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1. Introduction to EUCLEG

Bernadette Julier
Research Director at INRAE, Unité de Recherche Pluridisciplinaire Prairies et Plantes Fourrageres (URP3F), in

Lusignan, France.

Horkzon 2020 of Eurcpean Unlon: 3 Toerl pil eocdng  progamme 1
docroass the B and Chny's g N impans”

& Moron S0 Fronviame 1y

Arsoach S W ANTOY prand aveemen!

'y 1 $
AR

Bernadette Julier

This project has received funding from the European Union’s

Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.




Y EUC
-t LEG

Horizon 2020 of European Union: [J ElEJg

Call 2016, SFS 44 : “A joint plant breeding programme to
decrease the EU's and China's dependency on protein

fqrage 4
perf&{mgﬂ%(b?otem
productivityhyman-food

Elé biotic:stress |+
limate-change variety
legume diversificationstability
mbreedlr!g-strategles
qua 'Y%reedmg-toolsgeography

long-term ahiotic-stressspecies
clin ;,st_ﬁ~g%rlet|{:-b_aseme;hods
) cro eno mngarain
EUCLEG: 09/2017 - 1212021 P L3
gene-banks

This project EUCLEG was prepared after a call launch by the EU in 2016 entitled “a joint plant breeding
programme to decrease the EUs and China’s dependency on protein”. The call included many important
words requesting consideration of many topics such as forage and animal feed, productivity, climate
change, diversification, stresses etc. and also called for collaboration with Chinese colleagues.

— ¥ EUC
Protein imports in Europe and China

Europe dependency : 69%
China imports 60% of soybean world market trade

Gale et al 2018
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What is the problem with protein in Europe and China? Protein dependency in Europe is about 69% and
China imports around 60% of the soybean world market trade. Most of the soybean is imported from the
USA and Bratzil, or South America. The dependency is quite different in Europe and China. In Europe the
imports are more or less stable, but important and in China the imports began about 20 years ago to feed
animals. and the trend is for a strong increase.

Import/export balance for EU food products l ' EUC
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Seen from an economic point of view, proteins are part of the section of plants that are largely imported in
the EU and it is an economic problem compared to other crops.

This project has received funding from the European Union’s

Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.




Y EUC
—d LEG

‘Fr'om Nitrogen (N,) to proteins | g Egg

Dinitrogen: very stable molecule, 78% of the atmosphere N—N

N is a component of proteins, vital molecules

Two ways to transform N, into reactive Nitrogen:

— Industrial chemical synthesis

;“'.. I I(l'\ﬁ."'ll’;'f"/"_}‘ \/ : 'an\'!l’i
. Plant Plant
— Symbiosis plant + Rhizobium 1 amino acids proteins
Nilrogena: !
Ny + plant energy » NI

Legume species

(Fabaceae)

HoOZon 2000 of Exrspean Unbon. O 2008 SFE AL A pre sl e
'<w;:, L B LT R T T T SR T T I T e o TINS (Lt INis (aary

- diEnan J020 Evovaniny o Sermavt £ vzanian anase grmt! ocrevt 0

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.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
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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.

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.
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In EUCLEG, we have focused on the five major agricultural legume species in Europe. These species are

able to produce protein rich products, either forage or grain, whilst providing a positive environmental
footprint. We have studied alfalfa (or lucerne) and red clover as forage crops, pea, faba bean and soybean
as grain crops. Our Chinese colleagues have worked on alfalfa and soybean, these two species are the most
important legume crops in China.

Forages are used to feed ruminants mostly, monogastrics marginally and very rarely humans. Grain
legumes are used to feed monogastrics and human and partly ruminants, mostly as soybean meal.
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The expected impact of EUCLEG is to increase protein production in the regions where legumes are already
grown, but also to increase the adaptation of legumes to regions where we are not currently able to grow
legumes at a competitive level. At the end, the production of feed and food must be achieved with an
improved yield and yield stability. This requires many improvements related to general adaptation,
resistance to biotic and abiotic stresses, adaptation to climate change, also quality traits that, depending on
the species, refer to protein content and protein composition, forage quality and anti-nutritional
components.
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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.
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At the scientific level:

*+ Broaden the genetic base of legume crops and analyse the genetic
diversity of European and Chinese legume accessions using phenotypic
traits and molecular markers

« Apnalyse the genetic architecture of key breeding traits using
assoclatlon genetics (GWAS)

» Ewvaluata the benafits brought by genomic selection (G5) to create new
legume varieties

At the technological level:

« Develop searchable databases containing passport data, as well as
agronomic and genetic features

«  Develop molecular tools and data

At the applied level (breeding):

*+ Develop tools for genotyping

= |Implement data management and analysis

EUCLEG had ambitious objectives at different levels. At the scientific level, a first objective was to expand
the genetic basis used by breeders in legume breeding programmes, after the analysis of the genetic
diversity of European and Chinese legume accessions, using phenotypic traits and molecular markers. We
also had an objective to analyse the genetic architecture of key breeding traits using genome wide
association and anlaysis (GWAS) and to evaluate the benefits for genomic selection to create new legume
varieties. At the technological level, we have developed searchable databases containing passport data as
well as agronomic and genetic features, as well as developed molecular tools and data that will be available
for future programmes. At the applied level, that is breeding in this case, the objectives were to develop
tools for genotyping and also to implement data management and analysis that is now essential in genetic
and breeding programmes.
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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.
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About the author

Bernadette Julier

Dr Bernadette Julier is Research Director at INRAE, Unité de Recherche Pluridisciplinaire Prairies et Plantes
Fourragéres (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** October 2021

A recording of the presentation is available at https://youtu.be/z6 AWKmKwXJO
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2. Lessons learned on the design and planning of multi-location trials
and phenotypic assessment for association studies

Isabel Roldan-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

grizon 2020 Frograsme for

ILVO, Isabel Roldan-Ruiz

Hello, good morning. You have had a very nice presentation of the general objectives and the structure of
the project, and | 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 | will try to illustrate why we think that the approach, the EUCLEG approach, worked.

