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If you have answered NO, please explain why the Final report should not be released into public domain

	We agree for the main report to be published on the website but would wish to withhold the Appendix showing the map of M432. We are planning to publish the map and do not wish this to be jeopardised.


	
	Executive Summary


7.
The executive summary must not exceed 2 sides in total of A4 and should be understandable to the intelligent non-scientist.  It should cover the main objectives, methods and findings of the research, together with any other significant events and options for new work.

	Marker-assisted selection (MAS) involves identifying genetic variation, typically in protein or DNA sequences that can be detected readily in the laboratory that is linked to a specific phenotype. This is done by correlating the presence of the genetic variant with the phenotype in a segregating progeny.  Subsequently, seedlings can be screened soon after germination for the presence of the markers indicating desirable characters, thus increasing the efficiency of the selection process within a breeding programme. Microsatellite markers were the marker of choice for this project as they have the advantages of being co-dominant and highly variable – so they are readily transferable from one progeny to another – and detectable on an automated sequencer after the convenient laboratory technique of the polymerase chain reaction (PCR).
This project capitalises on our current genetic expertise (including the new Defra/EU HiDRAS ‘High-quality disease resistant apples for a sustainable agriculture’ project) and breeding lines to increase the efficiency of rootstock and scion breeding and to develop improved rootstock and scion breeding lines to meet modern marketing and growing criteria. 
The scientific objectives of this contract were as follows:

1.  Initiation of rootstock mapping and development of new techniques for rootstock selection

To identify molecular markers linked to rootstock characters of interest, e.g. vigour, compatibility, drought tolerance, replicated segregating progenies need to be established and new screening techniques developed for generating phenotypic mapping data. 

2.  Identification and development of markers
Markers that are currently available derived from scions, e.g. those linked to resistance to scab, mildew and aphids; need to be tested in rootstock and cider germplasm. Further markers, e.g. those linked to woolly apple aphid resistance, to the precursor gene for resistance to rosy leaf curling aphid, to columnar habit and to fruit quality, are necessary to increase the efficiency of the marker-assisted selection (MAS).
3.  Transfer of marker technology
The marker technology needs to be transferred to the Apple & Pear Breeding Club (APBC) for application within the industry-funded breeding programme.

4.  Development and transfer of new breeding lines and novel material to the APBC
New parental material will be developed exploiting East Malling Research genebank material to incorporate the ‘novel’ resistances that are becoming more important to ensure the sustainable production of top fruit. In addition, novel rootstock and scion breeding progenies, after initial screening, will be transferred to the APBC for final selection and trialling in order to fully exploit the material and technology developed within this Defra project.

5.  Project review
Progress and interaction with the APBC and the National Association of Cider Makers will be discussed annually with the Defra project officer.

 A rootstock mapping progeny was raised from the cross of M.27 (dwarfing) x M.116 (woolly aphid resistant) and seedlings were lined out and hard pruned. This will provide cuttings for the future replicated testing which is necessary for identifying molecular markers linked to quantitative rootstock traits. The seedlings were scored not only for woolly aphid resistance and virescence (a deleterious yellow leaf characteristic) but also for a set of 147 microsatellite markers. A framework genetic map was prepared on which virescence and woolly aphid resistance were located and which will be invaluable for the follow-on project WU0115 ‘Genomics tools for pre-selection of WUE in top fruit rootstocks’. A wide range of new rootstock progenies were raised using traditional Malling rootstocks and selections from other programmes and wild species. These are being evaluated with a new fast-track system and from the oldest progeny, AR86-1-20 x M.20, six selections have been identified for replication and trial. 

New markers have been mapped in apple that are linked to virescence, woolly apple aphid resistance, self-compatibility, columnar habit, weeping habit and susceptibility to the strobilurin fungicide Amistar which will be useful for the development of MAS in breeding programmes. We have successfully mapped the first marker for aphid resistance in pear. A series of new QTLs have also been mapped that are linked to fruit quality traits within the EU HiDRAS project.

Industry-funded staff have been trained in marker technology and have used a number of markers to confirm the presence or absence of key traits, e.g. scab, mildew and aphid resistances, in advanced selection and parental material from the apple breeding programme. This background information is particularly useful to the breeder when devising new crossing programmes.
New progenies and breeding lines developed with sustainability as a target have been passed to the industry-funded project for evaluation (11 apple rootstock progenies, eight pear rootstock progenies and over 1100 individuals pre-screened from 58 scion progenies). The additional focus on rootstocks has lead to a renewed interest from the UK fruit and cider industries and consequently improved links with the Horticulture Development Council (HDC). Our broadening of the genetic base of the rootstock collection will be useful in responding to climate change.

Four papers have been published in peer-reviewed journals on apple mapping and marker development, three are submitted pending review and another 12 papers have been published or submitted to non peer-reviewed journals. Opportunities for technology transfer have been have been fully exploited with over 40 presentations and meetings attended with groups representing the scientific community, the fruit industry and the general public.

Thus the project has made excellent progress in developing genetic resources – progenies, maps, markers and selection techniques – to underpin rootstock improvement, which will provide the foundation for the new project on ‘Genomics tools for pre-selection of WUE in top fruit rootstocks’ and has publicised these results at every opportunity. In addition it has developed valuable markers and breeding lines for exploitation via the APBC and the new East Malling Rootstock Club (EMRC). Both routes should benefit the UK grower by providing rootstocks and scions more suited to sustainable production with e.g. a range of disease and pest resistances and better drought tolerance.




	
	Project Report to Defra


8.
As a guide this report should be no longer than 20 sides of A4. This report is to provide Defra with details of the outputs of the research project for internal purposes; to meet the terms of the contract; and to allow Defra to publish details of the outputs to meet Environmental Information Regulation or Freedom of Information obligations. This short report to Defra does not preclude contractors from also seeking to publish a full, formal scientific report/paper in an appropriate scientific or other journal/publication. Indeed, Defra actively encourages such publications as part of the contract terms. The report to Defra should include:


the scientific objectives as set out in the contract;


the extent to which the objectives set out in the contract have been met;


details of methods used and the results obtained, including statistical analysis (if appropriate);


a discussion of the results and their reliability; 


the main implications of the findings; 


possible future work; and


any action resulting from the research (e.g. IP, Knowledge Transfer).

