30 108 

37 48 14 180 131 35 55 37 32 142 64 83 4 5 20 31 26 49 35 30 100 175 

38 4 180 46 1 52 33 34 61 204 54 84 8 146 25 101 16 40 52 100 36 64 

39 48 8 46 9 49 51 22 27 203 58 8S 66 65 39 164 44 35 51 36 11 54 

40 4 66 9 59 40 53 37 41 98 28 86 48 75 20 50 21 60 52 53 11 13 

41 8 75 59 128 35 96 34 3 6 136 87 4 88 25 43 Its 14 51 96 13 108 

42 66 88 128 131 52 57 27 132 23 30 88 8 38 39 42 63 180 53 57 108 175 

43 75 38 131 1 51 7 41 56 17 100 88 66 18 50 PI 62 46 96 7 175 64 

44 88 18 1 49 53 114 3 24 142 36 90 75 15 43 188 26 9 57 114 64 54 

45 38 15 49 40 96 29 132 32 204 11 91 48 88 45 42 31 16 59 7 29 54 

46 18 45 40 35 57 19 56 61 58 13 

7: ýý-) 



Appendix Il. Experimental design for the 2001 laboratory-based 

beetle feeding experiments based on the K8 mapping population 

(Section 6.2.1.4). 



Population K8 

Position in dish Position in dish 

Rep Dish 123456789 10 11 Rep Dish 1234S6789 10 11 

1 37 86 33 18 71 3 90 52 105 120 56 

2 45 75 26 7 22 113 109 60 94 41 79 

3 19 23 57 4 38 121 53 106 87 91 72 

4 119 17 70 36 51 32 66 85 104 89 2 

5 73 58 92 20 24 88 54 107 111 5 39 

6 21 59 40 74 108 112 78 25 93 55 6 

7 118 69 35 103 16 31 50 84 99 65 1 

8 116 48 97 101 29 67 10 44 14 63 82 

9 110 42 80 12 95 61 8 114 46 76 27 

10 102 117 15 11 34 64 83 68 49 98 30 

11 77 43 96 13 81 9 115 100 62 47 28 

4 34 16 27 38 60 49 71 104 93 82 5 115 
3S 85 96 8 41 52 107 19 118 74 63 30 

36 72 50 116 17 28 61 94 105 39 83 6 

37 89 111 45 12 78 67 1 23 56 34 100 

38 54 21 98 109 120 65 10 43 32 87 76 

39 20 64 86 31 42 9 75 119 97 108 53 

40 36 91 69 80 14 102 25 3 58 113 47 

41 11 44 22 33 77 121 55 66 99 110 88 
42 114 48 103 26 4 70 15 92 81 59 37 
43 79 35 101 24 13 68 46 112 2 57 90 
44 29 84 18 117 73 7 51 106 95 40 62 

2 12 96 79 21 50 4 119 56 27 102 44 73 

13 101 49 72 66 118 95 78 20 26 43 3 

14 63 86 40 69 115 11 109 46 23 17 92 

15 57 51 97 74 80 103 22 5 28 34 120 

16 15 55 61 32 90 38 9 107 84 113 67 

17 18 47 70 110 1 41 93 64 87 116 24 

18 58 35 81 98 121 75 52 104 6 29 12 

19 36 82 99 111 76 105 7 53 30 13 59 

20 16 39 91 33 45 108 68 85 62 114 10 

21 77 83 8 112 37 14 89 54 106 31 60 

22 65 71 42 88 19 2 117 100 48 25 94 

3 23 41 55 58 27 13 103 89 10 72 86 117 

24 39 8 84 22 56 25 53 98 101 70 115 

25 47 92 106 30 78 61 44 2 16 75 120 

26 77 18 80 108 111 49 32 63 94 35 4 

27 51 23 110 6 96 65 20 37 82 68 113 
28 116 85 54 102 9 57 40 26 99 71 12 
29 91 74 43 105 88 15 119 60 1 29 46 
30 76 93 34 17 62 79 31 48 3 121 107 
31 97 66 38 52 7 24 114 83 100 21 69 
32 73 104 28 59 14 118 45 42 87 90 11 
33 50 95 19 109 64 5 112 81 33 36 67 

