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Selection of genotyping platforms: GBS and SNP arrays for individuals and populations

We also have a problem with the nitrogen cycle at a world level. Nitrogen enters into the plant system, mostly from nitrogen fertilisers that are applied on both crop and grasslands (72%). The second way that nitrogen enters the system is from nitrogen fixation with legumes, but this represents only 21%, and the third way is from acquisition from the atmosphere (7%). By using this nitrogen, the plant grows to produce grains, forages, fruits or vegetables but there is important leaching towards the hydrosystem. The plant products are eaten either by livestock or the human population and again there is some waste from livestock or human effluents. As a whole, the nitrogen cycle is completely open with huge losses that cause pollution and question environmental sustainability of agricultural system. We also see here the part that the entrance of nitrogen into the system of crop production plays and the small part of nitrogen currently coming from plant based nitrogen fixation.

What about the proteins? In fact the question here is how to transfer atmospheric nitrogen gas (more exactly dinitrogen) into protein. Dinitrogen is a very stable molecule and makes up 68% of the atmosphere. It is a molecule composed of 2 atoms of nitrogen which bond with 3 very strong covalent bonds. Nitrogen is a component of proteins. There are two ways to transfer dinitrogen into reactive nitrogen, the first one is chemical synthesis carried out in industries, the process turns dinitrogen into ammonia by using large quantities of fossil gas energy. The second way is to use the symbiosis between legumes and specific soil bacteria called Rhizobium that are able to carry out the same reaction with the help of the nitrogenase enzyme. Plants are then able to assimilate and absorb the ammonia and transform it into amino acids and then plant proteins.

As a consequence, the current situation indicates that we need to increase atmospheric nitrogen fixation by expanding legume cropping and produce more plant proteins that originate from nitrogen fixation.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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10 EUCLEG uses genetics as a lever to achieve these goals, it is based on the use of genetic resources and also elite material coming from worldwide sources, with an emphasis on material from Europe and China. A large phenotypic evaluation was carried out with a long list of traits established by the species experts. We have also developed molecular tools, with which the accessions of the five species were genotyped. We have studied genetic diversity, genetic determinants of traits and looked for markers associated with trait variation i.e quantitative trait loci (QTL). We have also worked on the potential of genomic selection to improve breeding programme efficiency. The outputs and impacts will be for breeding of new varieties in the future.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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The EUCLEG workflow illustrated here is the basis of the presentations of this workshop amd booklet. For each of the 5 species, we have adopted the same general scheme. Based on collections of genetic resources we have collated between 200 and 400 accessions. We have developed or made use of existing genotyping platforms, depending on the species, with the objective was to obtain more than 10 000 markers. We have genotyped accessions with the chosen genotyping platform. Accessions were phenotyped in different conditions, either in multi-location field conditions, but also in controlled conditions, especially for diseases or drought stresses. All these results have been transferred to databases on Progeno and this programme is available for the analysis of genetic diversity, genetic structure and genetic control of traits.

The objective of this workshop and booklet was to disseminate the results obtained so far for both forage and grain legumes. We also wish to share general considerations about the design of the experiments, genotyping and breeding methodology. The idea is to talk and discuss with you, with legume breeders and scientists to imagine the future of breeding of legumes, what we could call post-EUCLEG breeding.

About the author Bernadette Julier

Dr Bernadette Julier is Research Director at INRAE, Unité de Recherche Pluridisciplinaire Prairies et Plantes Fourragères (URP3F), in Lusignan, France. Since her PhD, she has been continuously working on legume genetics and mostly on alfalfa or lucerne, the most famous, and protein producing forage species. Her main topic was first to evidence genetic variation for energy value and to combine it to forage production. She has been involved in projects on seed production and protein degradation too. More recently, her research is focused on the genetic bases of aerial morphogenesis, either in pure stand or in mixtures with forage grasses. The use of molecular markers to assist breeding is a major topic to promote genetic progress on this autotetraploid species. She is currently leading EUCLEG, an European project (H2020, 2017-2021) "Breeding forage and grain legumes to increase EU's and China's protein self-sufficiency" that aims to use more genetic resources and develop molecular tools to be able to create improved legume varieties (www.eucleg.eu) and thus promote protein production. She is a member of the Permanent Technical Committee of Selection (CTPS) in France, in the section "Forage and turf plants" since 1998, in charge of the variety registration.

This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021

A recording of the presentation is available at https://youtu.be/z6AWKmKwXJ0
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Lessons learned on the design and planning of multi-location trials and phenotypic assessment for association studies

Isabel Roldán-Ruiz Scientific Director, Plant Sciences Unit, Institute for Agricultural, Fisheries and Food Research (ILVO), Melle, Belgium and Professor, Ghent University, Department of Plant Biotechnology and bioinformatics Hello, good morning. You have had a very nice presentation of the general objectives and the structure of the project, and I would like to elaborate further on one of the slides presented by Bernadette in the introduction, regarding the EUCLEG workflow, which things we did, how we did those things and why? Especially I will try to illustrate why we think that the approach, the EUCLEG approach, worked. So, my presentation will be quite atypical, I will not speak about research objectives. I will not show you any research results, this is something that is kept for the other presentations of this workshop, and my colleagues will take care of that. I just want to stress and to provide information, and discussion points perhaps, on how we organize things within EUCLEG. Especially why we think that it was okay to look at it that way and why we think that it worked. Stressing also why we believe that we have produced quite highquality data sets, to be used in the context of this project, by the running. But I'm sure that a lot of work still must be done in the future and we are quite optimistic about what can be done with the data sets that we have generated. This is the general structure of the EUCLEG project. I will be concentrating my talk mostly on the work packages in which we were carrying out field trials (WP3 and WP4). We will deal today with the design of the trials and how we approached the establishment and the follow up of the field trials in Europe for the five crops that we are investigating. In WP4 our focus was the analysis of yield components and also quality parameters, including anti nutritional aspects of the crops that we investigated. Also in WP3 we had to establish field trials, to define and to study the phenotype and to analyse the genetic diversity present in the five crops. So, diversity can be used into the future, also for breeding purposes. What we did in the end was to combine the field trials of work package 4 with work package 3. This will become clearer when I give further explanations.

So, coming back to work package 4. The objective was to identify genes, alleles and molecular markers that explain a large part of the phenotypic variation available for traits of agronomic and economic relevance using GWAS. Quite broad objectives. As explained in the introduction, some traits were evaluated in controlled conditions and some other traits especially yield related traits, but also compositional aspects were evaluated using field trials. But remember that we used the same set of accessions per species, so between 200 and 400 accessions, common to all the experiments that were included in work package 4. When we are presenting here the results for, for example red clover association mapping for a given trait and then association mapping for a different trait, remember that we were dealing with the same set of accessions. So, for us it was very important, because in this way we were able to generate quite detailed and in-depth information for a common set of accessions that were included in all the experiments for the European partners. There were some variations, but it was the main objective. So, this has contributed of course to quite valuable data sets that will also become public, once we have published the results. They will also be available for other researchers if they want to investigate further, because the data will become available in public databases. So, this was the topic of many discussions at the start of the EUCLEG, to establish multi location field trials, but also multiyear field trials. This had to be done for five crops and the main focus of the field trials was crop yield and crop quality. This is an overview of the locations that were relevant for work package 4. So you see here the five species. Two perennial crops, alfalfa and red clover, and three annual grain crops, pea, faba bean and soybean. As you can see, for each of those species there are two dots on the map. Please don't look at the specific location of the dots, it is the country that is relevant, as the map is quite small to put the dots accurately in the right location. So, we had to coordinate the work at least two locations, to be sure that the data could be comparable at the end, because our main purpose was to combine everything together per species, to have a joint interpretation of the data and a joint analysis of the data. But as I told you before we needed also to coordinate with work package 3. What was the difference between these two work packages? In work package 3, we were interested in analyzing the performance of a subset of the accessions, not all of them. It was a smaller set, but common to work package 4, which was to analyze their phenotypic behavior in an extra set of locations, because we wanted to know what diversity was available for the different crops, but also to investigate in depth the phenotype and its interaction with the environment. So, it was therefore necessary to consider a larger set of environments. In what follows, when I'm speaking about the design of the field trials of EUCLEG for different species, I'm referring to the field trials that were prepared jointly for work package 3 and work package 4. 

EUCLEG.eu

So how did we approach this? I will now go through a number of requirements and provide some examples and explanation of aspects that I think are relevant. I will now take the role of the experienced scientist; I have been working in research already for almost 40 years and have been collaborating in many European projects, which are collaborative projects in which in many cases we had the same objectives as in EUCLEG, but the main mistake that we make in several projects in my experience is that there is not sufficient coordination from the beginning. So, the strength of EUCLEG as I already explained, or one of the main strengths, is that we were working with common sets of accessions to analyze the different traits. Per crop we had a common set of accessions to analyze for different aspects, and the field trials that were established at different locations were established with common sets of accessions. If this is the objective of the project, partners should not start making sub selections, as this would not contribute to the general goal of the project. This was quite a strong control point at the start of EUCLEG, in which we had many discussions on how to arrange things and you will see how we did it with several examples that I will illustrate or try to illustrate today. Remember I have said it already several times, we wanted to have a common set of accessions in different locations and in different years. So, for the perennial crops alfalfa and red clover, the field trials were established early in the project, and they were maintained and phenotyped for two to three seasons. What you need is one seed lot to establish the field trials at the different sites and then do the follow up. But remember we also use the seed lots for experiments in controlled conditions. Using a common seed lot per accession we were sure of the genetic identity of the plants materials that were evaluated in the fields and also in controlled environment experiments. It was important to have control over this. In the annual crops it was even more complicated, in the sense that we had to establish the field trials in at least two different years. If we wanted to combine the data, of different years, it was necessary also to keep control on the genetic identity of the seed lots that were used, not only in the different locations, but also in the different years in which the field trials were established.

Here you have an illustration of what I'm speaking about. This is an example of a field trial in alfalfa in France, red clover in Norway, pea in Serbia, Faba bean in Spain, and soybean in Belgium. You can see large field trials and it is not so simple to coordinate all this work. Constructing a list of accessions to evaluate in the different locations is not sufficient. We need to be sure that what is called alfalfa variety A in France, is genetically the same as in another location let's say in Serbia. So if the sources of the seed are different, we are not sure about the genetic identity.

And that's why at the project preparation step, before beginning, we already defined, and this was a very good choice to work with group experts. So, this is one of the projects, the first one in my experience in which the work packages were important, but the most important role was played by the crop experts. They had a very hard job to do, because they had a very strong coordinating task, to be sure that all the field trials and also that the seed lots and all the preparation steps that were necessary to warrant the quality of our data sets were taken.
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One of the main roles of the crop experts was to share their knowledge about the crops themselves. In addition, the seed lots were centralized at one partner location, and this was the partner location of the crop expert. So, it means that all the seed lots that were collected coming from different sources (other companies, other partner institutes, germplasm collections and many other sources), were centralized at one single location. And from this central location the seeds were distributed to the partners who needed them for field trials and also for the evaluation of other traits in controlled conditions. So, if multiplications were needed (in some crops this was necessary because the seed viability was not sufficient), we avoided combining different sources with different provenances. So, we tried to establish our own collection of seeds to be sure that we were always working with materials that had the same genetic identity. In some cases, we even started with seed collection and multiplication before the project EUCLEG officially got started, because it was for us a very important point to be sure that we could always work with the same or to keep track of the genetic identity of the seed lots that we were using our experiments.

Another very important thing that we did at the beginning of the project was to assign a unique identifier to each accession by the start of the project. This was the only identifier used for labelling, communication and data storage. No other labels were allowed, at least not in communication. So, this was also very important to avoid problems that I have seen occurring in the past. 
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22 So, we had our common set of accessions and assistance to trace them and to follow up these accessions, but then we needed to establish the field trials. Something that I have seen happening in many projects is that we try to standardize as much as possible, and sometimes we even go too far. For some projects not too much and in other projects it is too much. It is very important to think about what is meant by standardization in the context of a field trial, especially when you are dealing with different locations that have very different environmental conditions. So, remember for some species we were working in South Europe up to Norway. So, what does standardization mean when you are working with locations which are by nature so different in their environment? So, at the start of the project there were also a lot of discussions about which things needed to be standardize and at which level.

So, this is also something, I don't say that was perfect in our case, but it was something that required a lot of discussions and I think that that we found in most cases in the end quite good compromises from participants. So, for example, dealing with fertilisation. So, you can say we will apply the same level of fertilisers in all locations or years. That is an option, but then you can be sure that the fertiliser availability for the crops in different locations will be different, just because you start from different starting points in the soil, because the environmental conditions are different, etc. So, in EUCLEG the approach was different. We started by analyzing the soil characteristics before the field trials were established, and this information was used to determine the doses of fertilisers, according to the practices that are used in the area in which the field trial is established. 
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Because one of the ideas in GWAS is that you try to analyze as many accessions as possible. So, this is the power of your analysis, you rely for the large part on the number of accessions that you include in your analysis. This is always a compromise between the space, the resources that you have for your project (these are always limited) and the quality of your data. That's why in EUCLEG for many of the field trials, we work with what we call row column augmented designs. What is this? These are in fact incomplete experimental designs in which only a subset of accessions that we call the checks, or the reference accessions are replicated several times in the try out. So, this is an example of Faba bean for one specific location. You see that some accessions like accession 400 higlighted above has been replicated several times in the trial but the ones that have no color here were only present one time. So, this was a way that can be used to maximize the number of accessions that you have in your field trial. Thus, we optimized the designs to analyze as many accessions as possible because this is important for association mapping. So of course, this is something that you don't do just by yourself, it is necessary to take into account the advice and the experience of experts on this kind of design and this is also what we did at the start of EUCLEG. So, this is something I think that also worked at EUCLEG, the design of the different field trials.