So, my presentation will be quite atypical, | will not speak about research objectives. | 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. | 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 high-
quality 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.
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This is the general structure of the EUCLEG project. | 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 | give
further explanations.

This project has received funding from the European Union’s

Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.

15



Y EUC
—d LEG

EUC
WP4 Ky LEC

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

Multi-location, multi-year field trials
* For five crops
* Crop yield and quality (protein content, anti-nutritional components)
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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.

agreement n°727312.
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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 | 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.

This project has received funding from the European Union’s
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So how did we approach this? | will now go through a number of requirements and provide some examples
and explanation of aspects that | think are relevant. | will now take the role of the experienced scientist; |
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 | 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 | will
illustrate or try to illustrate today. Remember | 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
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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.

s Y EUC
Requirements R LEG
Common set of accessions in different locations and years

=> what's in a name?

Red claver
Noraxy

Soybean
Belgium

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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« Seeds centralized at one partner-location, managed and distributed from this location
=» if needed, multiplications ideally at one location (even before start project)

« One unigue identifier per accession - linked to databank; no
other labels allowed
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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 | have seen occurring in the past.
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This is an example of what | am speaking about. This is one example of the database that we were using for
communication and for the storage of all the information of EUCLEG. It is a commercial product ,’‘Progeno’,
but it was a very good thing from the beginning 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.

Five crops => five experts kY E

+ Zeeds cenfralized at one partner-location, managed and distributed from this location
{muitiplications at one location; even before start project) — partner in charge of gensatic
characterzation

* Qne unigue identifier per accession - linked o database; no other labels allowed

— Sure that we worked exactly with the same genelic materials
= Labaling mistakes pravanted
» Ona partner responsible for satting up MTAs and other agreaments with seed providers
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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 | 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.

Requirements [: EEE

Common set of accessions in different locations and years
=> what's in a name?

Field management
=> Standardization OK, but to which level?
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So, this is also something, | don’t say that was perfect in our case, but it was something that required a lot
of discussions and | 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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Soybean .

Another example: remember we were dealing with forage crops, so the mowing regime, the number of

cuts and timing of the cuts, that is applied in alfalfa or red Clover in different locations should be different,
because the growth path of the crop is different. Apply four compulsory cuts per year in red Clover might
not be the optimal solution in some years in some locations. But we tried to standardize as much as we
could in other things. So, in sowing densities, sowing depth, if possible, we did it, but also for the plot
dimensions on the trial designs. Again, randomization was different in different years, at different locations,
but we agreed on which checks to sow in the different locations. This is an example of soybean: you can see
here the four locations where field trials were established for work packages 3 and 4. So, two locations
were specific for WP3, and two other locations were also used for WP4 package four. This is a complicated
scheme, that | will not explain, with the number of plots at each location, but here you see that some
accessions were common to all locations and some of them were specific for some of these locations.
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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 | think that also worked at EUCLEG, the design of the different field trials.
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«  Management (plant profection, fertilizer, number of harvests, ...)
standard vs local practices

In 2018: Cutting regime as lorally used to guarantee best establishment of plant stands
Number of cuttings per year [ 2019 - 2020): 3 10 5 depending on the site and climatic conditions,

An unigue cutting date for all plots in ane ste: 10% flowering of a well known variety in your condition
Record date and stage

After establishment, no herbicide, noinsecticide, no irrigation except If the trial is severally threatened

If 8 treatment is apphed, record pest, product and date of application

After establishment, na fertlization

Red clover

These are all things that we agreed on in advance. Here I’'m just showing an example of red clover to

illustrate what | 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.
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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. | 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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« Owerview of traits to score with detailed description in phenatyping protocol
= Eslablishmenl and developmend [ and R stages, canopy closure, _...)
* Disease incidence
= Abiotic stress

= Harvest (e.g. sovbean)
= Yield (kg, #saeds, saed megularites)
= Dnar monphobogical characteristics of subsed of plants (rumber of pods, number of branches, ....]
*  Theusand saad waight
= Subsampla tor guality paramatars

+ Workhops to discuss and check that everything is clear to all partners
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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.

. ‘ ( EUC
Example soybean | “. LEG

3
i Plant emergence 13, Protein content & composition (1IVO)
2. Plant vigour at emergence 14, Seed weight
3. VZsiage 15. Plant length
4. Plant beight at V2 16, Meight first pod
5. R1stage (start Howering) 17. Mottied seeds
6. R2 stage {full Howering) 18, Nede number on the main stom of
7. Dhseassas, pests the plant
8  Abiotic stress 19. Number of branches with pods
9. REstage (maturity) 20, Distrdution score
10. Lodging at RE 21. Seed number per plant

11. Seed yleld

12, Moisture content

q fron the

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
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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.

NSO SRR . - ™ EUC
Phenotyping protocols Y CEG

One version ready before start of experiment — preparation led by crop
expert in close collaboration with all partners involved

Revision after first year
- Traits difficult / impossible to record?
- Adjustments of protocol when needed
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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. | 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 | 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.
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EUCLEG strengths

- Common set of accessions per crop (not only for field tnals, but for all
axperiments in Europe)

- Data organized in central database
- Strongly coordinated work

Huge scientific and LOGISTICS work
BUT, datasets of high quality constructed, also for future work
== jllustrations in this workshop

| come now to the discussion and the conclusions or what the main message of what | wanted to say is. |

hope that | have convinced you about some of the strengths of our project. Things that | certainly would
like to takeover to other projects in the future. So, it was very interesting, and | 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, | 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 | have seen happening in several other
projects.

It was important to coordinate the work. | was work package 4 leader, and | 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.
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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?

| will take the example of soybean, to this table that | said | 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 | to Il. 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. | 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.

About the author

Dr Isabel Roldan-Ruiz, Scientific Director at Institute for Agricultural, Fisheries and Food Research ILVO, Plant
Sciences Unit in Melle Belgium from 2008 and Professor at Ghent University, Department of Plant
Biotechnology and bioinformatics from 2017. She coordinates research of agronomists, plant geneticists,
breeders, ecophysiologists and modellers with a main focus on grassland grass and clover species, and
protein crops such as soybean. Today her main research area is molecular plant breeding. Isabel Roldan-Ruiz
is leading EUCLEG WP4.