5 45 48 112 105 41 73 80 9 23 16 66 98 

46 62 12 37 5 119 55 69 87 30 94 101 

47 116 27 2 77 84 20 91 34 59 52 109 

48 86 118 68 22 61 93 29 100 54 36 4 

49 8 15 47 104 65 33 79 97 111 72 40 

50 96 64 78 121 32 39 14 71 103 46 7 

51 28 21 110 35 92 60 53 67 117 3 85 

52 11 82 25 89 107 75 18 114 50 43 57 

53 10 49 113 106 24 81 42 99 56 17 74 

54 31 38 70 45 63 102 88 6 120 95 13 

55 51 44 108 1 115 26 58 76 90 19 83 

6 56 118 39 23 76 2 81 60 18 102 55 97 

57 28 112 70 12 7 107 91 44 65 86 49 

58 29 8 108 92 113 50 71 66 87 13 34 

59 42 21 26 105 121 63 5 89 84 68 47 

60 35 9 89 93 114 72 14 56 30 109 51 

61 64 111 106 48 22 6 43 69 85 27 90 

62 99 62 41 25 46 4 20 67 104 83 120 

63 33 96 54 101 38 1 59 17 75 80 117 

64 32 100 58 95 74 16 116 37 79 11 53 

65 52 36 57 73 31 10 15 110 115 94 78 

66 77 119 24 3 19 61 103 98 40 45 82 



Position in dish Position in dish 

Rep Dish 123456789 10 11 Rep Dish 123456789 10 11 

7 67 101 16 88 113 4 40 76 64 28 52 89 

68 87 75 15 99 39 63 27 51 3 112 100 

69 7 56 104 43 19 31 92 80 55 68 116 

70 41 5 102 17 29 78 114 53 90 65 77 

71 109 1 13 25 73 97 37 85 49 121 61 

72 110 50 86 14 74 62 111 38 26 2 98 

73 54 18 115 42 30 6 91 67 103 66 79 

74 58 34 21 106 82 70 118 33 94 46 9 

75 96 11 120 84 108 36 72 48 60 12 24 

76 47 22 59 95 119 23 107 71 10 35 83 

77 45 32 117 20 57 8 93 44 105 69 81 

10 100 37 27 47 17 7 67 57 98 88 108 118 
101 56 87 16 117 46 36 107 77 97 26 6 
102 110 49 19 29 89 120 9 79 59 69 39 

103 55 85 65 24 115 4 34 75 14 105 95 
104 45 5 25 116 15 66 86 35 106 76 96 
los 99 109 68 28 48 18 8 119 58 78 38 

106 10 30 80 40 70 60 90 100 50 20 121 

107 32 1 82 72 92 112 42 22 102 52 62 

108 41 51 91 101 81 61 11 31 71 21 111 
109 13 44 104 3 74 94 84 114 54 23 64 
110 33 83 12 73 2 43 93 53 63 103 113 

8 

9 

78 96 91 89 98 97 93 90 99 92 95 94 

79 43 35 38 39 37 44 41 36 34 40 42 

80 16 15 22 21 19 14 20 18 17 13 12 

81 641752 10 83 11 9 

82 114 113 118 112 111 116 119 121 120 115 117 

83 88 82 84 87 83 85 80 86 81 79 78 

84 103 109 104 110 100 108 107 106 105 102 101 

85 50 51 47 55 49 52 46 54 48 53 45 

86 61 63 59 56 60 57 64 62 58 65 66 

87 75 74 67 73 76 68 70 77 69 71 72 

88 30 28 27 31 32 29 25 23 24 33 26 

89 67 121 102 94 24 16 51 59 8 86 43 

90 47 74 117 4 39 82 90 66 31 109 12 

91 53 34 10 112 26 104 96 69 88 18 61 
92 108 46 73 65 38 30 81 89 3 22 116 
93 45 72 29 99 21 2 64 37 107 115 80 

94 70 54 62 78 27 35 11 113 97 19 105 
95 50 101 15 120 23 77 7 93 58 42 85 
96 92 100 41 57 49 33 6 84 119 14 76 
97 40 13 32 48 91 110 75 56 118 83 5 
98 9 111 52 44 103 60 17 25 87 95 68 
99 28 114 36 79 55 98 63 71 20 106 1 

Ill 51 33 13 69 107 98 42 116 78 60 4 

112 87 2 31 96 58 40 67 105 49 22 114 

113 86 57 1 48 21 30 77 39 113 95 104 

114 119 34 16 72 7 110 63 81 25 54 90 

115 91 82 64 8 35 17 100 26 55 73 120 

116 70 117 23 5 43 52 79 108 14 61 99 

117 11 20 103 38 47 94 56 112 29 85 76 

118 15 24 89 80 44 53 6 71 109 62 118 

119 93 75 10 46 28 37 84 66 19 Ill 102 

120 101 27 65 92 9 45 83 18 121 36 74 

121 50 88 97 32 106 3 12 59 115 41 68 

12 122 59 31 100 Is 72 5 98 85 113 46 44 

123 109 42 55 70 111 83 29 16 96 57 3 

124 74 33 115 7 48 89 102 20 87 35 61 

125 30 84 45 17 4 112 43 71 58 110 97 

126 13 93 65 80 52 11 39 26 106 119 67 

127 78 24 63 9 22 117 37 50 91 104 76 

128 95 54 121 2 56 15 28 41 82 69 108 

129 105 92 118 25 64 12 51 79 10 77 38 

130 68 66 40 14 81 107 27 53 94 1 120 

131 116 62 23 75 36 as 49 8 103 90 21 

132 34 86 73 101 32 47 60 6 114 99 19 

FUNIVO-ERUTY 