These are all things that we agreed on in advance. Here I'm just showing an example of red clover to illustrate what I mean. You see in the slide a number of things, the way in which things were discussed and agreed upon to do:

-The number of cuttings: three to five depending on the site and climatic conditions, but we defined as much as possible, how to determine the cutting dates or how to determine the moment at that this should be done. -We agreed that after establishment, no insecticide and no irrigation would be applied; only if the trial was severely threatened.

This is just an illustration for one of the crops. The same was done for all the crops, I'm just using examples here.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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But then we also look at the evaluation of the different traits, because sometimes that is forgotten. We say OK we will evaluate yield, or we will evaluate protein content of the cuts or the protein content of the seeds, in the case of grain legumes. But then each partner carriers out his or her own biochemical analysis.

If you take this choice from the beginning, you can be sure that it will be difficult to combine the results from the different partners, because different labs deliver data that might not be easy to combine because of the use of different instruments, slightly different protocols and sometimes just because sometimes the lab has an influence on the outcome of your analysis. And that's why we decided also from the beginning to centralize all analyses of each crop as a single location. I told you we centralized all the management of the seed lots, so the distribution of the seed lots was done by one partner lab. The same thing was passed on, so the biochemical analysis of all the samples, if even if they were collected in five different locations, were done by one partner. This was quite a lot of logistic work, so a lot of effort, but at the end we are very happy that we did it in that way, because we are sure that we are comparing things that are comparable. 
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Using some examples, we prepared from the start of the projects an overview of the traits that we wanted to evaluate; not only the name, but we also provided very detailed descriptions of the phenotyping protocol. This described everything, from establishment, developmental stages, how to determine canopy closure, canopy development, canopy height, etc.

This is an example for soybean, not just yield but also about other morphological characteristics that were determined during the winter in the lab. How to determine the thousands seed weight, or how to take a subsample to determine the quality parameters, because it is not only important that the quality parameters for biochemical analysis are done at one central location, it is also important that the sub samples that are taken for that are representative and are comparable. So, we had many workshops to discuss and check that everything was clear to all the partners.

At the end we defined a very long list of traits to investigate. This is just an example for soybean, and you see 21 with detailed descriptions that were described.

Phenotyping protocols describing all these aspects were made available through a central communication system to all the partners, but specifically to the ones that were involved in the evaluation of the corresponding crop. So we had already one version before the start of the experiment, before the measurements needed to be taken. I come back to the important role of the crop experts, because they led in the preparation of this phenotyping protocol in collaboration with all the partners involved. Here I show an example of a detailed description, because the protocols are full of illustrations of how to determine particular traits. These phenotyping protocols can also be relevant for the future for other projects in which these crops are investigated. Of course, after one year of experience, there was an evaluation of the different protocols and if necessary, some traits were revised, or partners made new agreements on this.

Again, very important, not only was the phenotyping protocol very well defined, but also in our Progeno database the variables were clearly defined. The crop experts defined the variables and it was not possible for other partners to change the definition of the variables. This forced everybody to work on the same terms, and here you see an example of several variables defined not only with the name but also with a description. Units that should be used and also which values are allowed was important also to prevent the occurrence of mistakes. It was very interesting as well that we had a team of people that helped to import all the data sets into the database in a semi-automatic way.

I come now to the discussion and the conclusions or what the main message of what I wanted to say is. I hope that I have convinced you about some of the strengths of our project. Things that I certainly would like to takeover to other projects in the future. So, it was very interesting, and I think that is one of the main strengths of this project, at least for the European experiments (the idea was to do it also at the Chinese level, I mean Europe and China together, but from the beginning it became clear that was very difficult to exchange plant materials between the two continents). But at least we succeeded in setting up very well coordinated experiments within EUCLEG for all the European partners. And using a common set of accessions per crop, it was very interesting, not only for the field trials but also for the other experiments in more control conditions, because now we have a very in-depth description of all the accessions that we have investigated in EUCLEG.

It was very good to get all the data organized in one central database, but you should do it from the beginning and organise that from the beginning not at the end, as I have seen happening in several other projects.

It was important to coordinate the work. I was work package 4 leader, and I thought this would be a huge amount of work. In fact, a huge work was for the crop leaders and not for the work package leaders in my experience, at least not for me in this project. So, this two-dimensional work for work packages and crop leaders was a very good choice.

EUCLEG was a huge scientific and logistical undertaking, but the data sets are very high quality, also for future work and this will be illustrated in this workshop today and tomorrow by my colleagues. Thank you very much for listening.

Thank you very much Isabel, that was an excellent presentation and very timely for new projects that may be starting out, to learn the lessons that you have very clearly put in that presentation.

There is one question about the numbers of accessions that were used, and you mentioned that there were subsets of the whole collection of crops that were tested at additional geographical locations. So how did you decide the numbers that were used and what numbers were used? I will take the example of soybean, to this table that I said I will not explain that, so you see here the complicated scheme, so we have a common set of accessions and in soybean it was complicated, because we had different maturity groups. You have accessions ranging from maturity groups 000 to I to II. So, this was also a complicating factor for the design of the experiments, because for practical reasons it was sometimes necessary to not have a complete randomization of the field trials, but to organise the accessions into subset even at a field level, but also when looking at the locations it made absolutely no sense to put some accessions at some locations. And this is what you see here, so for WP4, indeed we a had common set of accessions, but not for WP3. So, when you will hear the results of our WP 4, we are always working with a common set of accessions. So, this is the total number that you get here, but when speaking about WP3, there were at least 100 accessions that were common to all the locations, and these are the focus of work package 3. Important to say that you can analyze all the data together, because it was the same (multi-location, multi-year) trial. I hope that this answered the questions.

Another question that's come up is, you stressed the importance of the consistency of data over years and locations, so was there an excel file or something equivalent distributed to all partners with details of the phenotyping?

Yes. So, we had phenotyping protocols. These were word documents and pdfs with the description. Then we have the Progeno database that was established quite soon after the start of the project, with the description of the variables. And for communication purposes and for export and import of data and to manage the work at the different partner locations, there were templates created in Excel and which the partners could easily input the data and then make them ready to be imported into the database.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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32 see here, it is either a change in a base at certain positions or it can also be insertions of some sequences or deletions of them.

So why are we interested in genotyping in crops? Firstly, it is to do with identifying genetic diversity in germplasm. Because genetic variation is the basis for breeding, without that you might as well give up go home. Secondly you can measure the source or you can get sources of new novel variation, that you need to improve your breeding programme or introduce new traits. It is also important in terms of improving varieties resilience to climate change, and of course pest and disease resistance is important. It could be used also in determining which parents to use to improve or to get heterosis and identify parents that may give transgressive segregation, traits that are beyond what was there in the parents.

The other reason why we are interested in genotyping is for genome wide association studies (GWAS) to associate genetic markers with phenotype. You want to identify QTL and it also gives you the opportunity 
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of diving into the genetic basis of certain phenotype that you're interested in and to identify markers for breeding i.e., for marker assisted selection and so on. EUCLEG.eu 34 popularity, there's been a dramatic drop, until you reach the $1000 per genome, for the human genome it seems to have flattened out since then, but maybe that's just because this was the goal that people were after.

The first genotyping platform that I'm going to mention is whole genome resequencing although this wasn't used in the EUCLEG project. Then there are also SNP arrays of which you have seen examples of three crops yesterday. Finally, reduced representation sequencing, which is what was used for genotyping in red clover and alfalfa . Some of the considerations for which genotyping platform to use are listed here, for example Linkage disequilibrium. This is important because it determines how many markers you are going to need. Linkage disequilibrium is quite often linked quite closely to whether you have an inbreeding or outbreeding crop.

We have examples of the two types in the five crops that we have been working with here in the EUCLEG The basic measure of this linkage disequilibrium is at the top of the next slide. What is the probability of finding A and B together, minus the multiplication of the probabilities of each of the two allele frequencies. So, if they were independent it's the product of the two, but that measure depends on allele frequencies. So there was a wish to normalise the expression, so it varies between zero and one. That resulted in the 
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36 equation at the bottom, which is the one that almost exclusively used or certainly in the presentation series in EUCLEG, which is sort of the correlation between LD and the each of the four possible allele frequencies.

An example here is where you have partial disequilibrium between 2 loci, so let's say that marker one is a QTL, and that explains 10% of the phenotype. So it may not be the causative SNP. So SNP marker 2, which maybe the one that you have in your genotype platform that explains 25%. The linkage disequilibrium is 0.25, but it only explains 2.5 percent of the total phenotypic value, because that's only explained by 10% at locus one. So it requires quite a large sample size to gain sufficient power or higher value of linkage disequilibrium. That's possibly why there have been so many attempts or attempts that have not succeeded in finding single markers that can be used in marker assisted selection for some of their complex traits that are really important in breeding programmes. This is because it requires a really high density of markers.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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37 Now I am going to look at polyploidy, which is also an important factor in choosing a genotyping platform.

There are two types: Allopolyploidy, this the combination of genomes from two related species and through some sort of hybridization and subsequent chromosome doubling. Examples of that include bread wheat and white Clover. They behave like diploids when it comes to assortment of chromatids.

The other one is autopolyploidy and that's basically when there's a chromosome doubling going on, as a So the way in which it impacts on genotyping, is how do we tell the difference between allelic SNPs and homeologous SNPs on the other genomes in the crop, and there is also the competition for primers, when you talk about allele specific primer methodology, as you do in the array technology. In next generation technology such as the reduced representation sequencing that I will talk about shortly. You need a larger coverage compared to this-these are numbers I've taken from the paper quoted at the bottom of the slide. They mentioned 7.7 times coverage, which is the number of times a certain base is sequenced in the sequencing effort. In diploids this coverage is needed for sequencing of both alleles 99% of the time, and in polyploids that number goes up considerably, as you can see. It becomes more complicated technically, but also much more expensive. This is mostly for example in the allopolyploids where there can be a certain amount of divergence between the two genomes that merged and for example if more than 2% divergence is present in the two genomes. If there is a tetraploid for example then the read mapping can be done with less than 2% mismatches per read. This is the sort of a theoretical calculation that you can do when you plan your sequencing or genotyping. 
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Price is an important issue for genome resequencing, and it can get quite expensive if you have large panels and high coverage needed. For example choose 1-x coverage in inbred species, which might be a possibility and if you have a reference genome, you can impute missing data, but then you need 5 times, 15 times or even 30 times in pooled populations of tetraploid species such as alfalfa. But if you need high coverage and the genome is large, so the cost of GWAS panel for example of a few 100 genotypes or samples can be several $100,000. So it can escalate quite rapidly with whole genome resequencing. Nevertheless, this strategy is used more and more in many of the major crop species.

The next platform which was used in the species that were talked about in detail yesterday. Affymetrics and Illumina are the companies that are the main manufacturers of these SNP arrays. The numbers are taken from the paper quoted, so the numbers may have changed slightly, but at that time there were 46 arrays available in 25 crop species and they varied in size from 3000 markers to up to nearly a million markers in certain species.

This is an example of the Ilumina workflow. Each chip shown on the left can do 12 to 24 samples with anything varying from 3000 to 1,000,000 SNPs per sample. The chip surface is covered in DNA probes, which are designed based on known SNPS and the surrounding sequences in that genome sample. And then the sample DNA binds to the probes and used as a template to copy. The probe goes right up to where the SNP is, then you add the SNP. The different bases are labelled with different dyes, so the SNP is A or G.

A is labelled green and G is labelled red and then the computer scans and records the colours for each of the probes. So you get green for AA, red for GG and yellow for AG, which is heterozygote. So that's a very simplified explaining how a SNP chip or SNP array works.

One of the advantages of using a SNP array is that it is quite an accurate method of identifying SNPS in your panel of samples and subsequent bioinformatics is relatively straight forward. That's my experience. There are some disadvantages, the probes that you use to hybridise to your DNA sample are based on sequences that you already know from the panel you used initially to find your SNPs and that is a finite number of samples. So your SNP array suffers from what is called ascertainment bias, so you will never discover any novel information that is not present in that initial panel where you identified your SNPs. And you also need some knowledge, sequence information. You need knowledge of where the SNPs are in the surrounding sequence. And you need to genotype many individuals to obtain allele frequencies in highly heterozygous species. So, these are some of the pros and cons in SNP arrays. This is a brief description of what we did with red Clover and also with alfalfa. So you have your genome and you cut with restriction enzymes, and after pilot experiments the enzyme Pst1 and Mse1 were used in both species. There's a minimum read count of 30, certainly in red clover. I think it was reduced to 27. You remove markers with over 80% missing data and then you also remove markers having less than 5% informative samples. Such samples are defined as having a reference allele frequency from between 5 and 95%. So basically you cut with your restriction enzymes, you add some barcoded adapters, so you can multiplex your genotyping effort and you introduce a second restriction digest and then you add barcode adapters to those sites and then you amplify your DNA. I should say that in the case of red Clover Tom Ruttink from ILVO developed a bioinformatics pipeline that was used here, so he is really the person who has dealt with the bioinformatics after we had the samples sequenced. So we have a lot to thank him for certainly in red clover. In alfalfa it was the people from INRAE, Philippe Barre, Bernadette Julier and Marie Pegard. So for alfalfa genotype data, which you will hear much more about later, 1016 samples were collected and then were genotyped with 100 plants from each of those accessions were pooled and sequenced. At least 9,000,000 reads per sample were secured and after a number of filtering processes This slide describes some of the last filters that were used. For example, you want less than 80% missing values on the samples, and on the positions you want at least 10 samples with a frequency of at least 5%, and a frequency of minor alleles of at least 5% and SNPs with a maximum of 5% missing data.