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*" September and 1%
October 2021

Recording link to the presentation: https://youtu.be/pyKe069u-ng
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3. Selection of genotyping platforms: GBS and SNP arrays for individuals

and populations
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Emeritus Professor, IBERS, Aberystwyth University, U.K.
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Leif Skat, Aberystwyth University

Nucleotide polymorphisms E E

Base substitutions — one of more bases of DRA get changed

Tndividual 1: GATTRACCGTRELATS
Individual Z: GATERCCACHRATC
Insertions or deletions — one or mare {sometimes hundreds!) of bases
ara added ar removed from a stretch of DRA
Individual 1: GATTACCCETRELRTC
Individual 2; GATTACCAATGTAATC
Individual 3: GATCCSTRATC
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This chapter concerns the genotyping platforms that are especially relevant for the EUCLEG project. All
genotyping nowadays start with single nucleotide polymorphisms as the basis for all genotyping. As you can
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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.

. o i ™ EUC
Why are we interested in genotyping in crops?
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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.

Wihy are we interested in genatyping in cropsy [ ' I
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Genome wide assocation studies (GWaAS)
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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.

Genomic selection
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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.
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The final reason | wanted to mention is of course the price. | am sure many of you have seen this slide
before. Since 2007 when next generation sequencing was introduced and really started to gain in
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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.

Current genotyping platforms E EEE

= Whole gename resequencing
« SMP arrays

* Reduced representation sequencing
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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

Considerations in choosing genotyping platform “ EUC
' ' watl LEG

*  Linkage disequilibrium

* Inbreeding or outbreeding lifecycle of crop

*  Price per sample
*  Ploidy

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
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project. Price 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.

What is linkage disequilibrium™?
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D = pAB —pA x pB

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 findingthe Tora 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.

Measures of LD

D = pAB —pA x pB

+ [ is dependent upon allele frequencies
+ We wish to normalize the expression (0 — 1)

r? = D¥(pA,pB,pA;pB;)

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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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.

12 in association mapping
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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.
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Polyploidy E:

Allopolyploidy:
The combination of genomes from two ar more related species through hybridization and
subseguent chromasome doubling (Bread wheat, White clover), Behave like diplaids

Autopolyploidy:

Thez failure of meiosis or mitosis, and the fusion of unreduced gametes (Potato, Alfalfa)

Palecpolyploids are tormed at least several million years ago with ancient and dipleoidized

Eenames (Malze, Sovhean)
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Now | 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.

Polyploidy E.: EUC

= Impacts on genotyping
=  How totell the difference between allelic SNPs and homeologous SNPs

=  Competition for primers in allele-specific primer methodology
= In NGStechnology read depth needs to be larger in polyploids

# In diploids 7.7x coverage needed for sequencing of both alleles 99%
of the time

# In polyploids 50x to 100x needed
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The other one is autopolyploidy and that’s basically when there’s a chromosome doubling going on, as a
result failure of meiosis or mitosis. Examples of that are potato and alfalfa. Paleopolyploids are formed a

agreement n°727312.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

37



Y EUC
—d LEG

long time ago and are ancient polyploid and they have a diploidised over the millennia and examples of
that are maize and soybean.

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 | 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.

Polyploidy KY e
*  Divergence between subgencmes in allopolyploids is impartant

«  [fFmorethan 2% divergence read mapping can be done with less than 2%
mismatches par read.
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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.

agreement n°727312.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

38



EUC
—d LEG

Whole genome resequencing “ EEE

*  Price is still an important issue

= Sequence coverage needed can vary from 1xin inbreed species to 15%in
highly heterozygous species, or *»30x in poaled populations

* Ifhigh coverage is needed and the genome is large, the cost for a GWaAS
panel of a few hundred can be seversl hundred thousand 5,
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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.

Whole genome resequencing [__: ELEJE

s Price is still an important issue

= Sgquence coverage needed can vary from 1y in inbreed species to 155 in
highly heterazygous species, or =30% in peoled populations

*  |f high coverage is neaded and the genomeis larga, the cost for a GWAS
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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.

SNP arrays Y, EUC

«  Affyrmetrics and llumina are the main manufacturers
«  dbarrays

*  2Lhcrop species
. From 3K to 820K markers

b wial T M YL T TSR ek DRy 2T BT R

farlzar SL20 of Curcaman Unlor
Fdx prodeczk wen -eeeleed Taepdrg 01 tne Eu-cpean Jdrdents Hatlaen of641 Prajromss rar BEscearch

Irrceaaklen under grars agresmatk a'TETAL

The next platform which was used in the species that were talked about in detail yesterday. Affymetrics
and lllumina 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.
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Humina workfllow

Each chip dowes 22-24 samples across 3000 te 1 milfor SKPs oer sample
Chip surface coverec in CNA probes nest Lo known SMPs in that gerome

Samole DNAEnes to orabes anc is used as a temg 2te to cooy. When the SNP is acded, the different bases
arz labeled with differartdyes.
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This is an example of the llumina 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.
Ais 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.
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SNP arrays

Advantapes

+ Accurate calling

« Bininformatics relatively straightforward
Disadvantages

= Ascertainment bias (no discovery of novel infarmation)

= Prior sequence infarmation regquired

*  Many individuals need to be genotyped to abtain allele frequencies

in highly heterczygous specias
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| will now 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 | will come back to this. There is a third method, which | feel | 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 | think there’s less and less usage of that compared to the next Gen

sequencing that | will go onto now.

Genotyping by sequencing
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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 | 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.