Introduction and scientific objectives of the contract

The acreage of dessert and culinary apples and pears in Britain is approximately 15,000 ha and produces a crop worth about £80 million wholesale. Imports are worth about £300 million. There is an additional 5,000 ha of cider apples supporting a cider industry valued at around £4.5 billion per year. Sustainable production of top-fruit in the UK is greatly dependent on any advances that can be made in the development of new improved scions and rootstocks to face the increasing competition from overseas. The majority of important characters for scion varieties are obvious, for example, resistance to pests and diseases, compact habit for ease of harvesting, and appearance, texture and flavour.  It should be pointed out that pest and disease resistance are desirable for cider production; moreover, cider growers have expressed interest in columnar habit to aid mechanical harvesting.  The effects of the rootstock on production are less widely appreciated. Currently one of the most important factors for a grower is the cost of labour; using a dwarfing rootstock can reduce the cost of pruning and also simplify picking. Apples for cider production are harvested by mechanically shaking the tree, so the anchorage properties of the rootstock and the strength of the scion/rootstock union both have to be considered. Other important rootstock characters are the induction of precocious and reliable cropping, ease of propagation, freedom from suckers and, of course, resistance to pests and diseases. Climate change and the weather over recent years has increased the demand for both drought tolerance and flood tolerance.

Breeding improved varieties of top-fruit (except cider apples) for UK growers is conducted at East Malling Research (EMR). As detailed later, top fruit breeding is a long and labour intensive process, with scions taking at minimum around 12-15 years before release and rootstocks up to 30 years. Breeding for rootstocks traditionally involves making controlled crosses, germinating seeds, raising a small number of seedlings (<1000 per year) under glass, and planting these in the field for selection. There are very few practical selection techniques for rootstocks; for example, assessment of percentage root-bark that was routinely used in the past as an indication of dwarfing can no longer be undertaken routinely as it is labour intensive. Following minimal early selection, two stages of long term trials (each taking around 10 years) are necessary in order to obtain orchard performance data. Breeding scions is rather more efficient as there are more selection techniques available for rejecting inferior seedlings at an early stage. However, these are time-consuming, and selecting for fruit quality cannot be undertaken until the seedlings have flowered about six years after germination. There has been a little work on breeding cider varieties at IACR Long Ashton, which has now closed.

Marker-assisted selection (MAS) promises to streamline and increase the efficiency of plant breeding programmes, potentially halving the time taken to develop a new rootstock. It involves identifying genetic variation, typically in protein or DNA sequences that can be detected readily in the laboratory that is linked to a specific phenotype. This is done by correlating the presence of the genetic variant with the phenotype in a segregating progeny.  Subsequently, seedlings can be screened soon after germination for the presence of the markers indicating desirable characters. Considerable advances have been made in the development of MAS in apple at EMR (initially with EU EAGMAP and BBSRC 204K and, more recently, with Defra HH1029STF and EU DARE). However, that work concentrated on mapping and detecting markers for phenotypes of importance in dessert scions. It is now timely to implement MAS in scion breeding and initiate work that will allow MAS in rootstock and cider apple breeding.

In association with the development of MAS there is an opportunity to introduce certain novel useful characteristics into breeding lines, for example drought tolerance, which may become increasingly important with our changing climate.  

This project capitalises on our current genetic expertise (including the new Defra/EU HiDRAS project) and breeding lines to increase the efficiency of the rootstock breeding and to develop improved rootstock and scion breeding lines to meet modern marketing and growing criteria. Breeding lines from this project feed directly into the industry-funded top fruit improvement programme, the APBC and its successor, the EMRC. Recent variety releases from the APBC include ‘Meridian’ (an apple scion in 2000), ‘Park Farm Pippin’ (an apple scion in 2002), ‘M.116’ (an apple rootstock in 2001) and ‘EMH’ (a quince rootstock for pear in 2001).

The scientific objectives of this contract were as follows:
1.  
Initiation of rootstock mapping and development of new techniques for rootstock selection

To identify molecular markers linked to rootstock characters of interest, e.g. vigour, compatibility, drought tolerance, replicated segregating progenies need to be established and new screening techniques developed for generating phenotypic mapping data. 

2.  
Identification and development of markers

Markers that are currently available derived from scions, e.g. those linked to resistance to scab, mildew and aphids; need to be tested in rootstock and cider germplasm. Further markers, e.g. those linked to woolly apple aphid resistance, to the precursor gene for resistance to rosy leaf curling aphid, to columnar habit and to fruit quality, are necessary to increase the efficiency of the MAS.

3.  
Transfer of marker technology

The marker technology needs to be transferred to the APBC for application within the industry-funded breeding programme.

4.  
Development and transfer of new breeding lines and novel material to the APBC
New parental material will be developed exploiting EMR genebank material to incorporate the ‘novel’ resistances that are becoming more important to ensure the sustainable production of top fruit. In addition, novel rootstock and scion breeding progenies, after initial screening, will be transferred to the APBC for final selection and trialling in order to fully exploit the material and technology developed within this Defra project.