For the Red Clover genotype data we didn't get quite as many markers as they did in alfalfa. There were 12,251 GBS tag loci identified that were present in over 600 of the 641 samples that were used in red 
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Clover. Those loci were used to identify polymorphic sites and to get the SNP allele frequencies from those. It was found that the average distance between neighbouring GBS tag loci was 34 KB and there were 3.7 SNP markers per GBS tag on average. This is evidence of high sequence diversity, basically one SNP per 40 base pairs across the populations. All in all, over 65,000 SNPs are available in the Progene database for our colleagues in the EUCLEG consortium to work with.

Theoretically you could genotype each individual, each of the 200 individuals or 100 individuals within whatever species you're talking about and get very accurate allele frequencies in the population. When you do this pooled strategy, you do lose a little bit of accuracy, but as you can see here there is quite good correspondence between allele frequencies, as measured when using individual samples compared to the pooled samples. 
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47 Now I will go onto three of the crops where we use SNP arrays. There were 400 faba bean accessions genotyped with a 50K Axiom array with over 34,354 SNPs identified. The final score matrix included 352 samples with over 22,000 SNPs. There was some heterozygosity in some of the samples, and initially there was a GBS strategy selected for this species, but a SNP array became available and was considered a superior option so that was used. 
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These are some of the conclusions that you can take home from this lecture. So when you choose your genotyping strategy you have to consider whether you are working inbreeding or outbreeding crops. The linkage disequilibrium if it is known, possibly the size of the genome, and whether or not there is a reference genome available, and the purpose for which you want it. For GWAS you may need a higher density than you do for GS as was shown in the soybean talk yesterday, and of course ploidy and budget are important considerations. Thank you very much.

Questions:

1) Was there a specific reason why you used 100 sample per accession for alfalfa but 200 for the red Clover?

I mentioned it briefly, basically because alfalfa is tetraploid, you have double number of genomes. I know people who are working with fewer numbers when they pool data, but certainly I would say that the higher the number, the more accurate allele frequency data will be, everything else being equal.

2) This concerns the high rates of missing data points you get with the GBS technologies. So do you recommend these for the routine application of genomic selection?

Well as was alluded to yesterday, especially for genomic selection, in theory it is true that you need an lot of SNPs to cover the genome, so that in theory you have a SNP close to one of your traits of interest. But there is evidence to suggest that you can get away with much fewer SNPs when you do genomic selection, because the genomic relationship matrix that you can use, for example in GBLUP can be used to calculate your breeding value and is also accurate with much much fewer SNPs, as shown by Hilde Muylle yesterday 
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51 with soybean, and I've had similar results when I have looked at data from perennial ryegrass. I haven't yet checked it out with red Clover and I don't know the experience of people who have worked with alfalfa here. Certainly for GS you may be able to get away with much fewer markers, so in a sense the GBS technology worked well for us in this project.

About the author

Professor Leif Skøt was head of the Forage Plant Breeding team at IBERS, Aberystwyth University until his retirement at the end of 2020, and is now Emeritus. He has been closely involved in the introduction of genomics assisted approaches to assist IBERS ryegrass and clover breeding programmes, through his research interest in genetic characterisation of germplasm, association genetics and genomic selection. 
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Plant breeding is essentially the development of cultivars that are better suited for our needs, through hybridization and selection. Our main objective is usually higher yields, higher yield potential and also more reliable, more sustainable yields and yield stability. This can be through improved pest and disease tolerance or resistance and abiotic stress tolerance. Arguably the biggest advance in plant breeding in the twentieth century was the introduction of dwarf wheat varieties which made them less susceptible to lodging in wind.

Of particular interest at present is the improvement of cultivars adaptation to environmental conditions, particularly in relation to nutrient deficiency. Phosphorous, for example, is a finite resource, one which is being depleted at a rate that is of some concern. Legumes are notoriously phosphorus hungry and new varieties that are able to thrive on the lower inputs would be a major advance.

Differences in maturity and dormancy is another area of interest to breeders. Soybean, for example, is not grown to any great extent in the UK. Even triple zero maturity groups, those that are quickest to mature, often fail to mature in time to be reliably harvested in some northern parts of Europe like the UK. The development of faster maturing varieties would enable this crop to be grown over a wider range.

We also breed for quality, which encompasses a huge range of traits and I will go into some more detail later.

This Once an acceptable level of homozygosity is achieved, typically at the F6 generation or higher, seeds are harvested from the whole row as a bulk and sewn in yield trials that may be carried out over two or more seasons and at increasing numbers of sites, using seed harvested from the initial yield trial. Data gathered over the course of these trials informs the breeder which of their lines are most likely to become a commercially successful cultivar. These are then entered into statutory trials where they are measured independently for DUS and for "value for cultivation and use". If these criteria are met, then the cultivar can be marketed.

An alternative approach that provides some advantages over the pedigree method is known as Bulk method. Again, crosses are made to produce an F1 generation. These are then advanced for several generations as bulk families, hence the name. All F2 seed harvested from each of the F1 progeny is harvested as a bulk and sown in F2 plots representing each family (resulting from each initial F1 cross). Again, all F3 seed harvested from each F2 plot is maintained as a family and sown in plots in the next generation. No selection is carried out for the first few generations. Once the families get to a suitable level of homozygosity whereby recessive traits can be reasonably expected to be fully expressed, typically the F6 generation, then selection is carried out. At this point the method progresses in much the same way as in the pedigree method.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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57 Both methods have pros and cons. The pedigree method is intuitive and easy to understand, and has a long history of use by breeders. It's a relatively quick method but also is very labor intensive. A considerable amount of selection takes place at a very early generational stage, before recessive traits have fully segregated. For that reason it's a poor selective method for quantitative traits. The bulk method is very simple, no selection is made until a high degree of homozygosity has been achieved, but the long period of development before any selection can prolong the process considerably, slowing the production of cultivars. It is possible to use combinations of the two approaches and various refinements can be used. But these are the two main approaches used for producing pure line cultivars.

There are a number of ways we can speed things up. For example "speed breeding" has been much

discussed in recent years. This is the process of growing plants under controlled lighting, often with very long day lengths, to reduce the length of time between sowing the seed and harvesting progeny seed. Thus it is possible to get two or more generations in a year. It can be used with the bulk method to speed up generation time, but care needs to be taken to avoid having glasshouses running at capacity 12 months of the year. Some down time in glasshouse use is beneficial for controlling pests and pathogens.

It's important to be aware that speed breeding runs some risk of unintended selection. Any variation for traits that could favour some genotypes over others under long day lengths in glass houses may result in selection that is at odds with the breeder's overall intention.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Likewise, off-season multiplication can be used if the growing season is short enough. Generations can be alternately grown in the northern and southern hemispheres to get twice as many multiplications in a year. This can work very well with bulk method mentioned above but can be confounded by issues relating to importation and border controls. Again care is needed to ensure that no selections is happening in non-target environments.

Other ways of bringing efficiency to breeding include marker assisted selection, which I'm not going to cover at length in this discussion. This can reduce the amount of effort spent on phenotyping particularly with traits that take time to be expressed. Screening can be carried out an early stage, with seedlings that don't have alleles of interest culled so that further effort can be spent on relevant material. This method, which works very well in combination with speed breeding, does need a considerable investment in characterizing of markers through QTL analysis or GWAS. It works very well on simple Mendelian traits but less so on polygenic traits, where there are a lot of QTLs with small effects. Genomic selection is a refinement of marker assisted selection and is discussed at length elsewhere in this booklet.

About the Author
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If you look to the worldwide production area and worldwide production volume, this is still increasing.

There is a high demand of soybean and if you then look to the proportion of soybean that has been produced or is produced in Europe, this is only a very small proportion. It is only 0. 3% of the total volume that is produced within Europe.

However, we consume quite a lot of it and need quite a lot of soybean within Europe. Currently we produce only 5.5 million hectares of soybean in Europe, and this meets only one third of our needs for soybean. Now with this increasing demand for protein, and the advance to get Europe protein self-sufficient, there is an interest to increase the production of soybean in Europe. This means that first of all we have to improve yields and to make varieties that really can profit from this short growing season. How can we achieve varieties that can grow in those shorter regions in the Nordic areas? The answer is to select for varieties where the cardinal temperatures are more adapted to those 
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62 regions. So we should have varieties that can germinate at colder temperatures. A second characteristic we should breed for is photoperiodicity. Soybean is a short-day crop, so it should sense short days before it turns to a generative status, and it is known that there are some varieties that already can shift to generative status in conditions at higher latitudes. But if you want to go further up, we need photo periodic insensitive varieties. A third item which requires improvement for north-western European adapted varieties, is on the determinacy, because we have those cold conditions or cold spells during the season we should aim for plants which are not determinant. So, if there are cold spells and flowers are getting destroyed, we can still expect a second flush of flowers and to have a production after the cold spell. These are the three major breeding goals within European soybean breeding programs.

Further we need as well to have adaptation towards biotic and abiotic stress tolerance. Indeed we have been suffering in the past few years with drought spells, so tolerance to drought periods, and as mentioned above cold periods, are very important characteristics that we should breed for, as well as disease resistance. We know for some breeding lines there is susceptibility to Pseudomonas and we should prevent this entering into the germplasm of north western European soybean.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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63 So having those breeding goals, how can we achieve those new varieties that meet these breeding goals? This is expressed or summarized in the formula above. So how to get genetic progress? In fact we should have traits that we can select for, so traits which show higher heritability, we should be able to imply a selection index, so that I stands for the selection intensity and we can only increase the intensity when we have a large pool where we can do the selection inside, together with a lot of phenotypic diversity. The I and the Sigma are really only the variation which is needed to select and then to achieve a quick genetic gain, we should aim for a reduced breeding cycle time.

Soybean is a self-pollinating species. If you look at the current breeding programme, you take 2 homozygous lines, which are crossed. Then you go to an F1 and through single seed decent you go up to F4 and then from then on you can start to do phenotyping at the plot or row levels, where you can assess the 

EUCLEG.eu

65 to be able to produce seeds in time in the short season we get that Europe. So worldwide, we categorized varieties in maturity classes. There are about 14 defined classes and in fact in Europe only the very early ones, featured on the slide can be used for growing in Europe. So in fact within that genepool we selected the material for EUCLEG. Also as I mentioned previously, to prevent the risk of a total loss of the yields we aim for semi determinate growth, so we can have consecutive flashes of flower. And it should be a material which is cold tolerant for growth in north-western European conditions.

We already knew from beforehand that the current European varieties are based on a very narrow genetic pool, and that have been selected from already pre-selected material and we already knew beforehand that we should enlarge our collection with additional material. So that narrow genetic base is indeed caused by the number of ancestors that were used to build those varieties and we should take care of potential selective sweeps that have occurred during the previous selection cycles.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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The collection of EUCLEG consisted of 480 accessions, from different origins including breeding lines and varieties, but also landraces and older material. Different breeding programs donated material within this collection.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Looking at the population structure and using those markers, we were able to identify the three different collections; the wild accessions, clearly differentiated from the cultivated Chinese material and the EUCLEG material was also clearly differentiated from the Chinese cultivated material. So indeed we had quite unique material which we could differentiate from the wild.

Looking within the EUCLEG collection, we could distinguish about five groups, and they were mainly related towards the breeding programs they were coming from, or the region they were selected in. The first one was mostly southern European material, which was later than for example the group five, which was very early which is indeed very early material. The 4 th group is mainly consisted of Edamane types, so this is the vegetable soybean which is eaten fresh. This material was distinct within the EUCLEG collection. Then groups two and three: two is really originating from Eastern Europe, and the third group from Western Europe containing early to very early material. 
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70 observed a longer LD, than in the wild material. We observed some selective sweeps, however determinacy we also expected to be fixed in our material, but it wasn't, so we couldn't observe any selective sweep on that region where the determinacy is coded. So for us, although 4% of the genome is affected by selection, we assume that there's still enough diversity for breeding within this collection.

The gene pool established within EUCLEG was phenotyped in multi-location field trials using an augmented experimental design . The experiments were conducted at four different locations. In Germany, a subpopulation was tested containing mainly the early maturing genotypes. While in Southern Europe a subcollection with late maturing genotypes was tested. The complete collection was tested on the two main sites situated at a latitude of 50 o degrees. Phenotyping under controlled conditions was done for cold tolerance and germination, drought tolerance and disease tolerance.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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In the image above you can see the effect of maturity in relation to seed yield; the later the maturing material is, the higher the yield. The early maturing material is yielding less, so there we need to be sure to use proven material to have a profitable crop, but what we observed as well was that we could not move forward to later maturing material, because those genotypes don't reach full maturity or full potential in our conditions. So we have to take into consideration the maturity of the material, to obtain sufficient yields. Another observation we made in our collection, was that we have quite low yield stability. We phenotyped over two years and if we look to the correlation between 2018 and 2019, we see that there is a very low correlation between both years. Indicating that yield stability is also a problem within our material, and that we should aim to breed for yield stability as well in our conditions.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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We also observed phenotypic differences for drought tolerance. We looked at the reaction to drought during the generative phase, at canopy wilting, and leaf senescence as a reaction to drought.

We could see that 2018 was a different season to 2019, but we could observe phenotypic diversity in canopy wilting and also in leaf senescence, showing a nice heritability especially in the later observations after drought. But we didn't see a lot of diversity in canopy temperature. So in the crop water stress index we didn't see a lot of phenotypic diversity.

Another abiotic stress that was assessed during EUCLEG was tolerance to cold imbibition. When we want to grow soybean at higher latitudes, we want the germination to go smoothly even under cold conditions and this was assessed under cold conditions.