Genotyping by sequencing E: E‘.g'é

*  Phernotype data in autbreedingforage crops often based an plots of half-ar full-
sib familiesar papulaticns consisting of genetically different individuals
Relating such data back Lo genolype data i individuals is difficult

# I the FEUCLEG project zenotyping in red cloverand alfalfa s based on GRS data of
pooled samples from each accession
For cach accession leal samples from 100 or 200 individuals (alfalfa and red clover,
respactively}were poaled before DNA extraction
GBS Lechnology used o chtainallele requency data based on accurrence of sach
allelein individual SMPs
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Genotyping by sequencing Ky E'{;’E
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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
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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.
Alfalfa genotype data kY EEE

it

+ 1016 accessions sampled and genotyped

» Samples from each of 100 plants per accession were pooled and
sequenced

* At least 9 million reads per sample

*  MVarious filtering processes resulted in 227,092 5NPs available for analysis
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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 Msel were used in
both species. There's a minimum read count of 30, certainly in red clover. | 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. | 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
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over 200,000 markers resulted that are available in the in the Progeno database platform that everybody

has used.
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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.

Red clover genotype data [: EEE

¢ 12,251 GB5-tag locl are present In over 600 of the 841 samples or populations

* Those loci are used to identify polymaorphicsites and extract SMP allele frequencies,

*  fAverage distance between nelghbouring GBS-tag loci |s 34Kb. 3.7 5MP markers per
GB5-tag on average reveal high levels of sequence diversity (1 SMP / 40 bp) across
the populations

* 55014 SMP available for anakbysiz
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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.

Alfalfa and red clover E‘;EEE

Alfalfa Red clover
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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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Vicia faba genotype data E EEE

«  [DNA from a set of 400 faba bean accessions was sent to the
University of Reading, UK, for genotyping. The faha bean 50K
Axiom Array [Affymetrix) was used [Donal O Sullivan pers. Comm.)

* 34,354 5NPs identified

« 11,387 (33.4 %) out of the 34,354 genes analysed were
menamaorphic [non informative).

*  The final score matrix include 352 samples with 22,867 SNPs
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Now | 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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« 260 accessions were sampled
= A 13K SMP array was used for genotyping
* R package "Argyle” (Morgan) used for initial QC

= 12365 markers available for analysis
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For peas 260 samples were used and there was a 13,000 SNP array for genotyping and over 12,000 markers
were available for analysis for Progeno. Also here there are some examples of initial analysis of genomic
relationships and genomic predictions of potential RIL performance in pea.
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* Soybean EUCLEG collection has been genotyped
using the 355K SoySNP microarray

* And 394 Chinese accessions {the NJAU collection)
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Finally soybean, the 355K soySNP micro array was used which was developed by our Chinese colleagues.
480 samples European samples were used and 394 Chinese accessions. There has already been published a
paper with a detailed analysis of the genetic diversity of these panels here and more discussion in the
chapter on soybean so | won’t go into that any further here.

Soybean E EEE

«  Quality control resulted in 805 good samples with 229,557 SNPs

*  We have positioned the SNP coordinates onto the novel genome
assembly Glyma WmB2.a2 resultingin 224,993 SNPs for further genetic
analysis.

*  This datasetwas divided in thres subsets: EUCLEG, MIAL-WIEE and N1aL-
Cultivated, comprising 477, 82 and 246 accessions respectively (NJAU
subsets according to Wang et al. {2016)).
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# Reference genome availability
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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?

| mentioned it briefly, basically because alfalfa is tetraploid, you have double number of genomes. | know
people who are working with fewer numbers when they pool data, but certainly | 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

This project has received funding from the European Union’s
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with soybean, and I’'ve had similar results when | have looked at data from perennial ryegrass. | haven’t yet
checked it out with red Clover and | 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 Skgt 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.

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%
October 2021

Recording link to the presentation: https://youtu.be/H414E65)1-w
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4. Introduction to inbreeding species: traditional breeding
methodologies

David Lloyd
Head of Forage Breeding, Germinal Horizon, based at Aberystwyth University, IBERS, UK
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David Lloyd, Germinal Horizon

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 | skip over some of the more nuanced aspects of the subject.

agreement n°727312.
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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 | will go into some more detail

later.

This project has received funding from the European Union’s

Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.

53



Y EUC
—d LEG

: e EUC
Cultivars (varieties) q LEG

f [=2=3

What == cultivar? i :

" Cultivar = cultivated variely of plant [semetimmes just called “varieky ]
= foparists of plant thet hes eern developed far specilic Lsein
AL iltiradarticultursa ate, | S
S =T esuirerrents of dlistinedivaness, anilarmily arel sb=Dility [DLE) .-_-.-
—  Dégtincttecmas b most b distinet Fram e, 2eeady aeadabibe culbtozrs et I
= Lntfarmity: dbesdual sonetypes of thio caffsar sheuld ooafonn taa
oresonbed degree af anifarmity, =i
—  stability: 1t mast stay truz to s desonipbon whzn repreduced
—  Benerally measured as per zuidelines aubkshed By Internatizra! Urron for she
Pratemien of Wee Varaties of Flaris (UPOY)
TToamernber sl wien klieile P ==t gl =~
A poersen legsl polscticn ol varslies - -
= [ulthears debined tosces degoen by thelr raprodictive hlckagy
Pure ling Frhrascieg ] sidilvans
= Opznoacllinated popolatiar oultvars imasthy autbrecding]
— aza hybkrid, donal, mukline cic, culitvas

Hzrioa 3023 of Esrogean Unizn

Thi prec e b omoracd i fings Froa thae Sa st Hirdoan's i X0 e e e R s & i s iy did 20 (30 i resm

B

Cultivars are essentially a “cultivated variety” of plant. While “cultivar” is technically the most correct way
to refer to commercialized strains of plants developed for a specific use, it is often used interchangeably
with “variety”. Cultivars generally are protected under plant breeder’s rights, which can be thought of as
analogous to patenting. To qualify, a cultivar must undergo statutory testing to determine that it satisfies
requirements of distinctiveness, uniformity and stability (DUS). Distinctiveness means it must be distinct
from established cultivars. Uniformity means that individual genotypes of the cultivar need to conform to a
prescribed degree of uniformity: The plants within that cultivar need to be very similar to each other.
Stability means it must stay true to this description when it is reproduced. Requirements for DUS are
determined by the International Union for Protection of new varieties of plants (UPOV) an international
group that has 77 members, comprising roughly half of the countries in the world, including most of the
developed nations.