5.  
Project review

Progress and interaction with the APBC and the National Association of Cider Makers will be discussed annually with the Defra project officer.
Extent to which the objectives set out in the contract were met

All objectives were met in full and on time. Several milestones were reviewed with the project officer during the course of the project and updated where necessary.
Methods and results

Objective 1 – rootstock progenies
Establishment of segregating progenies of rootstocks

Crosses were made by hand pollination under glass of M.27 (dwarfing) x M.116 (woolly aphid resistant, moderate vigour) and of Mildew Immune Seedling (resistant to mildew and woolly aphid) x M.27 to raise progenies for mapping key traits; 308 and 1,637 seeds, respectively, were obtained and 300 of each sown and stratified.  
Some 120 and 180 seedlings respectively of each of the mapping progenies M432 (M27 x M116) and M430 (Mildew Immune Seedling x M27) were planted in the nursery to establish trees for hedging prior to multiplication for replicated tests.  The plants were pruned hard each winter to develop as hedge trees for provision of hardwood cuttings for replicated evaluation. The first batch of cuttings was successfully collected in winter 07/08 for rooting.
Progeny M432 was scored for the deleterious recessive character virescent (leaves yellow in spring, turning green in warmer weather), which is common in rootstock progenies and for which a marker would be useful to detect heterozygotes.  The segregation was approximately 3:1. A replicate set of M432 was produced by grafting on to potted rootstocks in spring 2006. This was evaluated in the glasshouse for resistance to woolly apple aphid (Eriosoma lanigerum), a pest of rootstocks likely to become more of a problem as temperatures increase, by controlled inoculation. Approximately five aphids were placed on each plant up to three times in early summer and subsequent colonisation was monitored; individuals on which colonies developed were classed as susceptible.  The segregation was approximately 1:1.
Potted seedlings of the rootstock progeny M430 were likewise scored in the glasshouse for resistance to woolly apple aphid and also for powdery mildew (Podosphaera leucotricha). The segregation in both cases was approximately 1:1. 

Of the two mapping progenies, M432, a backcross, was selected as being the priority progeny for mapping due to the wide range of phenotypes expected. Leaf tissue was collected and frozen with liquid nitrogen. DNA was extracted from 188 individuals using the standard CTAB method. A set of 187 microsatellite (SSR) markers were chosen that were well-distributed across the ‘Fiesta’ x ‘Totem’ map. These were scored initially in M.27 and M.116 and a small set of seedlings. Then the 147 that segregated were scored in the full M432 progeny using fluorescently labelled SSR primers and multiplexed reactions whenever possible. The data were collected using an ABI 3100 Genetic Analyzer with an internal size standard (ROX™ or 500 LIZ™) using GENESCAN( 3.7 and GENOTYPER( 3.7 software (Applied Biosystems).
A framework genetic linkage map has been generated using the software JOINMAP® 4.0 (Van Ooijen 2006 and includes 141 SSRs (see Appendix 1). The virescent locus v mapped to linkage group 12 and the woolly apple aphid locus Er mapped to linkage group 8. As the initial backcross to produce the progeny was semi-compatible due to a common S (incompatibility) allele, the segregation of loci around the S locus was highly distorted. This was expected and would only be problematic if a trait of interest is closely linked to the S locus. 
Development of new rootstock progenies
Throughout the five years of the project, a series of new rootstock progenies has been generated by controlled crosses to introduce novel resistances and other important characters into EMR’s breeding lines. Parental material includes Malus floribunda which is not only resistant to apple scab but is very early leafing and flowering and needs a lower winter chilling period than the Malling rootstocks, Geneva 202 (known to have multiple resistances), the ‘exotic’ Morioka rootstock JM7 (Malus sieboldii x M9), which has a novel source of aphid resistance and is reportedly very easy to propagate (Yoshida et al., 1998), P. amygaliformis (reputed to be drought tolerant) and P. betulaefolia which is thought to be tolerant of flooding (Lombard and Westwood, 1987).
The progenies include apple rootstocks M306 (AR86-1-20 x M.20), M345 (M.M.106 x ‘Totem’), M360 (AR86-1-20 x M.9), M480 (M.9 x M.116), M481 (M.9 x G202 (Geneva)), M508 (M.13 x JM7 (Morioka)), M545 (M.9 x Geneva 202), M546 (M.9 x JM7), M547 (M.9 x M. floribunda 821), M548 (M.13 x Geneva 202), M549 (M.13 x JM7) and pear rootstocks PQ37 (B617 x B627), PQ38 (QR708-36 o.p.), PQ39 (QR517-9 o.p.), PQ40 (B615 x ‘Kumloi’), PQ41 (B614 x Kumloi), PQ42 (B615 x P. amygaliformis), PQ43 (B616 x P. amygaliformis) and PQ44 (B622 x P. betulaefolia).  Seedlings were raised, lined out in the nursery and then worked in situ to the columnar scion SA544-28 (or ‘Concorde’ for pear rootstocks) following the new rootstock assessment system. The progenies have been scored for crop, vigour and suckering over several seasons depending on their age. 

Of the most advanced rootstock progeny, M306 (AR86-1-20 x M.20), six individuals were selected as having consistently good yield and few suckers and making smaller than average trees; these were cut back below the graft union so that shoots will grow out during 2008 that can be passed to the new EMRC as hardwood cuttings for establishing a trial.
Development of new screening techniques
Following discussions with EMR physiologists about methods for determining differences in water use of rootstocks, it was obvious that the level of replication required to map these traits, which were most likely to be quantitative traits, was not available with the material available in this project. However screening techniques for water use efficiency (WUE) which have been further developed as part of WU0107 (‘Determination of the response of strawberry to water-limited conditions, identification of QTLs associated with water use efficiency (WUE) and development of molecular markers for use in a genetic improvement programme’) will be applied to replicated plants of the mapping progeny M432 as part of the new project WU115 ‘Genomics tools for pre-selection of WUE in top fruit rootstocks’.

One technique, to measure stomatal conductance, was considered worth an initial test within this project. Here the relative rates of transpiration between the individuals of progeny M345 (M.M.106 x ‘Totem’) and of progeny M360 (AR86-1-20 x M.9) were measured using a porometer in mid-summer (see Fig. 1). These initial results indicate that, as expected, this trait has a continuous distribution. 
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Figure 1. Distribution of stomatal conductance in progeny M360.
Objective 2 – marker development
Marker transferability

Seventeen cider apple varieties and 54 items from the rootstock germplasm collection were screened with 40 SSR markers known to be spaced across the apple map, and with COL (for columnar habit) and SDSSR (a very tightly linked marker for resistance to rosy leaf curling aphid, Dysaphis devecta), to establish their usability.  The resulting data indicated that several have the gene for resistance to D. devecta, (M.11, M.18, M.20, M.25, M.M.101, M.M.102, M.M.104, M.M.105, M.M.106, M.M.109, M.M.111, M.M.115, ‘Northen Spy’, ‘Crab C', ‘Ellis bitter’ and ‘Yarlington Mill’). This was subsequently tested on a subset of 30 apple rootstocks and cider cultivars by inoculating with aphids in the glasshouse and scoring for resistance; the absence of reddening and failure of colonisation correlated with presence of the marker, demonstrating its robustness and applicability to survey work. 