We could use high throughput phenotyping platforms, because this is also a message that I want to address within EUCLEG. Some high throughput phenotyping platforms were established, allowing us to assess a higher number of plants and allowing us to assess the higher phenotypic diversity. This is also one of the factors in the famous formula of genetic gain, and by means of those phenotyping platforms we can assess higher number of individuals. 
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If we look to the tolerance to cold imbibition indeed we could see phenotypic diversity in the reaction towards cold. Germination and also the formation of a normal seedlings was impacted, and we could see that there was a link with maturity groups indeed the ones which were late maturing were more affected by cold during imbibition during germination. However, we saw phenotypic diversity, so there is potential for breeding.

Another high throughput phenotyping platform I would like to illustrate during EUCLEG is the use of unmanned aerial vehicle (UAV) methods to assess phenological parameters of soybean. Here you can see the different pictures during the growth of a control experiment at ILVO. You can see the germination and canopy closure in the upper series of photos and at the lower end they move towards senescence and you can really see diversity already by eye.

By means of flying at different times over the control fields, we can simulate the growth curve of each genotype and from that growth curve we can derive different phenological parameters that are interesting to select for. Because yield is a very complex trait, by means of UAV methodology we can dissect yield and different yield components and different aspects. And from there we can assess, for example the growth of canopy closure, the time to close a canopy, the time needed to senesce, final plant length and so on. So this also provided a means to assess quite a lot of phenotypic traits, in which we observed phenotypic diversity.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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76 So assessing the collection revealed that there was quite a lot of phenotypic diversity in which we could select for. But we wanted to know as well the genetic control of those traits. What genes are related to phenology, which genes were related to architecture, tolerance to biotic and abiotic stress? And as well what is a covariation with other traits, because for example if you could select for tolerance for cold inhibition, you might select for the early ones, but preventing selection of the late maturing ones. So there's some covariation with important traits and we should know the genetic control of each trait and the interrelationship with other phenotypic traits.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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The GWAS studies which were performed within EUCLEG was on the Soybean collection that I have been describing using the 355K soybean SNP chip. We checked the association with given genomic regions for each trait. I will go through some of the results. For flowering and maturity, although we had some selective sweeps on the E2 and E4 genes, we could identify some other genes related to flowering and maturity. To the left shows flowering, we clearly identified an association with the E1 and for majority we had some interesting candidate genes which we can study more depth and to see what the role is on maturity within the collection.

For flowering and maturity we had some interesting candidates, similarly to tolerance to cold imbibition. We see some regions popping up which explain quite a lot of phenotypic variation for those markers. So further research is going on to identify what genes are behind those significant associations. They might shed light onto the biological processes behind it.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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80 Some of our results from the soybean collection are shown above. We tested how big the training population should be. If we divide the EUCLEG gene pool and we take only 25% as the test population, 75% as the training population, we get a good prediction for protein and seed yield. But you can see the further we go, so if we have 75% of our population as a test population and only 25% as training, we see that predictability is lower, although it's quite high in the case for protein and in seed yield. These are quite promising results here, to see that we have quite good predictabilities.

As you know that in the EUCLEG collection we had some genetic structure, so there were quite clear distinct groups. We tested whether the prediction equation that was built within a group could be used to predict phenotype for the rest of the population. You can see that depending on which group was used to 
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81 build them, the predictability of the prediction equations is changing. So some of the groups are better suited to build a model and they are providing a more robust prediction equation, to predict the phenotype. It is very important to know the structure within the population, and to see how this can be used to make your predictions . Another test that was performed within EUCLEG was to look to the marker density. We had about 285,000 polymorphic SNPs. In fact we could reduce it up to 2000 SNPs, to still have quite a good predictability. So the size of the training site was much more important, to have good predictability compared to the numbers of SNPs taken to build the prediction equation. 
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82 Finally, as we had the GWAS methodology within EUCLEG we tried to put associated markers with protein or seed yield as fixed factors within our prediction model. And what we saw, was that if we put already known associated markers or already known genomic regions as fixed factors within our prediction model, we could achieve higher predictability compared to a completely random driven model.

So coming to the conclusion on the genomic prediction models, indeed within EUCLEG the size of the training set is quite important, as well as structure within the population. So take this into account. It was very interesting to see was that the marker number needed can be quite low and that associated markers already known to be associated with the traits, if you put them as a fixed effect, this aids the predictability. And of course, we see a difference between traits, some traits have a higher heritability than others and this is reflected in the prediction efficiency. 
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84 think, because then you really select within your training population. Concerning the renewal of calibration curves, so it takes some time to build up those calculation for prediction equations. Within simulations it's been shown that the real potential of a prediction curve, is reaching its maximum or the highest gain after 10 cycles of breeding, and after that the training set should be updated. Of course, it can be updated during the consecutive breeding cycles, but after 10 cycles the maximum benefit will be gotten out of it. A third important issue is when you select within the population, you have to take care that you continue to maintain genetic diversity within your collection, because indeed after genomic selection you go in a certain direction and you should take care to not lose too much diversity within the breeding programme.

Looking also to soybean and going back to the start of EUCLEG and where we are now, I think a lot of new tools have become available. A lot of knowledge is becoming available within soybean. Mainly outside Europe, but I think also within Europe quite a lot of knowledge has been generated. Quite a lot of whole genome sequencing has been done using shallow genome sequencing, but there's quite a lot of data available which can be used to haplotype discovery within those genotypes. Also next target candidate genes, quite a lot of genes are involved in those important traits, which were selected for. They have been characterized, we know the different haplotypes available in those candidate genes, so this knowledge can also be integrated within the breeding programs. Also the training set, how to build this and how to renew it. This is quite important, especially for north-western Europe, because we don't want to be too narrow within our collection. So during the duration of the four to five years of EUCLEG, quite a lot of new technologies and knowledge have become available and we have a good perspective for genomic selection within soybean. 
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it with vegetarian meals, but not necessarily going fully vegetarian. There are also novel ways in which pea derived products are influencing the human consumption market. The use of extracted protein has contributed to this, with the development of pea protein based meat replacement products. There is unprecedented demand for nondairy milk replacements, with "pea milk" increasingly being stocked by supermarkets along with pea flour based pasta and extruded snacks. Pea protein is also being used increasingly as a filler in traditional meat products, such as sausages, reducing their meat content.

There has also been an increase in use of peas for animal feed. Over the past few decades, we have built a dependence on the importation of protein for animal feed. This is mostly soy derived, sourced from North and South America, comprising about 70% of protein used in feed rations. Pea has unsurprisingly been identified as a potential replacement for imported soy derived protein. This is particularly true for the northern parts of Europe, where home grown soybean is currently not an option.

The goals within EUCLEG were to use genome wide association to identify and genomic selection to attempt to speed up the rate of genetic increase within the pea germplasm. In EUCLEG we looked at 260 different varieties to assess pea genetic diversity. The majority of cultivars used were selected from core collections from the John Innes Centre Norwich in the UK and NordGen, the Nordic Genetic Resource Centre. By and large these were dry pea cultivars from Europe, America and New Zealand, as well as other types including garden peas, landraces and wild peas.

At the beginning of the project there was a relative lack of material in terms of bulk quantities for many of the lines we wanted to study. Consequently, there was a requirement for some multiplication to be carried out before we initiated trialling. As a result of this, the pea work is at an earlier stage of data analysis than, the other grain legumes. The genetic analysis of traits is, as such, at the beginning stages. 
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In terms of traits of interest, breeders are mostly concerned with grain yield and yield components including agronomic traits, plant morphology and phenology. Of particular interest are things like improving harvest indices, improvement of standing abilities, environmental and rhizobial interaction adaptations. Breeders are also interested in quality traits, particularly protein content and composition, for instance improving the amino acid profile of the seed in order to better match end user requirements. Within the diversity collection used within EUCLEG collection there are several lines of germplasm that have promising protein traits from which to breed "better" varieties.

In terms of biotic stresses, a lot of work has been carried out on disease tolerance in peas. The main diseases of interest are the so-called root rot complexes, including Aphanomyces and Fusariums.

Aschochyta blights affects leaves along with various other fungal pathogens like Sclerotinia, Botrytis and Septoria, which form a canopy rot complex. It is frequently difficult to visually distinguish between the contributing pathogens. Powdery mildew, Downey mildew and rusts tend to strike later in the growing season. Downy mildew can be a real problem in terms of delaying the maturity of the pea crop and it has a major impact on harvestable yields.

Viruses, that particularly affect peas include pea enation mosaic virus (PEMV), pea seed borne mosaic virus (PSBMV), bean yellow mosaic virus (BYMV), bean leaf roll virus (BLRV) and more recently identified pea necrotic yellow dwarf virus (PNYDV). Robust resistance to these pathogens is a major focus of pea breeding programmes.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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A key element of yield stability is the ability of a variety to cope with the range of abiotic stresses that they can typically be expected to encounter. Water deficits are a major contributor to reductions in yields, but equally peas can be very sensitive to surfeits of water, particularly in regards to water logging. In the UK, for example, the area for pea cultivation is concentrated in the eastern part of the country, which has far lower rates of precipitation that in the west of the country. Much of this sensitivity to water logging is due to the associated increase in disease pressure, but there are also issues of hypoxia, a reduced availability of oxygen to the roots that is caused by increased water content in soils.

Peas are also prone to temperature stress. Prolonged temperatures above 25 degrees can lead to seed abortion which obviously reduces the yield of the crop. Low temperatures can result yield losses if frost occurs during the growing season. Nitrogen can also be a limiting factor. Soil conditions can result in reduced rhizobia activity that result in nitrogen deficits. 
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The pea genome is approximately 4 Gb: extremely large compared it to the likes of Arabidopsis at around 100 Mb, slightly larger than soybean at around 1 Gb, but somewhat smaller than Faba bean (13 Gb). The currently available sequence assembly represents 88% of the genome. This is work that has predominantly been carried out in INRAE in Dijon and contains 44,756 anotated genes. There's lots of repetitive elements within this, including various retro transposons. The genome comprises 2 species, Pisum fulvum and Pisum sativum as well as the subspecies, P.sativum subsp. elatius and P. sativum subsp. abyssinicum.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Marker technology is increasingly being used to aid selection in pea breeding. Various markers are available for major genes and QTLs, including trypsin inhibitors, flowering dates, lodging, diseases susceptibility, seed composition traits. For instance, we are using markers to identify non-functional vicillin and convicillin alleles, which code for major seed proteins that are antinutritional and have poor amino acid profiles. By reducing the vicilin/convicilin content we are hoping to rebalance the storage protein composition by increasing legumin content, a more desirable storage protein.

Marker assisted selection can be used to identify and introgress QTLs and genes of these types into commercial varieties. It is inefficient, however, for improving quantitative traits. Yield, for instance, is a highly polygenic trait (or set of traits), having many contributory genes. Minor QTLs can be very difficult to select using marker assisted selection. To date this has been compounded by low marker density and availability. Recently developed SNP chip arrays have addressed the issue of marker density to some extent. In EUCLEG we are using a 13.2 K SNP array and we have also used a more recent 90 K SNP array, which gives far better coverage of the genome. Genome wide association studies (GWAS) has, as a result, become the go to method to conduct genetic studies of pea, providing a more powerful way of using a genetic approach to breeding.
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Genomic selection was proposed in 2001 by Meuwissen et al. It has taken a while to get up and running because the density of coverage of markers that is needed for genomic selection is very high and until recently the financial cost of achieving this coverage has been prohibitive. As technology has improved, costs have reduced rapidly. It is still expensive to genotype with sufficient coverage, but we are at a stage where it is feasible. Genomic selection can basically be looked at as a form of marker assisted selection. Markers across the genome are used to capture genetic variations within the population and mixed modelling used to assign genome estimated breeding values to genotypes. The approach that we have found most useful is to use best linear unbiased prediction (BLUPs) which is covered elsewhere in this booklet. A training population is genotyped and phenotyped to input data into the model and used to predict breeding values.

Speed breeding is a concept that has been getting a lot of attention recently. It can be applied very successfully in peas, and it is possible to get up to six generations per year for very rapid cycling types. Three or four generations is perhaps more realistic for commercial types. This can be used with the genomic selection approach to really maximise genetic gain. This needs to be combined with classical pedigree selection or bulk selection techniques, and multi environment trials especially for qualitative traits. In combination with functional omics we can better understand the genetic basis of phenotypes and approach breeding in a far more targeted way.

Genomic assisted breeding and marker assisted selection is ultimately the future of pea breeding, which in combination with speed breeding will maximise genetic gain. Genome editing is currently proscribed within the EU but holds enormous potential for the future. It's progressing outside of the EU, particularly in North America and China. This is an area that will need regular review in the EU. legume. The worldwide cultivated area covers 2.5M hectares and the world production accounts for 5Mt. The main producers are China, Ethiopia, Australia, and France. Faba is partially an allogamous crop. The chromosome number is very small, only 6, and it has very large chromosomes that are easily observable and because of this was a model species for plant cytogenetics in the last century. No wild relatives are known and all the crosses that have been tried with closely related species have been unsuccessful. Nevertheless, there is a great variability within the domesticated gene pool, with the main centre located in the Middle East and with secondary centres in South America and Asia.

The long history of cultivation, the wide distribution, the mating system and the response to human selection has led to faba bean being one of the most variable crop species, with a wide spectrum of colour in flowers and also variation in seed shape, colour and size, as well as many other agronomical characteristics.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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After selection we can distinguish four botanical groups. The Major type on the right, the Equina, and Minor types, which are mainly used for animal consumption and the Paucijuga types which are thought to be very close to the wild type and they are very small, round, black seeds, mostly cultivated in India.