The way that we breed plants is defined by the reproductive biology of that species. For now I’'m going to
cover pure-line cultivars and will cover open-pollinated cultivars later. There are various other types
including hybrid cultivars that | am not going to cover.
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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
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A classic way 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.

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.
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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.
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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.
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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

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.

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*" September and 1
October 2021

Recording link to the presentation: https://youtu.be/H4TWfOINfcg
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5. Genomics assisted breeding in soybean

Hilde Muylle

Senior research scientist, Plant Sciences Unit, ILVO, Melle, Belgium.
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Soybean — a crop to grow in Europe S L EG

* Important oil and protein crop
* Food and feed applications

* Originated from East Asia
* Domesticated 7000 — 9000 yrs ago

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.
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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.

Soybean — a crop to grow in Europe K I'
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* Current soybean acreage in Europe is 5.5 mio ha
* Meet only 34% of current European need for soybean

=> Increase European’s protein selfsuffiency

Phatem s SO0 @ § memmren | b

g ey vy (e vaoes

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.
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Soybean — a crop to grow in Europe
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When 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° 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.

Soybean — European breeding goals K l‘
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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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Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
agreement n°727312.

61



Y EUC
—d LEG

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.

Soybean — European breeding goals (: LEIEL‘IE

Yield improvement through abiotic and biotic stress tolerance

Drought tolerance (slow wilting, fibrous rooting)
Cold tolerance during germination

Pseudomonas resistance

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.
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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 | 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 |
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 — Current breeding strategy

N

©

Self - pollinating species
Biparental crosses P1 x P2

F1
Single Seed Descent

F4
Release of variety F9

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 F; and through single seed decent you go up to F,4
and then from then on you can start to do phenotyping at the plot or row levels, where you can assess the
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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.
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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.

Soybean — gene pool for Europe g EEG
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The way we did this was first was by collecting the correct gene pool, which is necessary for breeding. As |

already said in my introduction on soybean, we have to use early maturing or very early maturing material
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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 | 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.
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Current European varieties show a narrow genetic base
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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.
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Soybean — EUCLEG collection K "

480 accessions ; UCLLG Collection
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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.
Soybean — EUCLEG collection (_‘" ELEJ(G:
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The first thing we did is to assess whether this collection was harbouring enough genetic diversity for the
work we intended to do. We compared the collection of EUCLEG with an already described collection from
China of 394 accessions that contained about 120 wild accessions of soybean and 270 cultivated varieties.

Soybean — EUCLEG collection g Egg

Genetic diversity inspected with 355K SoySNP array on 805 genotypes
EUCLEG + NJAU collection (wild and cultivated Chinese material)

- 285,953 SNP markers {80 till 20% polymorphic)
- SNP density = 23 SNPs/100 kbp

- LD decay = 55 till 188 kb

- Nucleotide diversity Pi between 0.23 and 0.31
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We used the 355K soybean SNP chip to analyse the genetic diversity of 805 genotypes. The SNP chip was a
highly useful EUCLEG tool, in fact this yielded the 285,000 SNPs available for genetic diversity studies. We
ended up with about 23 SNPs on a 100K KB region on average. We observed that LD decay was about 55 to
188 KB and we had very nice nucleotide diversity between 0.23 and 0.31.
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- 3 major groups :
- EUCLEG
- NJUA = Cultivated material
- NJUA ~ wild material

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.
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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™ 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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From this marker study and genetic diversity study we used this to also look to see whether we have
selective sweeps. We looked through the diversity in all the collections compared to the Chinese wild
material. We identified 23 selective sweeps in our collection, in fact affecting 4% of the total genome
length, which we should take care of. For some of the selective sweeps we already knew beforehand that
they might have been there in our collection, for example we knew that we had very early maturity
material in our collection and that those genes coding for early maturity might have been fixed in our
collection. Also other selective sweeps were identified and they were mainly located where QTLs for
important agronomic traits that have been selected for already are situated.
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Conclusion on genetic diversity EUCLEG collection :
- Reduction in genetic diversity
- Longer LD than in wild material
- Selective sweeps (eg on E2 and E4)
- No selection signature for determinacy
=> Enough diversity for breeding European soybean
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So that was a conclusion from our genetic diversity study on the EUCLEG collection. Indeed there is a
reduction in genetically diversity in the EUCLEG collection compared to the wild collection. We also
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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.
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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°degrees. Phenotyping under controlled conditions was done for cold
tolerance and germination, drought tolerance and disease tolerance.
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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.
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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.

Phenotyping — Drought tolerance g Egg

* 2018 drought was less severe than 2019

* Phenotypic diversity in canopy wilting and leaf senescence (h? =
0.12 -0.54)

* Narrow diversity for crop water stress index (CSWI)

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.
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To select for genotypes that can be early sown:
= Seedling emergence

=> Germination and seediing growth (control and cold)

oy O
4

P A e
= 1’; ‘

—N

L e I {
_—_ s e

etbon UL ol Leossss Uras

sd g bows 1he Bargew b

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.
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We could use high throughput phenotyping platforms, because this is also a message that | 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.
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Another high throughput phenotyping platform | 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.

Phenotyping — UAV methods
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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.
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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.
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The GWAS studies which were performed within EUCLEG was on the Soybean collection that | have been
describing using the 355K soybean SNP chip. We checked the association with given genomic regions for
each trait. | 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.

GWAS — flowering and maturity _‘4 G
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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.
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GWAS — disease resistance

* Pseudomonas savastanoi pv glycinea
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Similar for disease resistance, here we see two regions popping up for Pseudomonas resistance.
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GWAS — drought tolerance
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And finally, onto drought tolerance. We identified some significant associations and behind some of those

significant associations we have some reported QTLs on water use efficiency, for example.
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So indeed we have some quite interesting association significant associations, with important traits, but
how can we implement this now in the soybean breeding programme. One way is to use this knowledge in

our genomic prediction procedures. So in fact that’s what we tried as well within EUCLEG, to build

prediction formulas to predict yield and protein. We divided our collection into a training population which
was phenotyped and genotyped. We made a prediction model and then we tested whether this prediction
model was able to be applied on the test population and to see how good the prediction could, be solely on

the basis of genotyping.
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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.
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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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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
Soybean — genomic prediction q g
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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. It could be reduced to 2000 SNPswhilst having a

quite similar predictability.