‘Fiesta’ x ‘Totem’ map

EMR’s framework molecular map of ‘Fiesta’ x ‘Totem’, from the forerunner project HH1029STF, was further saturated within this project and the full 17 linkage groups were resolved.  Seventeen microsatellite markers, multiplexed into four groups, received from the European HiDRAS project were screened on the progeny. A paper presenting the enlarged map (comprising approximately 250 microsatellite markers and mapping the gene for red tissue (Rt) for the first time) has been accepted for publication (Fernández- Fernández et al., 2008).  
In addition, the development of microsatellites from pear, that have also been mapped in ‘Fiesta’ x ‘Totem’, was written up and has been published (Fernández- Fernández et al., 2006; Inoue et al., 2007).
Plant material and segregation data from the ‘Fiesta’ x ‘Totem’ progeny were supplied to the Defra-funded project on rosaceous genomics HH3724SSF in which isoenzyme and known function genes have been mapped in apple, cherry and strawberry so that the layout of the genomes of these three important crops can be compared using these anchor points. Such synteny between the genomes is very useful as data on the location of markers and candidate genes from each crop may be transferable and therefore exploitable in the others. A publication on the synteny of the three genera has been submitted (Sargent et al.).
Markers for aphid resistances

From the cross of ‘Cox’ (heterozygous for resistance to D. devecta) × ‘McIntosh’, 120 seedlings were inoculated with rosy leaf curling aphids in a gauze-house and scored for susceptibility, using the grading system of Alston & Briggs, 1968; unexpectedly, only 30 proved clearly resistant (and 5 were ‘intermediate’).  Seedling DNA was amplified with primers for two markers tightly flanking the resistance gene Sd-1, SDSSR and D-DARM; 57 seedlings had the resistance markers.  The occurrence of 22 susceptible seedlings having these markers was at first taken to support Alston’s hypothesis of a precursor gene, heterozygous in ‘Cox’ and ‘McIntosh’.   Bulked DNA of susceptible seedlings with or without the markers was tested with a set of well spaced SSRs. However it was not possible to locate the ‘precursor’ gene and it may be that the behaviour of the aphids in colonising seedlings with the marker late in the season was anomalous.
Apple crosses made to develop more markers included ‘Telamon’ × 3760, × ‘Florina’ and × ‘Ontario’, three different sources of resistance to rosy apple aphid (Dysaphis plantaginea) which gave 265, 275 and 405 seedlings respectively.  These progenies were raised; 120 seedlings of each were inoculated with aphids and scored for colonisation and symptoms. The scoring in 2005 was hampered by contamination of the inoculum with another species.  Fortunately, entomological colleagues on project HH3125STF agreed to undertake subsequent inoculations. The crosses were inoculated with four adult D. plantaginea in June 2006 and 2007. Three days after inoculation the plants were scored for aphid numbers and damage (leaf curl). Those plants that had lost aphids were reinoculated back up to four. A week later all the plants were scored again and reinoculated if necessary as before. The plants were then scored for the third and final time a week later. Mildew was a constant problem throughout the tests. Plants with mildew do not support aphid growth, so scoring plants for genuine resistance often becomes difficult. The seedlings were scored as susceptible (many aphids and leaf curl), intermediate (few aphids and no leaf curl) and resistant (no aphids and no leaf curl). Only plants that had a consistent score over the two years are reported. The ‘Florina’ cross showed no indication of resistance, with all the seedlings having large aphid colonies and leaf curl. This result concurs with a current Defra entomology project at EMR (HH3125STF) that shows ‘Florina’ to show no signs of resistance to the English D. plantaginea, although being sold in France as being resistant to French D. plantaginea. The Ontario cross was scored as 32 susceptible, 15 intermediate and 7 resistant; a 4:2:1 ratio. The 3760 cross proved to be more complicated.  Resistance in 3760 is traditionally scored as a hypersensitive shoot tip death resulting in no aphid growth, hence this resistance has not been exploited in apple breeding. However, these seedlings were scored as resistant (tip dead, no aphids) 13, benign resistant (tip alive, no aphids) 17 and susceptible (many aphids, tip alive, and usually leaf curl) 32. This might indicate that a resistance mechanism may be usable without confounding tip death. This data will be useful for QTL mapping.
In pear, 117 seeds were produced from a controlled cross between ‘Comice’ and Pyrus nivalis for mapping the resistance to pear-bedstraw aphid (Dysaphis pyri). The resulting progeny (P603) was screened for resistance in the glasshouse by controlled inoculation. A bulk segregant approach using a panel of well-spaced SSRs indicated that the gene for resistance was located at the bottom of linkage group 9 of the pear map Yamamoto et al., 2002, 2.3cM from the microsatellite NH006b. However, further analysis indicated that the gene for resistance was actually located on linkage group 17, not 9 as previously thought. These two linkage groups are very similar as a result of duplication of a section of chromosome when the Pomoideae (including both Malus and Pyrus) arose via a polyploidy event. The final position was resolved using different alleles of the same microsatellites which map to the different linkage groups. A paper is in preparation describing this work.
Other characters