As in many other crops, the main challenges for faba bean are the resistance to biotic and abiotic stresses, yield and to find the appropriate phenology adapted to different environments. Other problems are related to the enhancement of seed quality, especially to eliminate low tannin and vicine-convicine. Finally, there have been some efforts identify the genes which control plant growth habit. 
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98 Here I will explain in more detail the main biotic and abiotic stresses for this crop. In the Mediterranean basin, and Northern Africa the main problem are parasitic weeds, the broomrapes, that results in severe losses every year together with fungal diseases such as Ascochyta, Rust, Chocolate spot and rots. The main abiotic stresses are related with cold and frost tolerance, heat and drought tolerance and salinity tolerance. Insect pests include Aphis and Bruchus.

Faba bean has a very big genome size, 13Gb, one of the biggest among the legume crops, 3 times bigger than pea, 10 times bigger than soybean and 30 times bigger than the model Medicago truncatula. 
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Obviously, this has significant impact on genomic studies and also on genome assembly and map-based cloning. The molecular breeding approaches and the genomic tools used in faba bean have been parallel to the development of molecular markers and techniques. At the beginning, before the 2020's there were genetic maps with very low resolution and density, mainly using anonymous markers such as RFLP, RAPDS, isozymes, microsatellites etc. Later on, the use of comparative genomics using synteny with Medicago and other crops allowed the use of orthologous markers and the development of sequence-based markers. Finally, the decrease in the cost of sequencing has allowed the development of datasets and identification of candidate genes that have been included in the maps as SNP markers .

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

EUCLEG.eu 100 Among the genomic resources I would just like to mention that as in many other crops genetic map were developed with a selection of contrasting parentals for the development of F2 and RILS. These populations were used to identify QTLs, which were further validated in different environments and genetic backgrounds followed by QTL saturation using positional and functional markers with the final aim of identifying candidate genes or markers useful for Marker Assisted Selection approaches.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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101 For example, highlighted here are the first maps used to assign the first linkage groups to chromosomes, using the progeny of trisomic plants.

The next ones were used for the identification of QTLs for Ascochyta, Broomrape or frost resistance. Some of them have been validated in different environments. Life cycle, plant architecture, yield components and reproductive traits have also been studied in faba bean.

The last consensus map was published by Carrillo-Perdomo et al. in 2020, using many more SNP markers from the 3 F3s population. In addition to the map they have also developed a transcriptome from 4 accessions providing gene-based SNPs which will be very useful for the identification of candidate genes for agronomic interest for this crop.

Finally, a number of other genetic maps have been developed specifically looking at traits related to drought adaptation, rust resistance, pod dehiscence and flowering time. All of them derive from the biparental populations that are very easy to construct and represent a powerful tool for QTL detection although the number of QTLs and their resolution is very low since we have limited recombination (only 2 alleles and relatively low genetic diversity between two parents). 
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107 I would like also to highlight the importance of the Next Generation Sequence platforms (NGS), especially the RNA-seq technology to enhance the speed of the faba bean gene discovery. There have been 17 important transcriptomes in faba beans for different varieties, different issues, different developmental stages etc., which have been very useful for developing new markers, ESTs, SNP markers and also to identify genes that were differentially expressed for Ascochyta, drought stress, salinity. This has produced an excellent reference gene set, which is very useful for differential gene expression analysis and genome annotation.

In the next few slides I am going to show you some examples of gene discovery that have been developed so far in faba bean. The first one was the terminal inflorescence, a trait which facilitates crop management and mechanical harvesting. Using a translational genomics approach was proved that the Terminal flower, TFL1, controls determinacy in faba bean, as happens in Medicago, Arabidopsis and many other species. So after the sequence alignment of contrasting genotypes, the authors (Avila et al. 2007) were able to find a non-synonymous amino acid change, which allowed the development of dCAP, the first diagnostic marker useful to select for determinate growth habit.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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The second example was focussed in quality traits with the aim of eliminating anti-nutritional compounds (such as tannin and vicine-convicine (V-C) content) from the seeds. Tannin content is controlled by 2 genes, which are located on chromosome 2 and 3, while the vicine-convicine content is located on chromosome 1. Both compounds lower the protein digestibility and energy content when faba bean seeds are used in animal feeding. Moreover, V-C produces favism, a type of anaemia present in genetically predisposed humans. So in both quality traits different molecular studies (based on bulk segregant analysis), were carried out to identify markers linked to these compounds.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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109 White flowered plants produce seeds without tannins. The evaluation of F2 progenies segregating for flower colour or for V-C content allowed the identification of markers linked to both antinutritional traits. These markers were transformed into SCARs, which were used for marker assisted selection, in the same genetic background. At this moment no candidate genes were identified.

Much later using a comparative mapping approach with Medicago truncatula Webb et al. 2016 were able to identify TTG1, a WD40 TF which determine the flower colour in Medicago as the gene controlling white flower in faba bean. This TTG1 was later characterised and an allele-specific diagnostic markers was developed that allow to differentiate zt1 from zt2 genotypes and from the wild genotypes with normal coloured flower.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Another example of gene discovery is zt2. Using a combination of comparative genomics, candidate gene approach and linkage mapping (in 3 populations). Using this combined approach, the authors were able to fine map zt2 and to identify TT8, a basic helix-loop-helix bHLH, as the locus underlying the zt2 gene, which also determines the white flower in faba bean.

Finally the second most important antinutritional compound in faba bean (vicine-covicine), has been the most difficult trait to discover. Despite the numerous SCARs and KASP markers developed and the many publications related with the V-C, the position of this gene in the map still had very large intervals and the EUCLEG.eu 111 v-c biosynthetic pathway was unknown because this compound is not present in model species. Both facts were hampering the saturation of the target region with functional markers. Only recently Björnsdotter et al. 2020 reported the identification of the first enzyme associated with the vicine-convicine biosynthesis. The authors show that VC1 co-locates with the major QTL for vicine and convicine content and that the expression of VC1 correlates highly with vicine content across tissues. VC1 encodes an enzyme normally involved in riboflavin biosynthesis from the purine GTP.

To summarise the position of faba bean genomics before the EUCLEG project, only 4 genes for quality traits and ti had been identified and markers for marker assisted selection (MAS) available. Several QTLs for biotic and abiotic stresses had been reported. Some of them have been validated but the saturation of the target genomic regions is still needed to uncover reliable marker-trait associations. As a result, no responsible genes have been identified so far and no markers are available for MAS. As I mentioned before faba bean doesn't have a reference genome. Synteny with Mt has now allowed to identify candidates in colinear regions and the recent transcriptomes have facilitated the development of high density gene-based maps and the identification of differentially expressed genes that are candidates for genomic-assisted breeding. 
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The aim of the EUCLEG project for faba bean is to improve crop diversification, crop productivity, yield stability and protein quality. The objectives are to broaden the genetic base of the crop and to analyse the genetic diversity. To analyse the genetic architecture of key breeding traits using GWAS, and to evaluate the benefits brought by genomic selection to create new varieties.

At this time only 2 GWAS studies have been reported for faba bean, the first one to identify frost tolerance and the second to identify genes for resistance to Ascochyta. In both cases they used the same faba bean As you can see above for all the traits mentioned before and for all the QTLs, the QGBLUP gave better prediction than GBLUP. And also as previously mentioned for soybean, a decrease in the size of the training population tended to decrease the quality of the genomic prediction.

We selected this workflow to be applied to the rest of the agronomic, adaptive and quality traits. All the significant SNPs identified with GWAS will be validated, if possible, with QTL mapping studies. In summary, GWAS has become the driver of gene discovery in faba bean. Once the GWAS output passes the statistical criteria and the validation, the next step would be candidate gene identification, by defining 
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125 the physical interval. This is not yet possible as in faba bean as the physical map is not yet available. Nevertheless, a reference genome assembly effort is underway, as well as the development of a pangenome and a consensus map using several bi-parental populations together with an annotated reference faba bean transcriptome. These are all excellent tools which will aid in the following genome assembly and will boost the advances in faba bean genomics and breeding.

I would like to acknowledge the work performed by my colleagues at IFAPA. On the left are those involved in the multiplication and GWAS analysis. On the right are those in charge of the quality trait evaluation. This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021 Recording link to the presentation Genomics assisted breeding in faba bean : https://youtu.be/UmXQg2Y-Jps

Introduction to outbreeding species: traditional breeding methodologies

David Lloyd

In this chapter I will cover methodologies traditionally used for breeding for outbreeding species. While the goal for inbreeding species tends to be to produce pure-line cultivars as discussed previously, this approach isn't suitable for outbreeding species. They tend to have a robust self-compatibility mechanisms, so they naturally out-cross. These self-incompatibility mechanisms can be genetic, morphologic or phenologic. Populations tend to have high level of heterozygosity and we want to maintain a level of heterozygosity because outbreeding species tend to be susceptible to inbreeding depression, carrying high loads of deleterious recessive alleles.

The process used for variety development tend to use population improvement, to produce openpollinated, population cultivars. The selection process places some focus on the production genetically distinct, but phenotypically similar genotypes within the breeding population. A good analogy is that of animal breeds, where each individual animal is genetically distinct from other animals of that breed, but they are also visually similar.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Open pollinated cultivars still have to adhere to DUS requirements. There is more scope for populations to fail the uniformity requirements, so sometimes these criteria are looser than in inbreeding species. This can be a double edged sword, as broadening requirements for uniformity can also increase the potential for failing the criteria for distinctiveness.

Open pollination is common in forage legumes, such as clovers and alfalfa. Some grain legumes also have some degree of open pollination. For example, faba beans can be treated as either as pure line cultivars or open line cultivars. In practice combinations of the two approaches are used for faba bean. Pedigree methods are often used to produce inbred lines that are subsequently combined as pollinated synthetic varieties.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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129 Breeding objectives for outbreeding species are similar to those for inbreeding species. Yield and potential yield are often the largest concern. With forage legumes, the main yield component that is considered is that of the above ground vegetative parts of the plant, so-called herbage yield, and as they are often perennial species consideration has to be made of the yield of multiple cuts taken over multiple years, rather than that from a single harvest.

Yield stability is important, so attention is paid to the populations' response to biotic and abiotic stresses.

Abiotic stresses includes grazing tolerance and resistance to disease. The emphases put on disease resistance can be geographically determined. In the UK these include Sclerotinia crown rot, Ditylenchus nematodes, Anthracnose and various fungal and bacterial wilts.

Quality traits of importance in forage legumes include digestibility, fibre content and protein content. In red Clover, isoflavones (often called phytoestrogens) are of some concern. These can have these oestrogenic effects on livestock causing fertility problems.

Persistency is a major goal of breeding with forage crops. This is yield stability in response to cutting multiple times over multiple seasons. Sometimes initially high-yielding varieties can have a tendency to suffer persistency issues later on in their life cycle.

There is a natural tendency to concentrate on herbage yield at the expense of seed yield. This can be problematic as it is possible to produce cultivars that are agronomically excellent but difficult to produce seed from. It doesn't matter how well a variety does in terms of its agronomic performance, if you can't produce sufficient seed it will not make it in the commercial sector. 
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The first step in breeding outbreeding populations is to create or identify sufficiently diverse breeding population, or founder population. This could be a pre-existing population, such as ecotype selections involving collections of wild material, or it can be refinement of existing varieties. Some old deleted varieties may have very promising qualities that can be harnessed, but may fail to meet other aspects of modern varieties, such as the uniformity requirement for DUS. An alternative and arguably a better approach is to take divergent material and hybridize it, similar to the approach used in inbreeding populations. Hand crosses can be used effectively, but flowers are generally a lot smaller than they are in the grain legumes and sufficient numbers need to be made to create a population that is not prone to inbreeding depression.

Insect pollinators can be used effectively, although they're not very discerning about what they pollinate. A top crossing approach can be very effective. A mother plant of population A can be surrounded by many pollen donors of population B in an insect proof isolation chamber. Pollinating insects are introduced and allowed to freely pollinate. Only seed from the mother plant is collected and all seed collected will theoretically be F1s crossed between the two populations with self incompatibility preventing selfing. Balanced bulks of multiple reciprocal top crosses can then be polycrossed one or more times to sort alleles into Hardy Weinberg equilibrium. 
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131 Selection of spaced plants from nurseries is problematic to some degree as their growing conditions do not perfectly imitate growing conditions in a ley. It is however still the most efficient way to phenotype at a large scale and breeding is a numbers game. To achieve a selection intensity that is high enough to achieve sufficient genetic gain while avoiding inbreeding depression and achieving reasonable uniformity, the population that is being selected from needs to be large. If the aim is to select 30 plants, a realistic figure to maintain heterozygosity, at a 1% selection intensity, the starting point needs to be 3000 plants. It is inefficient phenotype numbers of this magnitude in closely packed plants. It's also worth mentioning that most DUS testing is done on spaced plants, so there is a valid reason to select for conditions where the plants are actually assessed.

The process is often started with plants growing in pots. Depending on how uniform the initial population is expected to be an initial selection is made from perhaps two or three times the number of plants to be transplanted to the spaced pant nursery in the field. Assessment is made in the glass house for various visual traits. Cotyledon size, leaf colour, markings, and the like. General vigour is considered and any outliers removed.