Soybean — genomic prediction K " Egg

Inclusion of associated markers in prediction model
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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.

Sovbean — genomic prediction ‘ '
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Genomic prediction in EUCLEG collection :

- Composition and size of training set is important
- Marker number needed is low

- Associated markers as fixed effect aid

- Difference between traits
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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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Soybean — genomic selection
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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 F,4 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.
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Sovbean — genomic selection
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How to implement in current breeding programs :

- Depends on breeding scheme and related training set
Within population selection being superior to across family selection

- Renewal of calibration curves?
> Highest gain is achieved after 10 cycles

- Maintaining genetic variance
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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 |
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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.
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Looking also to soybean and going back to the start of EUCLEG and where we are now, | think a lot of new
tools have become available. A lot of knowledge is becoming available within soybean. Mainly outside
Europe, but | 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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About the author

Dr. Hilde 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*
October 2021

Recording link to the presentation Genomics assisted breeding in soybean: https://youtu.be/X10cMmQOO0joY
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6. Genomics assisted breeding in pea

David Lloyd and Radu Grumeza
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Storm Seeds: Radu Grumeza
Germinal Horizon: David Lloyd

2N ™ EUC
Usage of dry pea seed R CEG
= Usage of dry seeds for food
— High value protein and starch fractions use have expanded
substantially for food
Plant based burgers and meat replacement products
- Beverages
— Pasta
— Extruded snacks
Direct use as food: cracked pea, snacks, mushy pea, canned dry pea

= Usage for animal feed
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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
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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.
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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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Breeding objectives LY EUC
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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.
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Breeding objectives E: EEE

Aot stress
Grought and water deficit stress
Waterloggeang (WL
Head are mone sensibene Bo WL than other putses
Heat and temperature stress
Temparature abiove 15 °C can lead (o peed abortan and great vield losses
Lowe temperature decrease growth but have lower smpact on yield unless there i frost
Mitrogmen stress
Cuartiy of nitragen sccumidaied = combination of absorbed and Meed mitrogen
dostly irked with drought ard water deficit

g Hartron 3130 of Furcpssn Ualas
P T gt s denewd Terabng Tioey
Tmgm 2 TITIF

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.
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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.

Genomic resources | E_; FEE
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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.

This project has received funding from the European Union’s

Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.

91



Y EUC
—d LEG

Genomic selection ‘: Egg
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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.
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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 Al. 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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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.
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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%
October 2021

Recording link to the presentation: https://youtu.be/FTiZy33gSyE
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7. Genomics assisted breeding in faba bean

Dr Ana M2 Torres
Senior Research Scientist, IFAPA, Cérdoba, Spain
EUCLEG Faba Bean Species Expert
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The crop: faba bean “‘ EEE

® Fourth most widely grown cool season legume

* Worldwide cultivated area: 2,5 M has W

* World production: 5 Mt . u r.*ﬁ’

* Main producers: =
* China, Ethiopia, Australia, France : f i\

* Partially allogamous annual crop '
® Small chromosome number: 2n =12 (n = 6) §
* No wild relative known

* Great variability within the domesticated gene pool
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Faba bean is one of the oldest crops grown by man since the beginning of agriculture. Due to the high
protein content and high yield potential, faba bean is today the fourth most widely grown cool season

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.

95



W EUC
-d LEG

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.

Faba bean variability (‘" Egg

Long history of cultivation, wide distribution, mating system and human selection
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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.
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Faba bean variability 5‘; ElEJ(C;

Long history of cultivation, wide distribution, mating system and human selection

» Botanical groups:

« Major (1,11 -1,70g)
- Equina (0,61-1,10 g)
« Minor (0,41 - 0,60 g)

« Paucijuga (0,31 -0,40g)
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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.

Faba bean challenges (‘ Egg
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Resistance to biotic and abiotic stresses e L ]
2. Yield and appropriate phenology related traits (- Quantitative trait loci (QTLs)

3. Enhance seed quality

Low tannin and vicine-convicine Qualitative loci
4. Crop architecture

Plant growth habit

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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Biotic and abiotic stresses

“ Broomrape (Orobanche crenata): parasitic weed,
damaging in Mediterranean basin, Northern Africa

“ Fungal diseases: * Abiotic stresses:

v" Ascochyta blight (Ascochyta fabae) v/ Cold/frost tolerance
Rust (Uromyces viciae-fabae) ¥ Heat/Drought tolerance

v Chocolate spot (Botrytis fabae) v Salinity tolerance

v" Downy mildew (Peornospora viciae)
v" Foot rots (Fusarium spp.)

® Insects:

v Black bean aphid (Aphis fabae)
v Bruchid seed beetle (Bruchus rufimanus)

Here | 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.

Molecular breeding approaches (“ Egg

A. thaliona
130 Mbp  Medicago truncatula Faba bean

450 Mbp 13,000 Mbp + Difficult genomic studies,

« Genome assembly,
» Map-based clonning

Soybean
,200 Mbp Pea

—

enome Size: 13 Gb

P Horlzon 2020 of Furopean Union
. s This project has receved funding from the Eurcpean Uon's Honzon 2020 Programme for Hesearch & innovation under grant agreement
! - g

n= 12

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

Molecular breeding approaches E_: Egg

W 2000 - 2015 > 2015 - present

Classical breeding & Synteny with Medicago 17 RNA-Seq datasets
Orthologous genes

genetics era

Low resolution genetic maps

Anonymous markers Sequence-based Candidate genes
{RFLP, RAPDS, hg;ﬁmm markers identification
mictosatellitos, ;
SCARs. CAPs, STS, m} [ESTE, ITA.PS, SHPE} {SNP markers }
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Genetic maps (1990 - 2015)

3
—m
mC
alg)

* Selection of contrasting parentals
* Development of F2 or RIL populations for mapping

1 |

* OTL validation: stability (environment, backgrounds)
« QTL saturation (positional or functional markers)

: ]

Diagnostic markers or identify candidate genes
for MAS (Marker Assisted Selection)

Huoricon 200 of European Union
Whes progscl beas peceived Turddieg from Lhe Durapesn Uinkan's Hioef 2om 2000 Frogramims i Resesch & Inncyaton under grant sgieemsn|

el R

Among the genomic resources | 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.