Two seedling progenies, M377 (‘McIntosh’ (very susceptible) x ‘Golden Delicious’) and M403 (‘Golden’ x ‘Cox’ (moderately susceptible)), each of approximately 90 seedlings, were scored for susceptibility to application of the strobilurin fungicide azoxystrobin (tradename ‘Amistar’). Each segregated ca. 1:1 indicating a dominant gene for susceptibility in each case.  Following a preliminary study, both were scored for six microsatellite loci from Linkage Group 12 of EMR’s ‘Fiesta’ x ‘Totem’ map: the two different resistances appeared to map to the same locus co-segregating with microsatellite GD127. Interestingly, analysis of a progeny from the cross ‘McIntosh’ x ‘Cox’ showed that the moderate susceptibility of ‘Cox’ is dominant to the strong susceptibility of ‘McIntosh’. A paper has been submitted reporting the mapping of the dominant gene conferring susceptibility in ‘Cox’ and ‘McIntosh’ (Tobutt et al.).
A bulk segregant approach was initiated for investigating other traits of agronomic interest, including weeping habit, in two other progenies each of approximately 70 seedlings, M172 (‘Wijcik’ x ‘Red Jade’) and M140 (‘Elise Rathke’ x ‘Pink Pearl’). Using this technique, weeping habit from both sources has been mapped to linkage group 13, with the microsatellites GD147/161 and NH009b as flanking markers.  The gene(s) for stripey red fruit versus (green in the former progeny and for (solid red colour versus blushed in the latter has also been mapped with a similar approach. It maps very close to microsatellites CH01h02z and EMPc115 on linkage group 9.

Discussions were initiated with the cider industry to develop the necessary techniques for the assessment of phenolics. A preliminary screen was made on fruit from ‘Fiesta’, ‘Totem’ and eight seedlings by Reading Scientific Services Limited using HPLC; only minor qualitative differences were seen. Due to the lack of variation in this trait, it was agreed with the Defra Project Officer that this milestone should be replaced by one on columnar habit.
Columnar habit


Preliminary work showed that the SCAR marker SCB82670 reported by a Korean group to be linked to the gene for columnar habit (Co) – of interest to cider and juice growers as it offers scope for mechanical harvesting – is unreliable. Thus, though present in ‘Tuscan’, the columnar parent of the progeny in which it was developed, the SCAR was absent from ‘McIntosh Wijcik’, the original donor of the columnar trait, and from ‘Totem’, the columnar parent of our scion mapping progeny. The microsatellite markers CH03d11 and EMPc105, found to be tightly linked to Co on linkage group 10 of the ‘Fiesta’ x ‘Totem’ map, were scored in another progeny segregating for columnar habit, ‘McIntosh Wijcik’ x ‘Red Jade’, and the genetic distances of approximately 3cM confirmed. The 122bp allele from CH03d11 amplified in 10 out of 11 columnar cultivars or selections screened, the exception being ‘Charlotte’, and the 160bp allele from EMPc105 was found in all. Another SCAR marker, SCAR682, reported by a Chinese group, amplified the fragment linked to Co in the same 10 out of 11 samples. The inheritance by ‘Charlotte’ of the other CH03d11 allele from ‘Wijcik’, 124bp, and the absence of SCAR682 marker in this cultivar, indicates a recombination event.  In breeding lines derived from ‘Charlotte’, the SCAR will be useless but the SSR can still be useful.  A columnar cultivar of unknown origin, ‘Elegance’, had the same fingerprint for 10 SSRs from linkage group 10 as ‘Wijcik’ and is presumably a synonym.

Self-compatibility


Analysis of the self-compatible ‘Cox’ mutation ‘Queen Cox SF18’ and the progeny ‘Wijcik’ x ‘Queen Cox SF18’ showed that the self-compatibility is due to a duplication and translocation of the incompatibility allele S5 so that half of the pollen is heteroallelic (S5S9) and thus self-compatible because of competitive interaction; the other half of the pollen just has the allele S5 and is self-incompatible. So, self-compatible seedlings that do not need a pollinator can be selected in this breeding line using primers for the S9 allele.

Additional segregating progenies produced
Crosses made to segregate for key characters for future marker development included M166-11 x ‘No Pip’ (seedlessness), ‘Telamon’ x ‘Self-fertile Cox’ Clone 7 (self-fertility), M244-17 x ‘Reinette d’Espagne (false)’ (total lack of anthocyanin), ‘Rev. Wilks’ selfed (albino) and ‘Rev. Wilks’ x ‘Early Victoria’ (pale green lethal seedlings). Microsatellites for these last two deleterious recessive traits are desirable so that they can be eliminated from breeding lines. Other crosses made to enable the mapping of key traits included: Malus floribunda 821, the source of Vf scab (Venturia inaequalis) resistance, x ‘Fiesta’ to produce a progeny segregating for the polyphenolic compound sieboldin, which has been proposed as a component of resistance; ‘Anna’ (very low winter-chilling requirement) x ‘Feuillemort’ (very high winter-chilling requirement); and ‘McIntosh’ x ‘Adams Pearmain’, which is expected to segregate for dwarf seedlings. 

HiDRAS

The EU Framework V project HiDRAS ran from 1.01.2003 to 30.09.07 and was a partnership of 11 research institutes representing eight countries (www.hidras.unimi.it/index.html). The EMR component was funded by the EU with matching funding from this Defra project. The principal aim of the HiDRAS project was to identify genetic factors controlling apple fruit quality with the objective of increasing the fruit quality of disease resistant apples and therefore their acceptability and diffusion, leading to a reduction in the use of fungicides. HiDRAS was based on an innovative approach to identify the genetic loci controlling the phenotypic variation of the most important components of fruit quality using pedigree-based analysis. This follows the segregation of specific chromosomal regions with highly polymorphic co-dominant microsatellite (SSR) markers in related cultivars, breeding selections and small progenies. This ‘identity by descent’ approach allows the detection of QTLs using the new software developed within HiDRAS.

HiDRAS was an ambitious project in which over 1800 inter-related and progenitor individuals were genotyped with a genome-spanning set of 83 SSR markers and phenotyped for a range of fruit quality and disease resistance traits. EMR played a major part in this section of the project by genotyping all the individuals with 17 of the SSRs (18 loci), the majority of which were developed into three multiplexes. Many of the SSRs were novel, having been identified as part of HiDRAS. Using software developed as part of the project, several QTLs for fruit quality traits have been mapped such as acidity, texture and sweetness. Preliminary tests were run on the QTLs in different genetic backgrounds and different environments. 
A fully genotyped set of approximately 70 common progenitor cultivars were identified that were true-to-type and consistent with their known pedigrees. Such a set would be of value to add to the UK National Fruit Collections. Other areas within the project included the identification of candidate genes for texture and ripening and a range of consumer and sensory tests focussing on disease resistant varieties.