Plants are then transplanted to the field, typically in springtime for forage legumes, and in that establishment year various traits are scored including plant size, vigour and its tendency to flower without vernalisation. In the second year, following the first winter, more data is collected. This includes growth habit, whether the plants are erect or prostrate, flowering dates, leaf colour, leaf size and shade, plant sizes and vigour, height, stem thickness, etc. Subpopulations are made that combine sufficient uniformity with performance and ideally several subpopulations will be made that diverge, for example, for flowering time. Mass selection is one of the oldest forms of selection used within plant breeding. This essentially uses the same principles as natural selection. The breeding population is subjected to stresses that are theoretically controlled by the breeder. These can be abiotic, subjecting the population for, say, lower soil pH than is optimal, or for low nutrient availabilities. This approach has been used successfully for example for example for increasing phosphorous use efficiency in white Clover. Mass selection can be used to improve tolerance for biotic stress, such as disease and pest load, grazing intensity. We can impose grazing stresses to select for grazing tolerance. After a certain length of time, survivor plants are taken and polycrossed to produce an improved population. Mass selection can be very successful but the selective pressures can be difficult to control precisely. A balance between the challenge of the environment and selection intensity has to be made. If the selection pressure is too small there is insufficient selection intensity and if it is too harsh insufficient plants are available to produce a viable population. 
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Recurrent selection is a commonly used approach for a population improvement. This can use previously described, conventional selection methods, whether mass selection or phenotypic selection. Selections are made and the best plants from the breeding population polycrossed to form an improved population. This is repeated over and over to produce improvements in each subsequent generation. A balance needs to be made between genetic gain and maintaining genetic diversity within the populations. A harsh selection intensity gives the best genetic gain in a single generation but loss of genetic diversity will cause improvement to plateau in subsequent generations.

In practice it's preferable to select two populations. One with a harsher selection intensity, used for variety development and a larger selection of plants with less stringent selection intensity for population improvement. Typically the smaller population will be a subset of the larger population. 
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Progeny selection uses test crossing to select genotypes to use for variety production. Crossing the genotypes that appear to be the best pheotypically is often not the most effective approach. Visual appearance does not guarantee how well a group of plants will combine in a cross. Half sib families are thus used to assess the breeding value of genotypes. The breeding population is polycrossed and mother plants retained. Seed from the mother plant is harvested separately from other plants and retained. The seed harvested from each plant is a distinct half sib family.

The half sib families are then sown in trial plots and the best performing half sib families are identified. The assumption is that the best performing half sib families are from mother plants that have the best of the best combining ability with other genotypes. The elite mother plants are then polycrossed to produce the new variety. This is a very effective approach to producing outcrossing population cultivars.

About the Author

Dr David Lloyd is head of Forage Breeding for Germinal Holdings. Before taking on his role at Germinal, he was a Senior Legume Breeder at Aberystwyth University, specialising on clovers, peas and faba beans. In your breeding pool, you may have introduced new origins to expand genetic diversity. You study this breeding pool in a nursery of spaced plants, where you can choose individual plants on their value for heritable traits. The spaced plant nursery is studied for 3 years, and you can study about 5000 plants or more. At the end of the 3 years, you harvest the seeds from the selected mother plant and these progenies are tested in a micro plot design for 3 more years. Here you can have from 100 to 200 progeny testing and depending on the value of the progeny, you go back to the mother plant and polycross the best plants during the following year. You can have 20 to 30 polycross a year. You then study the progeny in multi-site trials for 3 years and the best polycross goes to a variety registration test. These progenies are also the basis of a new cycle of recurrent selection. This is a theoretical breeding scheme and quite often, the mother plants no longer exist when you have the result of the progeny test. In that case, the polycross of the best plant is based on plants or seeds collected in the progeny test. As a consequence, you lose part of the genetic progress.

What was the situation of marker development, before EUCLEG? In the past, we had low throughput markers such as SSR and AFLP. Then a 10K single nucleotide polymorphism (SNP) array was developed, but it was too expensive, especially when you want to study a population represented by at least 20 or 30 plants. The array was not that big with only 10K SNPs. More recently, genotype-by sequencing (GBS) was developed in heterozygous species, and it was interesting to see that it was quite good for these species. In most cases, we had less than 40K markers and in many cases we have seen quite a lot of missing data and this is an issue.

In EUCLEG, we have developed an improved GBS protocol, by testing different restriction enzymes to reduce missing data and thus optimize the protocol of GBS.

Finally

  , another reason is for genomic selection, where you identify breeding values of genotypes or populations based on all the marker effects identified throughout the genome. You can then predict the best candidates for crossing, based on the estimated breeding value and thereby try to shorten the breeding cycle and thereby save time and money in the breeding programme. The final reason I wanted to mention is of course the price. I am sure many of you have seen this slide before. Since 2007 when next generation sequencing was introduced and really started to gain in This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. per sample is very important for everybody. And finally, ploidy as many of the important crops that we are working with are polyploid and this makes things a little more complicated usually.I will go back to basics a little bit, on the left you can see an example of complete disequilibrium. You have a number of genomes illustrated there, and there are two loci where there is polymorphism. But if you look at locus A there is polymorphism between A and G, and locus B, C and T. but no matter which of the haplotypes or which of the genome's you choose, which have A at locus A you also have C at locus B , so the probability of finding C at the locus B, provided you have A and locus A is one. And on the right-hand side you will see examples of complete equilibrium, where there's a 50:50 chance of finding the T or a C given that you have A at locus A and likewise if you have G at locus A there's a 50:50 chance. So, the two loci are independently segregating.

  result failure of meiosis or mitosis. Examples of that are potato and alfalfa. Paleopolyploids are formed a This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. EUCLEG.eu 38 long time ago and are ancient polyploid and they have a diploidised over the millennia and examples of that are maize and soybean.

  Now I'll mention one of the first of the three platforms. They all use next generation technology. Whole genome resequencing, as the name suggests you basically resequence the genomes of a whole panel of genotypes of populations that you are interested in characterising. It is especially useful for species where this linkage disequilibrium (LD) decays very, very rapidly, such as in maize, olive, perennial ryegrasses, red clover and so on. So for many of out breeding species that is the case, because then when you do whole genome sequencing in theory you get every single nucleotide polymorphism that are there. So you will have a SNP, the SNPs very close together, so have a high chance of being in big LD with your trait of interest. There is a wide range of variation between species in terms of LD. It can go down to 25 bases in olive, up to 8 megabases in wheat and in the 5 species we are working on somewhere in between that.This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. go on to say some words about reduced representation sequencing, which was a technology or methodology used here in EUCLEG projects, in the two forage species alfalfa and red clover. There are three types, two of which are really important and they are very closely related. The genotyping by sequencing (GbS), which was first introduced by Elshire et al 2011, and RADseq which goes back to 2008, but they're very closely related and I will come back to this. There is a third method, which I feel I ought to mention, and that is DARTseq, which is based on a library that you make of genome sequences or fragments of your panel and then you hybridise to make a chip or an array as well. But that suffers from not being very high throughput, so I think there's less and less usage of that compared to the next Gen sequencing that I will go onto now. This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. EUCLEG.eu 43 Genotyping by sequencing means you reduce the amount of sequencing you do, by cutting your genome with restriction enzymes, which recognise very specific small sequences and then you get some fragments and you sequence little bit from each of those fragment ends. Then you can detect SNPS and you do genotyping simultaneously, so you don't need any prior sequence information, and for genotype sequencing, the difference to RADseq, as far as I understand it, is mainly that in RADseq ,in the traditional one, you normally include a size fractionation step which you don't in the GbS published by Elshire. It will also detect presence or absence of restriction sites and small insertions and deletions as well. That's all very well and you can do genotyping by sequencing on individual samples, as has been done in countless of examples. However, when you work with out-breeding forage crops, you often base your This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. EUCLEG.eu 44 phenotypic data on plot trials of full or half sib families or populations, each consisting of genetically different individuals. So relating such plot related data back to genotypic data on individuals is difficult. In the EUCLEG project, the genotyping in alfalfa and red clover is therefore based on genotyping by sequencing technology of pooled samples from each of the accessions, that we are including in the panel. For each accession leaf samples from 100 or 200 individuals in alfalfa and red clover respectively, because you don't need as many pooled samples in alfalfa because it's tetraploid and you get two genomes for the price of one, whereas red clover is diploid. So those numbers of individuals were pooled before DNA extraction, and the GBS technologies is used to obtain allele frequency data based on the occurrence of each allele in individual SNPs. That was the rationale for using pooled data.

  This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021Recording link to the presentation: https://youtu.be/H414E65Jl-w4. Introduction to inbreeding species: traditional breeding methodologiesDavid Lloyd Head of Forage Breeding, Germinal Horizon, based at Aberystwyth University, IBERS, UK I'm going to discuss what breeding is from a traditional point of view. What we're trying to achieve in plant breeding, focusing on agriculture species and specifically on legumes, but these principles can be extended to other species. What inbreeding species are. What pure line cultivars are, which is the most basic way that inbreeding species are bred. I'm going to give a couple of examples of how we traditionally breed pure line cultivars, and a couple of examples of how we can speed things up. It's important to note this is a brief introduction, as full coverage of these concepts would easily fill a semester worth of undergraduate lectures, so apologies if I skip over some of the more nuanced aspects of the subject. This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. EUCLEG.eu 55 Pure line inbreeding cultivars are developed in species that naturally self-pollinate. This includes most cereals, wheat and barley for example, and most grain legumes. They tend to self-pollinate before the flower opens. This means there's little prospect for inter-pollination with surrounding plants of the same species. Pure-line cultivars are so-called because they consist of highly homozygous populations. They are developed through hand crossing of unrelated lines and the progeny taken through various forms of single seed descent selection This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. of breeding pure line cultivars is known as the Pedigree method. F1 hybrids are produced by hand crossing and the progeny selfed to produce an F2 generation. These are sown or planted in a spaced plant nursery. The resulting plants are assessed through the growing season and, based on the criteria set by the breeder, the "best plants" are selected. F3 seed selected from these plants are sown as progeny rows in the next season. Selection is repeated in subsequent generations, taking harvested seed from individual plants within selected rows to form new progeny rows each season.

  This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30 th September and 1 st October 2021Recording link to the presentation: https://youtu.be/H4TWfOINfcgThis project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. , Plant Sciences Unit, ILVO, Melle, Belgium.Soybean has a high protein content of up to 40% in the seeds as well as 20% of oil making it a very important crop for food and feed applications. It originated from East Asia and has been domesticated for a long time, with domestication started 7000-9000 years ago. This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.EUCLEG.eu 61When we look where those 5.5 million hectares are situated within Europe, you can see it's mainly in the belt at a latitude of 45 o and indeed this is the region where current varieties can grow and where they are profitable. But if you want to increase the production area within Europe, we should aim for varieties which are suitable to produce within the European Community. So when we want to increase the acreage we have to move more up north and to look for varieties that can grow in those conditions, which are mainly characterized by colder climates, but also shorter growing season. So indeed we have to adapt those varieties to those conditions.

  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. EUCLEG.eu 64 new genetic combinations. After further selfing and further up scaling of the seeds you get an F9 line, which can be released as a variety. It takes up to 9 to 10 years before a variety is produced. If you could impact the breeding cycle time we could achieve a bigger or quicker genetic gain. That's what we aimed for in EUCLEG to see whether we can use genomic selection to speed up that breeding cycle. So here again you have the breeding scheme of soybean and if we could, instead of phenotyping from F4 on, we could do the selection on the basis of genotyping instead of phenotyping, we could speed up the breeding cycle by three to four years. That's what we investigated within EUCLEG, whether we could set up genomic prediction equations to predict the potential of a given plant on their phenotype. The way we did this was first was by collecting the correct gene pool, which is necessary for breeding. As I already said in my introduction on soybean, we have to use early maturing or very early maturing material This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  It could be reduced to 2000 SNPswhilst having a quite similar predictability. This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.EUCLEG.eu83 So how can we put this into the breeding programme? In fact, if you have those prediction equations available, we can test already at an F4 stage, to genotype it and to predict the phenotypes. And in fact at that time we can already have an idea of the phenotypic performance of that genotype and we can already select new parental lines that feed into the parental crosses. So instead of waiting up till 8 or 9 years, the end of the selection cycle, we can shorten the cycle by three to four years, by selecting already at F4. So, concerning genomic selection and how to put it into the breeding programme? It's important to have the correct and suitable training set within your breeding programme. There are different ways to set up the breeding programme. You can select within populations, so if you make crosses you continue to select within those ones, where you can select between them. Simulations already published by other authors, within population selection are assumed to be superior to cross family selection. Which is quite logical I This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.