Genetic maps (1990 - 2015) [» EUC
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Genetic maps (1990 - 2015) "
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For example, highlighted here are the first maps used to assign the first linkage groups to chromosomes,
using the progeny of trisomic plants.

Genetic maps (1990 - 2015) q
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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.
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Genetic maps (1990 - 2015) ™ EU
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Several QTLs have proved to be stable across years, these QTLs have been validated and the targeted QTL
regions have been further saturated with more candidates.

Genetic maps EUC
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Genetic maps (1990 - 2015)
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In green are highlighted the first gene-based genetic map, anchored with orthologous markers from
Medicago truncatula and next, the first exclusively SNP-based genetic map.

Consensus maps

Satovic et al. 2013: 3 RIL
- 2% anonymaous and gene-based markers
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The development of new sequences and marker datasets has increased in density and utility of gene-based
genetic maps. Above is the first consensus map that was developed using 3 RIL populations and also shows

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

EUCLEG.eu

103



— LEG

the position of stable QTLs controlling Ascochyta or Orobancha resistance and flowering and reproductive

traits.
Consensus maps ™ EUC
Webb et al. 2016: SNP-based consensus map (6 RiLs) > [Porihst -EG
- 687 SNP markers on six linkage groups Fomye
' . - ~ M " MenaT 10582,

| FAte O D)1 » AP ARTA 1520
) L g

-il =

.“ = ; “ ¥ Mine and validate > 800 SNPs from
; " ‘ = 1= ' transcriptomes + most informative
: ' 0 SNP assays from previous maps

IV

v KASP (Kompetitive Allele-Specific PCR, LGC
genotyping technology = enables accurate bi-
allelic discrimination of known SNPs and InDels

Webb et. al. in 2016, reported a SNP-based consensus map using 6 RIL populations. Markers were obtained
after mining and validating the SNPs from different transcriptomes and included SNP assays from previous
studies. This effort was very useful for the crop allowing the development of a genotyping technology that
is being widely used by the faba bean community today, to perform accurate bi-allelic discrimination of
SNPs and InDels in different mapping studies.

Consensus maps ™ EUC
: ] | | E Carrillo-Perdomo et al. (2020) —d LEG
o “  Most saturated consensus map (3 F4s)
% 5 ® 1728 SNP markers
"y _
!

. s Transcriptome data from 4 accessions
(HIVERMA, NOVA GRADISKA, SILIAN,QUASAR)

EnE 3

[ I | ‘ “ 105,828 gene-based SNPs

Identification of candidate genes of agronomic
| | interest through synteny-based approaches
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The last consensus map was published by Carrillo-Perdomo et al. in 2020, using many more SNP markers

from the 3 Fss 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.

Other relevant maps ™ EUC
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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 bi-
parental 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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MAGIC populations

11 EU winter bean

Identify regions

frost adaptation 4 founders

Multiparent ad\)ancedsgenera on interc

Sallam, Martsch, 2015

Morphological,

8 parents
2000 F4 individuals

Heat, drought,

biochemical traits ascochyta blight,

chocolate spot, rust,
broomrape resistance

Maalouf et al., 2019
(ICARDA)

Khazaei et al., 2018

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.

Faba bean transcriptomes EUC
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" MNGS platforms, RNA-seq technology = enhanced speed of faba baan gene discovary
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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.

Gene diSCﬂVET‘f: ti (terminal inflorescence) " EUC
watl LEG

< fi facilitates crop management and mechanical harvesting

 Translational genomics proved TERMINAL FLOWER (TFL1)
controls determinacy in Vf as in Medicago, Arabidopsis, soybean
and other legume and non-legume species

v Sequence alignment = a non-synonymous aa change

@ /dCAP: diagnostic marker for determinate growth habit
Leu-9 to Arg

RE (Tag 1)

Avila et al.
(20086; 2007)

In the next few slides | 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.

agreement n°727312.
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Gene discoveries: q_uality traits

1. Tannin content (2 genes zt7 and zt2, chr. Il and Ill)
2. Vicine-convicine content (v-c, chr. 1)

- Lower protein digestibility and energy content in animal feeding
- V-C produce favism in genetically predisposed humans

Population F2/ RIL
Bulk 1 Buik 2

l_ PCR _1
B1 B2

||||||||

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.

Gene discoveries EUC
- K% CEc

Low tannin content

F, zero tannin F, high tannin

,:9 &&".‘QQ g' Gutierrez et al. (2007; 2008)
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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.

Gene Discovery: zt1 ™ EUC
Comparative mapping appreoach with Medicago truncatula —d LEG

Wi Chr 11

Transparent Testa Glabra 1 (TTG1) a WD40 TF
determining flower color in Mt is the faba
bean zt1 (Webb et al. 2016)

zt1 characterized and allele-specific diagnostic
marker developed to differentiate zt1 in MAS
|Gutiérrez and Torres, 2019)
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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.
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Gene Discovery: zt2
Gutiérrez N, Avila C, Torres AM (2020):

v Comparative genomics Mt
v Candidate gene approach
¥ Linkage mapping (3 pop)

¥ Gene expression

¥ Fine map zt2

v ldentify TT8 (TRAMNSPARENT TESTAB), a
basic helix-loop-helix (bHLH) TF as the
locus underlying zt2

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.

Gene discovery: vc EUC
watl LEG

L]

Most difficult faba bean quality trait to discover

L

Mumercous SCARs and KASP markers developed
(Gutigmez et al 2006, 2007, 2016; Khazaei et al 2015, 2017, 2018, 2020, etc.),

L

Large intervals + v-c biosynthetic pathway unknown
< hampered saturation with functional candidates

Bjornsdotter et al., 2020: the first enzyme associated
with v-c biosynthesis (VC1) encodes a bifunctional
riboflavin biosynthesis protein (RIBA1)

ta Hnriacan MI200nf Furspean Uinlna
R This project has recetved furding from the European Ureon's Hortzon 2020 Programmes for Bescarch & innovation under grant agreement

nFEFILY

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

This project has received funding from the European Union’s
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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 Bjornsdotter 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.