Results from HiDRAS occupied a session of the 2007 Eucarpia fruit section Symposium. Several publications have already been published or submitted to refereed journals (e.g. Patocchi et al., submitted) and a number of further publications are planned. Data from the project are held in a specially designed database which will be opened in stages to the public following the completion of data mining by the partners.
The principal benefits of this work for HH3604STF were: i. development of novel SSRs which could be mapped on to the EMR reference apple maps for scions and rootstocks; ii. experience gained in the development of multiplexing SSRs; iii. experience of working with the new QTL mapping software, and iv. identification of a number of useful QTLs. 
Objective 3 – marker technology

Following discussion with the Policy Group of the APBC regarding the implementation of marker-assisted selection, training in marker technology was initiated for members of staff funded by the APBC and subsequently the EMRC e.g. DNA extraction, PCR and analysis of SSRs. This has continued.

Staff funded by the APBC have successfully characterised 22 important parents and 14 progenitor varieties for molecular markers linked with four key traits, resistance to scab (V. inaequalis) and rosy leaf-curling aphid (D. devecta), two different sources of resistance to mildew (P. leucotricha) and the low ethylene trait associated with long storability (ACC synthase). A summary of these results from 12 important parents is shown in Table 1. Here, the selections are listed together with the proposed genes that were possible from their parentage. In each case, the positive allele or allele combination that is associated with the trait is highlighted with a shaded cell. In the majority of cases, where there had been selection for the trait by the breeder (primarily for scab and mildew resistance), the selection is shown to have the associated alleles. However, there are three examples (highlighted by underlining), where the markers do not confirm the presence of the gene. There are several possible explanations for this: a. the markers were not linked tightly enough to the trait; b. the trait could be determined by more than one gene; c. the breeders’ selection techniques were not infallible; d. the parentage of the selection is incorrect (not impossible when unbagged crosses are made).
Table 1. Results of marker screening of 12 important breeding parents for four key traits with five molecular markers
	Selection
	Proposed genes
	Scab                   CH_Vf1
	Dysaphis devecta SdSSR
	Mildew Pl-1 AT20A
	Mildew Pl-2 N18
	Low ethylene              MdACS-1

	 
	
	
	
	
	
	

	 
	
	allele 1
	allele 2
	R or S
	allele 1
	allele 2
	R or S
	450bp allele
	R or S
	850bp allele
	R or S
	550bp allele
	650bp allele
	Low ethylene

	E244-4
	Vf, Pl-2,  Sd-1
	140
	160
	R
	172
	205
	S
	0
	S
	1
	R
	1
	1
	no

	E244-28
	Vf, Pl-2,  Sd-1
	140
	160
	R
	172
	182
	R
	0
	S
	1
	R
	0
	1
	yes

	E244-30
	Vf, Pl-2,  Sd-1
	140
	160
	R
	176
	205
	S
	0
	S
	1
	R
	1
	1
	no

	E248-2
	Vf, Pl-2
	140
	160
	R
	172
	172
	S
	0
	S
	1
	R
	1
	1
	no

	E249-5
	Vf, Pl-2
	140
	160
	R
	176
	176
	S
	0
	S
	1
	R
	0
	1
	yes

	E403-18
	Vf, Pl-1, Sd-1
	140
	160
	R
	155
	172
	S
	1
	R
	0
	S
	1
	0
	no

	E403-19
	Vf, Pl-1, Sd-1
	140
	160
	R
	155
	172
	S
	1
	R
	0
	S
	1
	1
	no

	E403-21
	Vf, Pl-1, Sd-1
	140
	140
	S
	155
	172
	S
	1
	R
	0
	S
	1
	1
	no

	E250-3
	Vf, Pl-1, Sd-1
	140
	160
	R
	155
	205
	S
	0
	S
	0
	S
	1
	1
	no

	E256-24
	Pl-2, Sd-1
	140
	164
	S
	182
	205
	R
	0
	S
	1
	R
	1
	1
	no

	E616-57
	Acs-1, Sd-1
	140
	174
	S
	205
	205
	S
	0
	S
	0
	S
	0
	1
	yes

	E617-10
	Acs-1,Sd-1
	140
	140
	S
	205
	205
	S
	0
	S
	0
	S
	1
	1
	no


Twenty of these parental selections have also been characterised for the presence of the first 23 QTLs linked to acidity and firmness that were identified in the final year of the EU-funded HiDRAS project. 
This information will be of considerable value when designing future crossing programmes.
Objective 4 – breeding lines

Over the five years of this project, over 1100 individuals (pre-screened in the glasshouse and nursery) from 58 different scion progenies were transferred to the fruiting assessment plots for industry evaluation funded by the APBC. 

Rootstock selections SR8-59 and SR8-104 (AR10-2-5 x AR86-1-22) looked promising in orchard trial and are being propagated for possible commercialisation by the APBC and the new EMRC. Eleven further EMR rootstock selections that have shown promise in trials have been propagated for potential commercialisation.

Three pear x apple hybrids were propagated to provide interstems that might allow pear cultivars to be propagated on to dwarfing apple rootstocks. These have also been transferred to the new EMRC for evaluation.
The rootstock M.116 that was created in previous Defra-funded work and released recently via the APBC has excited interest among UK cider growers as it is resistant to crown rot, which can be a problem in the wetter climate of the West Country, and is well anchored enough to allow mechanical harvesting of fruit. Rooted liners of M.116 were provided in February 2008 for trialling by the Department of Agriculture and Rural Development for Northern Ireland.
A survey of more recent literature on rootstock breeding/germplasm indicated several accessions to add to our parent collection including derivatives of M. robusta that may utilise water more efficiently. Seven more ‘exotic’ apple rootstocks were added to the parent collection, four Hashabi of Middle Eastern origin thought to be adapted to warm winters and dry summers and three from the Geneva New York programme reported to have multiple resistances.