  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. Muylle is a senior research scientist at the Plant Sciences Unit of ILVO in Melle, Belgium. Her research focuses on molecular genetics and genomics of ryegrasses and arable crops as triticale and soybean. Specific focus is on understanding the genetics of biomass quality in relation to the crop use by means of GWAS and genomic selection. This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021 Recording link to the presentation Genomics assisted breeding in soybean: https://youtu.be/X10cMmO0joY This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. Genomics assisted breeding in pea David Lloyd and Radu Grumeza There has been a large increase in the acreage of peas in recent years, largely due to expansion in the human consumption markets. This reflects the increase in vegetarianism and veganism, but also in the expansion of 'flexitarianism', where consumers are reducing the amount of meat they are eating, replacing This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.EUCLEG.eu106 For this reason, in the past years there has been a great interest in developing multiparent advanced generation intercross (MAGIC) populations. For example in 2015 using 11 EU winter faba beans, to identify regions for frost adaptation; the second example in 2018 looking at morphological and biochemical traits and the last one in 2019 represents a quite important effort because it used 8 parents segregating for both biotic and abiotic stresses. Of course the use of a wider genetic diversity existing in the multiple parents and the recombination along several generations produce a population useful for high-resolution mapping, as compared with the traditional bi-parental mapping populations.This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312. EUCLEG.eu 126 Especially thanks to Natalia Gutierrez who was mostly involved in the GWAS and the excellent support from Marie Pegard, INRAE, France as well as the two colleagues Ignacio Solis in Spain and Dejan Sokolovic in Serbia who performed the field evaluations About the author Dr Ana Mª Torres is Senior Research Scientist at IFAPA (Institute for Agricultural and Fisheries Research and Training) in Córdoba, Spain. She graduated in Biology from the university of Barcelona and completed her PhD at the University of Córdoba studying the genetics of the self-fertility in faba bean. Since 1991 she spent several training periods in international laboratories (Geneva, New York and Davis, California, USA) in order to learn basic techniques of plant molecular biology. With more than 30 years of experience in legume crops, her main research interests are: classical and marker-assisted breeding, development of genetic maps, Quantitative Trait Loci (QTL) analysis for disease resistance, yield and quality parameters, genetics, genomics and transcriptomics in crop legumes.Her group contribution has led to remarkable advances in the development of the faba bean genetic maps available so far. This research focuses specifically on improving agronomically important traits such as resistance to broomrape (Orobanche crenata), ascochyta blight (Ascochyta fabae) and rust (Uromyces viciae-fabae), as well as on yield components and nutritional aspects such as tannins and vicine-convicine content. As a result, several molecular markers for improving faba bean breeding programs are already available. Dr. Torres participates in several national and European projects on legumes, acting as coordinator of faba bean molecular tasks.
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  This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.EUCLEG.eu 132Selected plants are then polycrossed, to produce the next generation. This involves putting plants into separate glasshouse and allowing insects to freely pollinate all plants and seed harvested as a bulk.
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  This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021Recording link to the presentation: https://youtu.be/fe-KF6R7gRMThis project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.EUCLEG.eu137 What about traditional breeding methodology? It is based on the evaluation of phenotypic traits of course; the first step of selection takes place in a nursery of spaced plants and the second step is applied in progeny testing.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

We have also started to perform some genomic selection studies. We used large marker sets to predict the breeding value and to select the best candidates for further breeding. So the prediction model is based on genotypic and phenotypic data of training populations, in order to estimate the genomic breeding value. We tested 2 methods: the GBLUP and the QGBLUP. In the first case we used the genome wide markers and in the second case we used only the markers identified in GWAS analysis.

We have tested a number of enzymes or pairs of enzymes and we have sequenced the GBS reads, or fragments. We have done some bioinformatic analysis that included mapping of the reads on the reference genome. The number of the loci is here represented as a function of the number of reads. We have seen in 2 cases, Pst1-ApeK1 in blue and Pst1-Mse1 in green, that we have a clear plateau meaning that with about 10 million reads we can achieve a stable number of loci. This means that we have less risk of missing data. We have chosen Pst1-Mse1, because it was a pair of enzymes that were already chosen for red clover, meaning we may be able to compare the markers that can be important for trait variation. and 2021, but also Sclerotinia resistance, and freezing tolerance under the controlled conditions from the remaining other accessions. On the other hand the other accessions were characterised by a better growth and indicated here by a higher stand height in the first year, in autumn 2018, before they had to undergo the severe winter conditions of Norway.

Seedling emergence, an important trait concerning the establishment rapid establishment of red clover swards, was investigated in France at INRAE.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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up to the end of the project, because here again the crop experts defined for each accession the right identity. So, we had here a full description and unique EUCLEG identifier of the different accessions. for the EUCLEG project. All genotyping nowadays start with single nucleotide polymorphisms as the basis for all genotyping.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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93 To fully realise the potential of genomic assisted breeding there exists a need to fully bridge the gap with high throughput phenotyping, or phenomics. The associated increase in data accumulation will require new approaches to data analysis and modelling, requiring the application of AI. Genomic approaches will furthermore allow for more efficient mining of genome resources for new sources of disease resistance and novel traits allowing them to be effectively incorporated into commercial cultivars, giving greater yield stability in the face of biotic and abiotic stress. 
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94 Genomic prediction will allow for better targeted crossing, eliminating the "cross the best with the best and hope for the best" approach to breeding. Modelling will allow predicted phenotyping of crosses between different genotypes, allowing breeders to pre-select on the basis of their breeding values.

This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021

Recording link to the presentation: https://youtu.be/FTiZy33gSyE The EUCLEG project represents a step forward for faba bean GWAS analysis, because we are analysing 400 faba bean lines for many key agronomic traits which have been analysed in different environments. In addition to this, genotyping has been performed with the new Vfaba Axiom array that has been developed by Angra and O'Sullivan, 2017.

Dr O'Sullivan collected the transcriptomes datasets from 5 different sources, from different varieties, tissues etc. in order to produce a validated SNP database and thus design a high-density array from Affymetrix, which has more than 50 000 markers. This is the array that has been used to genotype the samples used in the EUCLEG project. 
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The 400 faba bean lines were first multiplied for 2 years in order to produce the required amount of seeds to be distributed among partners. In order to avoid cross-pollination by insects, the multiplication was performed in insect proof cages.

We then sent these materials to the different partners for the different activities. We have set up field trials in Finland, Belgium and Serbia in which genotype and environmental interactions were performed with 100 accessions. Then 400 accessions were set up in Spain, Serbia and Wales and the results were analysed using 
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115 GWAS analysis. In addition to that drought resistance was studied in Germany and quality traits were centralised at IFAPA, Spain where the 400 faba bean accessions were analysed over 2 years.

Here I have summarised the 43 agronomic and adaptive traits that we have evaluated. The traits are joined in four groups: Architecture, Morphology, Phenology and Yield.

In addition, partners recorded the stress resistance to naturally occurring pests and diseases. 
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116 Concerning the quality traits, we have analysed the protein content, the tannin and the vicine-convicine content of these accessions.

Once we had available the phenotypic field assays data and the genotypic information, we were able to start our first GWAS analysis. GWAS is based on a high density SNP catalogue, the population structure and the information from the phenotypic data points. So by doing GWAS you are able to identify genes and QTL associated with the traits. 
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We have followed this scheme, after phenotyping and genotyping we have analysed population structure and relatedness and LD, and used statistical models in order to identify associations and validating them to finally identify and characterize the genes linked to specific key traits.

Once we received the phenotypic data from the farmers we filtered the outliers and established the broad sense heritability and also used the BLUP to adjust the data across locations and years. 
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The faba bean genotyping data was also subjected to quality control analysis by removing markers with MAF allele frequencies of 0.05 and any monomorphic markers. The score matrix matrix included 352 samples with 22.867 SNPs. Missing values were inputed by allelic frequencies.

As I mentioned before and due to the huge genome size, we lack genome sequence and physical maps, so we use the Genome Zipper, which exploits the synteny with Medicago truncatula to identify, order and structure chromosomal sequences of chromosomes. Moreover, we used the genetic map positions 

EUCLEG.eu

119 observed in 3 RIL populations genotyped with the same Vfaba array. By doing so we were able to assign 17% of the genes to the 6 faba bean chromosomes.

We performed population structure that as you know calculates the relatedness correlation among individuals due to mixture and historical structure. We used different methods including Principal Component Analysis, Kinship matrix and Structure.

As you can see here the PCA divided the population in 3 groups: Exotic lines, Mediterranean accessions and Northern types. The 3 main PCs explained 88% of the variance. 
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Here are same results, but using a 3D scatter plot and we can clearly see the 3 groups described above.

GAPIT also displays a heat map. This heat map shows the genetic differences between the accessions and also distinguishes the differences between the groups.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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121 Finally, the FastSTRUCTURE based on variational Bayesian framework also distinguishes the 3 groups as I mentioned before, Exotic lines, Mediterranean accessions, and Northern types.

Then we started to analyse which statistical models would provide the best results. So we first analysed plot yield using the Multi-Locus Mixed Model (PROGENO), but after the Manhattan and Q-Q plots no significant SNPs were associated. 
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The same happened when we used the GAPIT FarmCPU method. No significant SNPs were associated.

Later on we used the Multi-Locus Mixed Model, implemented in the R package and we were able to identify 25 SNPs significantly associated, able to explain nearly 84% of the phenotypic variance. Once we established this, we started to use the same statistical model for other phenotypic traits such as pods per plant, seeds per plant, seeds per pod and hundred seed weight. As you can see we identified significant SNPs for all these traits. 
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138 What are the strengths and the weaknesses of this methodology? The strengths include that you can score many of the traits, you can have early selection for heritable traits in the nursery, and for most breeding companies the staff are already skilled to be able to do this work. The weaknesses include that you cannot score stress tolerance if this stress doesn't occur every year, so you need to test this in controlled conditions. All this evaluation, in nursery or controlled conditions require several years to carry out one cycle of selection, the cost is related to this number of years. In addition, the fixation of positive alleles is slow, especially for such a heterozygous and autotetraploid species. 
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Where could genomics assist breeding? It could assist breeding in the choice of origins to be introduced into a breeding scheme. It could help with the selection of plants from genomic prediction, and it could also help with the choice of plants used in the polycross of the best plants based on the diversity of genetic background. We will discuss these three points.

Before describing genomic assisted breeding, I will provide an overview of different marker developments. Then I will explain a bit more about the management of genetic diversity, genome wide association study and genomic selection from EUCLEG results.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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143 per SNP: a huge number of SNP with a low ratio of missing data. If we chose to add a new threshold without any missing data, we have more than 100 000 SNPs. As shown on the right, these SNPs cover the genome very well. This genotyping tool is now available and this is great progress for alfalfa genetics.

Let's move to the management of genetic diversity. Before EUCLEG, we had quite a bit of knowledge of course. We had an overview of world diversity with the Centre of Origin in the Middle East and the trace of its introduction in Western Europe and North Africa. Alfalfa, of sativa subspecies origin, followed the migrations with Greeks, Romans and it hybridized with falcata subspecies populations from Northern Eurasia. Alfalfa moved towards the Americas and Australia from 1600 on. There are also historical traces of its movement towards China about 2000 years ago.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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In the past, we had quite a nice overview of among and within-accession diversity. A large among accession diversity was evidenced for phenotypic traits and molecular markers, but a huge within accession diversity was also shown with the phenotypic traits or SSR. Alfalfa thus offers a very large diversity within the varieties with phenotypic traits and even more with markers.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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With the results from EUCLEG we have obtained a revision of genetic diversity. We have studied most extensively 400 accessions, landraces and cultivars. The dormancies are from type 3 to 7 mostly. Most of the accessions come from Europe, but we also have accessions from North and South America, China, the Middle East and 1 accession from Japan.

We have obtained GBS genotypes for all these accessions and after PCA with these markers, we have identified several groupings as seen above. The first group represented with only 2 accessions is close to the subspecies falcata. We have quite a clear different group of accessions coming from China (group 6). We have also five groups, more or less overlapping, branching from Europe to America. Group 3 with accessions from France and Northern Europe is quite far from group 2, composed of accessions from varieties from North America. This means that there is a structure that is partly related to the geographic origin of the varieties. Another point about diversity, we have calculated FST, a diversity index, among groups, and you can see that the FST overall are quite low. The group giving the highest FST is group 6 with the accessions of China. 
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146 For most people in charge of alfalfa breeding, autumn dormancy is a very important trait and it gives a strong structure to the breeding programmes because breeders are usually working within a certain autumn dormancy. Here if you look at the image where we put a dormancy score on the PCA plot, you can see that dormancy is not a way for sorting the varieties. Thus diversity structure is not linked to the autumn dormancy score and these are quite new results.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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147 With this project, we have revised the overview of genetic diversity. We have a diversity in China which is quite different to the diversity which is present in Europe and America. Also the diversity in Europe and America is different even if most American accessions originate from Europe. The structure of the diversity is not associated with autumn dormancy. Now I will discuss the genome wide association study. Briefly, the question is to test if each marker is associated to trait variation. Here on the left hand side, the marker is not associated to the phenotype and on the right hand side, the marker is associated with phenotypic trait. 
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148 Before EUCLEG, we had low marker density, but we had shown that linkage disequilibrium was very short in this species, here studied at the level of a single gene, and linkage disequilibrium over 1000 base pair is broken with some exceptions in this gene.

With this short linkage disequilibrium and low throughput genotyping, only a candidate gene approach could be acceptable for an association study. It can work, as shown here in a Constans-like gene and the association of this gene to a phenotypic trait, stem height. 
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In EUCLEG, we have found again a very short linkage disequilibrium over the whole genome. After 500 base pair, there is no more linkage disequilibrium, a very short linkage disequilibrium as expected in the allogamous species. It means that, because we have set up the GBS methodology that yields many markers, genome wide association studies are now possible. The candidate gene approach is of course still available for association studies.

We have done extensive phenotyping during EUCLEG, we have studied yield and quality described by protein content, fibre content and saponins. We have studied 400 accessions at 2 locations, 2 years after the establishment year. In addition, we have also studied 100 accessions within the 400 accessions, in 3 locations across 2 years. We have also studied germination, diseased resistance, drought tolerance and phosphorous tolerance and interaction between drought and Fusarium.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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In EUCLEG, we were able to detect major QTLs in these accessions using a multi locus mixed model (MLMM).

The results here show an example on protein content for which we were able to identify some QTLs with a strong effect and a significant p-value. 
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If we look at the specific QTL amongst this data for protein content, we were able to see quite a nice explanation of variation, here with an explanation of 12.5% of variation for protein content. Depending on the traits, we were able to identify QTL explaining 10-20% of the variation. Before EUCLEG, some attempts were published on genomic selection. The number of SNPs was not so high and the number of individuals used was not very high, but provided some promising results with the predictive ability averaging 30%.

In EUCLEG, based on our 400 accessions and more than 200 000 markers, we carried out GBLUP prediction and we obtained quite a good predicting ability, between 0.5 and 0.8 for the p-value, shown here for dry 
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153 matter yield, ADF content (fibre content) and protein content. The predicting ability was better for protein content than for the two other traits.