Progeny M255 (SA580-10 x SA912-12), which was raised to study the interaction of genes for red fruit flesh (Fig. 2) and had been selected for columnar habit, was scored for intensity of flesh colour. Two selections had exceptionally dark flesh, giving juice remarkably resistant to browning and these have been propagated for evaluation of agronomic characters and possible commercial merit. A small trial was planted of two further columnar apple selections for commercial assessment.
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Figure 2: Red-fleshed individuals from progeny M255 showing a range of intensity of colour
A series of crosses were made to develop pyramided resistance. Major gene scab (V. inaequalis) resistance was combined with both major gene and polygenic resistance to mildew (P. leucotricha) in backgrounds of good fruit quality. A cross was also made between ‘Saturn’ (Vf scab resistance) and a selection that was reputed to contain the Vr/Vx scab resistance genes with a view to developing pyramided resistance for apple scab.

Two crosses were made to introduce resistance to scab and mildew into cider apples, using a regular cropping, late, full bittersweet variety and a regular cropping, mid-season, bittersweet variety. Two cultivars with low winter chill requirements, ‘Dorsett Golden’ and ‘Ein Shemer’ were identified and ‘Dorsett Golden’ from the National Fruit Collection at Brogdale was used in the crossing programme for 2007. Other crosses that will generate novel breeding lines are mentioned under objectives 1 & 2.

Discussion and implications
The completion and publication of the ‘Fiesta’ x ‘Totem’ map (Fernández- Fernández et al., 2008) which is the most saturated published SSR map of apple to date provided an excellent reference resource for mapping individual traits, and the map proved to be a useful starting point to select primers for the development of the M432 rootstock map. 

The wealth of experience gained through participating in HiDRAS not only benefited this project but has also had direct benefits to other Defra-funded projects. The development of the SSR multiplexes for fingerprinting the National Fruit Collections (GC0139 ‘Fingerprinting the National Fruit Collection - a demonstration study on pear’ and GC0140 ‘Fingerprinting the National Apple and Pear Collections’) was based on techniques optimised during this work. EMR’s HiDRAS multiplexes were also successfully used in distinguishing cultivars for a commercial fruit distribution company that was concerned over possible mixing of supplies.

New markers have been mapped in apple that are linked to virescence, woolly apple aphid resistance, self-compatibility, columnar habit, weeping habit and susceptibility to the strobilurin fungicide Amistar which will be useful tools for breeding programmes. However the status of the ‘precursor’ gene for resistance to rosy apple aphid remains uncertain. We have also successfully mapped the first marker for aphid resistance in pear. A series of new QTLs have also been mapped that are linked to fruit quality traits within the HiDRAS project.

Industry-funded staff have been trained in DNA extraction and the use of markers for pre-selection. They have used a number of markers to confirm the presence or absence of key traits in advanced selection and parental material from the apple breeding programme.

New progenies and breeding lines developed with sustainability as a target have been passed to the industry-funded project for evaluation. The specific focus on rootstocks has lead to a renewed interest from the UK fruit and cider industries and consequently improved links with the Horticulture Development Council (HDC). Our broadening of the genetic base of the rootstock collection may be useful in responding to climate change.
The two rootstock mapping progenies M430 and M432 have been developed as hard-pruned ‘hedge’ trees to enable the production of the replicated material necessary for the recording of the phenotypic data for QTL identification in further projects. The long-term nature of this work was recognised at the beginning of this project when it was agreed with the project officer that these hedged progenies would be produced.

Possible future work

The new Defra-funded project WU0115 ‘Genomics tools for pre-selection of water-use efficiency (WUE) in top fruit rootstocks’ is due to start on 1.4.08 will take forward the work on the M432 progeny focusing on the identification of markers linked to WUE. A replicated planting of the progeny is planned which will enable further rootstock-controlled characters over and above WUE to be mapped, e.g. tree vigour and crop yield.

The amount of molecular and phenotypic data held within the HiDRAS database is vast. The partnership has already initiated discussions on the most appropriate way forward to develop further projects to mine the data. Discussions on a European level have also been initiated with ERGI (the European Rosaceous Genomics Initiative) and on a wider scale with HortResearch, New Zealand, University of the Western Cape, South Africa and members of the US-based GDR (Genome Database for Rosaceae).

The indications of stretches of synteny between the apple genome and those of Fragaria and/or Prunus identified in the rosaceous genomics project HH3724SSF are not just of theoretical interest. Where such regions include agronomic traits, marker information from one crop can provide a short cut to characterising the homologous gene in another crop. Comparative mapping is currently the focus of much attention by ERGI.
Actions arising including presentations, industry interaction and IP
This project benefited from close links not only with the APBC and the EU Framework V project HiDRAS but also with the Defra-funded project on rosaceous genomics HH3724SSF. Current issues affecting the UK and international fruit industry that could be addressed through breeding and identification of markers were frequently discussed at the bi-annual APBC meetings. Refereed publications are listed in Section 9. Further non-peer reviewed publications, specific presentations and meetings (scientific, industry-orientated and with the general public) are listed below. 
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Presentations

K. Evans described the top fruit breeding programme at East Malling Research to the delegates of the Worshipful Company of Fruiterers Top Fruit Conference during a plot walk at EMR, 25 June 2003

F. Fernández-Fernández, J. Clarke and K. Tobutt presented a poster entitled ‘Preferential application of microsatellite alleles – an example in apple’ at the Eucarpia Symposium, Angers, September 2003
C. James and K. Evans presented the paper ‘Identification of molecular markers linked to the mildew resistance genes Pl-w and Pl-d in apple’ at the Eucarpia Symposium, Angers, September 2003
K.R. Tobutt and R. Maxted described the East Malling apple breeding programme  to the HDC ‘Apple and Pear Variety Day’ delegates at EMR, 23 September 2003
K. Tobutt gave a talk entitled ‘Breeding fruit, broadleaved timber trees and woody ornamentals’ to visitors attending the EMR launch, 17 March 2004

F. Fernández-Fernández gave a talk on apple breeding at EMR to Phosyn and a group of Chinese customers, 4 July 2005

K. Tobutt described progress in the project to the Apple & Pear Breeding Club at Pépinières du Valois on 7 September 2005

K. Tobutt presented work to date of this project to the Defra review panel at Defra, London on 21 September 2005

F. Fernández-Fernández presented work on apple mapping and markers and K. Tobutt and C. Govan presented apple and pear breeding at the EMR Open Day on 22 September 2005

K. Tobutt made a presentation on ‘Understanding the incompatibility system in apple and related genera’ to the East Malling Trust, Bradbourne House, on 9 January 2006

K. Tobutt gave a talk on aspects of perennial plant breeding relevant to the Biology A level syllabus to pupils of Sutton Valence School, at EMR on 21 February 2006

F. Fernández and C. Govan demonstrated and explained some areas of DNA technology and the food chain to groups of visiting school children during Science weeks in 2005, 2006 and 2007
K. Tobutt gave a talk on ‘Molecular markers for fingerprinting and marker-assisted selection in fruit’ to the RHS Fruit & Vegetable Committee, Vincent Square, 11 April 2006

K. Evans presented ‘Current world resources in Rosaceous fruit breeding programmes’ at the National Fruit Show, 19 October 2006
K. Evans gave an EMR site seminar entitled ‘HiDRAS (High quality Disease Resistant Apples for Sustainable agriculture) – European apple genomics’, describing this joint EU/Defra project, 20 March 2007

K. Tobutt and K. Evans presented talks to the public on apple breeding at EMR at the EMR ‘Apple Day’ weekend and manned a stand with further information available (September 2007)
Meetings attended

K. Tobutt and K. Evans attended the Apple and Pear Breeding Club policy group meetings at Pépinières du Valois, France (2005 and 2006) and EMR (2003, 2004, 2005, 2006 and 2007)
K. Evans attended the HiDRAS Workpackage 7 meeting in April 2004 at Warsaw Agricultural University, Poland

K. Tobutt and K. Evans attended the RHS Fruit Conference on 6 October 2004 in London

K. Evans, K. Tobutt and C. Gutteridge attended a meeting at Defra with the HDC to discuss EMR’s apple and pear breeding programme (11 April 2005)

K. Evans and F. Fernández-Fernández attended the annual HiDRAS meetings in Zurich, Switzerland, in 2004, Warsaw Agricultural University, Poland, in 2005, CRA-Gembloux, Belgium, in 2006, Wageningen, N.L., in 2007 and the final meeting in Zaragoza, Spain, also in 2007
F. Fernández-Fernández attended the HiDRAS Work-Package 2 meeting in April 2005 at BAZ-Dresden, Germany

K. Evans attended the National Fruit Collection Advisory Committee meetings at Brogdale in 2004, 2005, 2006, 2007 and 2008
K. Tobutt attended the meetings of the Plant Genetic Resources ABC Stakeholders meeting at Wisley on 10 October 2005 and meetings of the UK Plant Genetic Resources Group in 2004, 2005, 2006 and 2007
K. Tobutt attended a meeting on ‘Safeguarding the National Fruit Collections’ organised by Defra at the QEII Conference Centre on 15 December 2005

K. Tobutt attended the inaugural meeting of a new COST action (864) ‘PomeFruitHealth’ as one of the UK members of the management committee in Belgium in January 2006

K. Tobutt chaired the Fruit Coordinating Network at a meeting of ECP/GR’s Coordinating Networks in Bonn, March 2006
K. Evans, K. Tobutt and F. Fernández-Fernández attended a presentation on new software (Chiasma) to manage breeding and genetic data by John Purse (ex-Shell Eucalyptus breeder) at EMR in March 2006
F. Fernández-Fernández and D. Sargent attended the HiDRAS training course on FlexQTL mapping software in Wageningen (September 2006)
K. Tobutt, K. Evans, F. Fernández-Fernández, J. Clarke and C. Govan organised and hosted a two-day meeting of international experts on microsatellite fingerprinting of tree-fruit behalf of the ECPGR at EMR (December 2006)
K. Tobutt and K. Evans hosted a visit from Prof. Cameron Peace (Washington State University) to discuss possible future collaborations between the USA and UK apple molecular biology teams (April 2007)
F. Fernández-Fernández visited Dr Susan Brown (Cornell University - USA) and discussed breeding objectives for apple scions (July 2007)

F. Fernández-Fernández discussed the use of automated software to score AFLP markers and the suitability of these markers for rootstock mapping with Yiz Lem Wan (Cornell University - USA) (July 2007)
F. Fernández-Fernández visited Prof. Vladislav Ognjanov's apple breeding plots in Novi Sad (Serbia) and discussed breeding objectives for apple scions (August 2007)

K. Tobutt and K. Evans discussed pear breeding and cultivation with visitors to EMR from the Zhengzhou Institute of Pomology, China (September 2007)
K. Evans and J. Clarke attended the Symposium of the fruit section of Eucarpia in Zaragoza, Spain and presented two posters in September 2007
K. Tobutt, K. Evans, F. Fernández-Fernández, J. Clarke and C. Govan hosted a visit from Dr Gennaro Fazio (the apple rootstock breeder and geneticist from the USDA ARS at Cornell University, Geneva, USA) in September 2007. Advances in mapping rootstocks were discussed
K. Tobutt, K. Evans, F. Fernández-Fernández, J. Clarke and C. Govan organised and hosted a two-day international meeting on ‘Molecular genetics of rosaceous plants’ with colleagues from the Rosaceous Genomics project (HH3724SSF) at Aylesford Friars (December 2007)
F. Fernández-Fernández attended the 'Cornwall Fruit Focus' event organised by the Eden Project (Boldeva - Cornwall) in December 2007. Apple cultivation in Cornwall, opportunities for organic fruit production and the use of molecular markers for fingerprinting local germplasm were discussed
K. Evans attended the HDC Tree Fruit Panel meeting at Bradbourne House, East Malling to discuss the new EMR Rootstock Club (January 2008)
K. Evans hosted a visit from Dr Alessio Martinelli (International New Varieties Network) and Andrew Tinsley (HDC) to negotiate the contract and objectives for the new EMRC (January 2008)
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