We then integrated QTL information in the prediction model with QGBLUP and you can see that we obtained a very high p-value over 0.8 and this is very interesting.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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As a consequence, in breeding, we have GBS as an efficient technique to reveal markers. We can have allele dosage in individuals and we can have allele frequencies in populations. We have a high coverage of the genome with low missing data. This will be useful to analyse genetic diversity and genetic determinism of breeding traits.

These markers can be used to manage genetic diversity. We have evidenced some specialization of the breeding pools in the EU, America, and China. We can also use these markers to decide on the introduction of new genetic diversity in the breeding pool.

We have seen that GS models provide high predictive ability, with even higher predictability when we include the QTL effects. These models are ready to be used to select promising individuals in breeding pools.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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155 What do we still have to do? We need to extend the analysis of alfalfa diversity from dormancy 3-7 to the whole species complex, including wild populations if possible. We must improve cost-efficiency of genotyping, we need to see if we can reduce the cost to be applied in a breeding programme. We also have to calculate genetic gain with GS prediction, which will also depend on the cost of genotyping. And then estimate the cost efficiency of GS. And of course, we need to implement genomic selection of breeding programmes to go from the theoretical to the practical aspect.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Here I propose implementation of genomic selection in breeding programmes. Starting from the introduction of new origins and the current breeding pool, the breeding programme starts by growing seeds in the greenhouse and as soon as possible collect leaflets on each seedling, extract DNA and obtain the genotypes. Then, the genomic prediction model is applied and at this stage after a few months only, you are able to choose the best plants to be established in one or several polycross. From the polycross and after 1 year, you have seeds to test the polycross. Some of these can be a candidate for registration and you continue the recurrent selection. You can imagine evaluating many more candidates with genotyping than with phenotyping, moving from 5000 to 15000 plants depending on the cost.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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157 What are the strengths of this breeding programme? Reduced field work, a very early selection for all predicted traits, a reduced number of years of the breeding cycle, and a very quick fixation of positive alleles, especially important for the autopolyploid species. There are some weaknesses, firstly if you have no prediction for some traits, you are not able to select for this trait, and secondly, issues with staff having to be trained to develop new skills to adopt these new breeding programme. The question is now: what is the genetic gain and the cost efficiency?

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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The next step will be to imagine the updating of GS equations, because up to now we have an equation, but we need to make it living, including new genetic resources and new phenotyping data. The question is how to use the data obtained on new progeny or new polycross. Phenotypic evaluation and genotypic data could be used to update the existing prediction model In our case we used data for 2 years. We didn't use the data from the first year.

(Q3) How often do you have to renew the prediction model?

Good question. We don't know in fact, maybe the first thing we have to establish is the efficiency (the quality) of the predictions, depending on the accessions you are studying. I have shown some groups of accessions, we have to test if a prediction model is valid for all types of accessions or not. This is the first part of the answer. Once you start using the prediction model, you select plants so the genetic bases of the material may change; of course we have to check this and to learn from experience. My idea is that maybe we could not start again from zero, meaning we don't have to collect so many accessions and study them again in field trials. Maybe we could use this first set of information and then add new information coming from new trials and new accessions. It is not simple at a mathematical level and we also have to find an organisation to do that.

(Q4) How much of the variability between each trait varied between years?

We had some changes in the variability and we also had some interaction between the environment and genotype. Here we have tried to predict the mean values of the populations, for example for annual yield. We are able to also predict the traits in each environment. We have obtained a better evaluation if we look at the average value of the populations over all the sites that were available.

(Q5) Were the predictions accuracies that you showed cross validation results?

The equation was done on a subset of accessions and used to predict another subset. There was also a test set to calculate the p-value.

This chapter is based on a presentation given to the EUCLEG online workshop on the application of cutting-edge genomic technologies in the breeding of legume species held on the 30th September and 1 st October 2021

Recording link to the presentation: https://youtu.be/l6QEXn5Uhd0 
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Red clover is an important forage legume, grown as a roughage for ruminants in pure stands or in mixture with forage grasses. It is of particular importance in areas unfavourable for arable crops. Another big advantage of red clover is its ability to fix atmospheric nitrogen and to transfer this nitrogen to companion species, which then can lead to transgressive overyielding. Red clover is also a very important component in crop rotations to improve soil fertility and is especially valued in organic agriculture.

Yield, quality, persistence, disease resistance and seed yield constitute the most important breeding targets in red clover. 
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162 Red clover breeding is based on population breeding and the resulting cultivars are based on many different genotypes. Consequently, we have very complex pedigrees with many parents, illustrated on the right here on the diagram. This makes the fixation of traits very difficult. Also, red clover is a pluri-annual crop, and for some traits such as for example persistence improvement is quite slow, because it takes many seasons of phenotyping. In addition, changing requirements, such as emerging pathogen populations or emerging pathogen species, or a general change in environmental conditions, pose a big challenge to red clover breeding.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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On the other hand, we also have a large pool of genetic resources and have the advantage of wild populations and ecotypes growing simultaneously as the cultivated crops. So, there's quite a big gene pool that can actually be drawn upon when breeding red clover. We have quite efficient breeding schemes and a lot of knowledge in genotyping. With the advances in genome sequencing technologies, there's an increasing availability of genomic resources and also the appropriate statistical concepts are constantly being developed.

The aim of the EUCLEG project for red clover in particular was the establishment of a diverse collection of red clover germplasm and the generation of genotypic and phenotypic information, with the aim to develop concepts and models for genomics assisted breeding, but also with the aim to elucidate the genetic control of specific traits, to enable efficient breeding methods.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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The EUCLEG red clover germplasm finally consisted of 397 accessions that were derived from 25 different countries. Switzerland and Sweden contributed the most accessions, around 100, Serbia, Norway and the UK contributed around 25. The Czech Republic contributed 50 and the rest were more or less evenly distributed among the countries coloured in blue on this map. The germ plasm could be divided into different categories: breeding materials, cultivars, landraces and ecotypes.

We used 200 plants per accession to genotype by sequencing and came up with a set of around 20,000 reliable SNPs. These were evenly distributed among the seven chromosomes of red clover. 
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We used principal component analysis based on these 20,000 single nucleotide polymorphisms to get an idea about the genetic diversity present in our germplasm collection. What you see here is a biplot of the first two principal components, and each dot represents one of the 397 accessions. We have some sort of structuring according to different breeding materials, so that the landraces seem to be quite a prominent group and also the ecotypes seem to form a distinct group on the top right of this graph.

Most of the land races we have in this set were derived from Switzerland and they all nicely cluster in one of the corners of the principal component analysis and also the accessions from northern Europe form quite a distinct cluster. We also have some outliers that form a distinct group of ecotypes coming from We have a nice set of accessions genotyped with a large number of SNPs and we saw some clear genetic structure among these accessions, mainly based on the regions where they were collected.

We set out to do a large scale phenotypic characterization of these accessions and established field trials at five different locations: in Switzerland, in the Czech Republic, in Wales, in Serbia and in Norway. 

EUCLEG.eu 167

The phenotyping was conducted on the entire set of the 395 accessions in Switzerland and in the Czech Republic. 200 accessions were phenotyped in a further three locations as well as 20 accessions which were phenotyped in all 5 locations. All this was arranged in a P-rep design and carried out across two growing seasons. We looked at establishment, stand density, persistence, time of flowering and of course forage yield and quality, disease occurrence was scored in the field along with dynamics of regrowth analysis.

Principle component analysis based on BLUEs calculated from the field trial data from all the five sites shows not very distinct clustering, but you can identify quite a few groups. Again, these occur according to 
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168 the origin of the accessions and probably the most remarkable grouping is the one of the accessions from the northern European countries. You can also see some structure from Eastern Europe, Switzerland and central European countries.

If you compare this to the genetic data on the right, you can see a little bit of congruence but maybe not completely. You can clearly see that the genetic structure detected with SNPs is also to some extent reflected in the phenotypic diversity observed, based on traits evaluated in the field.

On the X axis are the five different sites. You can see for all three traits, we have quite a strong effect of the genotype, and therefore this is certainly a very valuable basis for any further analysis. What was also 
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169 quite clear from this analysis is that you have quite a large effect of genotype by location interaction if you look at the combined analysis across all five sites.

First, if we only look at the 20 accessions which were grown at all five locations (each line here is one accession) you can compare the phenotypic data for the five different sites. On the X axis on the left is Graminor in Norway, in the middle is Switzerland (WBF), and IKB in Serbia, is on the far right. If for example we look at the Nordic accessions, you can see that these accessions do fairly well in Norway, at the Graminor site, but they performed quite poorly at all the other locations, which can of course be explained by the adaptation to northern climates. Conversely, if you look at the accessions from Switzerland, you see that they performed poorly under the Nordic conditions.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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If we look now at all the 395 accessions which were evaluated in the five locations, most accessions seem to perform best at home. This clearly indicates the importance of course of breeding red clover under conditions where it's actually intended to be used later on, and this is something which also has to be accounted for in any prediction models for genomic selection.

So we observed a significant effect of accession at all the locations and we had significant accession by location interactions. 
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Prior to EUCLEG, where there had not been many studies on GWAS or genomic selection in red clover, but this dataset would allow for the development of a platform for predictive breeding in red clover.

First attempts in looking at the ability to predict resulted in quite substantial prediction accuracy for some traits. You can see this on this graph, showing the prediction accuracy for crude protein (CP) on the left in each panel, and dry matter yield in year one and year two. We have quite distinct differences in predictive ability, depending also on the location where the field trials were established. 
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172 This needs to be analysed in more detail, but of course we now have first predictions and this can basically be used for further development of prediction models.

In addition, we conducted a range of experiments under controlled conditions, in order to detect QTL for some key traits, which can be used to identify candidate genes and to better understand the control of these traits but also can then later be used to improve prediction models. We used all the accessions we had available and performed artificial inoculation, using single spore isolates or one single spore isolate of Collecotrichum trifolii, and we analysed the survival rate and used this data for association analysis. 
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174 Most of the accessions we tested in the greenhouse were highly susceptible to southern anthracnose. There were a few accessions, mainly from Switzerland and the US, which showed quite a high degree of resistance, but a lot of the accessions showed very poor resistance to southern anthracnose. GWAS using the panel of SNP described before identified a number of significant QTL and some of them explained quite a large proportion of the variance. For example, the one on chromosome one which explained up to 16% or the other one on linkage group 7 which explained around 9%. These are certainly 
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Then the disease severity index was calculated, and the higher this index is, the more susceptible the plants were in the greenhouse. Again, there was substantial susceptibility in these accessions, but this time the Nordic accessions seem perform better.

Again GWAS analysis identified a few interesting candidates, which we will now use for further characterization. For example one on chromosome 3 and also some explaining a very high amount of variability on the not mapped scaffolds. 
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Another very important trait, particularly in northern countries, is freezing tolerance, which is known to be associated with general persistence. This is work conducted in Norway where the freezing tolerance was assessed under controlled conditions, by using 393 accessions subjected to different freezing temperatures in the growth chamber. LT50 was determined as the temperature where 50% of the plants perished. GWAS analysis identified a set of eight significant SNPs, which explained around 45% of the phenotypic variation.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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Also, we looked at the persistence, particularly in the field. The arrows indicate the different explanatory variables that were used. You can see that there were some accessions that were clearly performing better in Norway. They showed a better persistence in the Norwegian location and these were mainly the Nordic varieties and one Belgium and one Swiss variety. These varieties also showed better Sclerotinia resistance and better freezing tolerance. So these are traits also associated to better persistence. On the other hand you have the other accessions performing better on the Czech, Swiss and Serbian conditions. 
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The results of three important traits are highlighted. One is the time to mean germination on the left, so the time in hours for 50% of the seeds to germinate. The next is the root length, which was reached under dark conditions during germination and emergence and finally the speed of emergence, which is characterised as the time for 50% of the seed to show emergence of the cotyledons above the soil surface. Depending on the origin of the accessions, we see quite a large variability in this germplasm and some accessions can actually have a higher time to mean germination, but still be faster in emergence.

Root length and speed of emergence were highly correlated, but more interestingly we saw a clear grouping of the land races or in this case the Swiss landraces, which seemed to be faster in emergence then most of the other accessions. 
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181 GWAS identified interesting candidates on two chromosomes which need to be investigated in more detail in the future.

So we have quite a nice set of well characterised red clover accessions and we generated a very nice data set of phenotypic and genotypic data, which will provide the basis for genomics assisted breeding strategies.

This project has received funding from the European Union's Horizon 2020 Programme for Research & Innovation under grant agreement n°727312.
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(Q1) You refer to year one, was that the year of sowing or the year after? The yield data I showed was after sowing. The sowing year was considered as year zero and then we have year one which will be the first winter after sowing.

(Q2) The next question is referring to the use of GBS on pooled populations samples. What is the relationship between the precision of the allele frequency estimates and the trait prediction accuracy? As far as I understand the question we would have to genotype individual plants and then determine the allele frequency on the basis of that and of course that is more accurate then pooling the individual genotypes, from populations, but this would be quite an expensive genotyping exercise. I am not sure it would actually improve a lot, because the phenotyping is done on the populations as well and not on single plants.

(Q3) A specific question on the seedling emergence. Was any comparison made for performance of emergence in the field? That is actually a very interesting point. No, I don't think we have looked at that. We have the juvenile establishment in the field, so that's just a one year observation, but it would be very interesting to compare this with the the data from the controlled experiments.

(Q4) There was a question concerning the PCA analysis of the phenotypic data. Looking at the structure of the population, was it based on all the recorded traits or just a subset of the traits? I can't answer this question 100%, I know that a lot of traits were used, but probably not all of them, but most of the traits were used.
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