Faba bean genomics before EUCLEG [» EUC
SUMMARY: .« LEG

* ONLY genes for quality (tannins, v-c) and ti identified /markers available for MAS

QTLs abiotic and biotic stresses reported, but validation + saturation genomic regions needed
to uncover reliable marker-trait associations = NO gene/markers available MAS

NO reference genome
Synteny with Mt (translational genomics)-» identify candidates in colinear regions
Transcriptomes - high density gene-based maps

-> genes differentially expressed, candidates for genomic-assisted breeding

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 | 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.

agreement n°727312.
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EUCLEG (2017-2021) EUC
L% [EG

AIM: reduce Europe and China’s dependency on protein imports by
developing efficient breeding sfrategies for major economic legume
crops (alfalfa, red clover, pea, faba bean, soybean)

Crop diversification, crop productivity, yield stability, protein quality \

OBJECTIVES:

Broaden genetic base of the crop and analyse the genetic diversity

Analyse the genetic architecture of key breeding traits using genome-wide association
studies (GWAS) = Markers related to phenotypic traits

“ Evaluate the benefits brought by genomic selection (GS) to create new varieties.

Horlran 202000f Farnpean Unios
This Fr|:||:|:1 has recenved funding from the European Union's Horz OFrogramme for Hescarch & innovation under grant agroement

n"v2ralz,

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.

GWAS in faba bean EUC
E LEG

* Sallam et al. 2016. Identification and verification of frost tolerance QTLs
* 188 winter faba bean lines
* 156 SNPs (KASPar)

* Faridi et al. 2021. GWAS of faba bean resistance to Ascochyta fabae
* 188 winter faba bean lines
* 1829 AFLP and 229 SNP markers

* EUCLEG: step forward the faba bean GWAS analysis
“ 400 faba bean lines / key agronomic traits / environments
“ Genotyping: Vfaba_v2 Axiom array (Angra & O'Sullivan, 2017)

0 od Fairnpean Linlon
= received furding from the European Unior's Honzon 2020 Programme: far Besearch & Innowation uncer grant agroement

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

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.
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population, 188 winter faba beans and a number of SNPs of 156 in the first case and nearly 2000 in the
second case.

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.

Genotyping (: El_-_’g

Rayetal20'5 Zhangetal2015

Webb et al 2016 Ocarna et al 2015

Transcriptome datasets from different varieties,
tissues, etc. downloaded from the Genebank to:

- Produce a validated SNP database
- Design high density array from Affymetrix (> 50.000 markers)

) of Furnpssam 1iniom
t has received funding from the European Union's Honzon 2120 Programme for Rescarch & Inmowation uncer gramt agrecment

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.

agreement n°727312.
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ject has recsived tunding from the European Union's Hoelzon 2020 Programeme tor Ressarch & Innovation under grant agreement

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.

Partners and activities ™ EUC
ad LEG

® Field trials (5 locations) x 2 years

1. Jokipinen (Boreal, Finland)
2. Melle (UGENT, Belgium) :I’ 100 acc mmmg) (GXE)
1, Krusevac {IKBKS, Serbia)

=

. Sevilla (Agrovegetal, Spain) ], 400 acc - {Gwhsi

. IKBES {Serbia)

O Drought resistance (100 accessions, 2 years)
6. Sanitz, JK|, Germany)

© Quality traits (400 acc, 2 years)
7. IFAPA, Spain

n Linsan

Funding feom U Eweouean Uniur™s Hosizon 2020 Progeammne [oe Resesach & hinerabion under granl agrasment

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

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.
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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.

Phenotyping

43 agronomic and adaptive traits evaluated

Architecture Morphology
» Branch number r Leaflet size
» Plant height r S<?ed color

# Height first pod # Hilum color

[ Phetiolony O\ (Vield )

Flowering dat g
e # Pods per plant

» Seeds per pod
» Seed weight
»100 seed weight
» Plot yield

# Flowering

» Flower color

» Flowers/node

» Flowered nodes/plant
>

-

5

%

Height of the first pod
Pods/node

Pod length

Maturity date

& >

coem e Curopesan Urvon's Horizen 2020 Prograeime Toe fesssrch & innovstion under grant agreemen]

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

Phenotyping [» EUC
ﬂtress resistance \ - Natural occurring pest and diseases ‘ L E G

» Orobanche crenata

» Chocolate spot

» Ascochyta blight

» Rust (Uromyces fabae)

» Lodging tolerance

» Shattering
» Drought
Horizon 2020 of Luropesn Unive
pject has received funding from the Curopean Unian's Horlzon 2000 Programme for Research & Innovation under grant agreement

In addition, partners recorded the stress resistance to naturally occurring pests and diseases.

agreement n°727312.
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Phenotyping

" Quality

» Protein content (%)

» Tannin (vanillin test and HPLC-MS)
» Vicine-convicine (HPLC-MS)

1horizon 2020 of Curopean Union

ot has rocsived funding from the Furopean Union’s Harzon 2020 Programme

arResearch K Innorwation uncer grant agreempnt

Concerning the quality traits, we have analysed the protein content, the tannin and the vicine-convicine
content of these accessions.

GWAS

SNP catalogue population structure phenotypk data points h-“
' Q matrix

OCATCOTY “@

GCAACOTY &

OCATTOTY

GRATCCY %

» GWAS +«

Genome-wide p-values

of SNP(s)-trait associations
b bk b il
Identify Gene & QTL associated with the trait

Horiran 2020 of Furopean Unkon
ih has received funding from the Europ Union's Horlz

ogramme for Research & innovation under grant agrecment

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.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
agreement n°727312.
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[ Gene characterization |
GWAS SCHEME ! (‘

5
%%
[*}

~m
mC
ale

Gene identification

Assoclation detection &
walidation

Algqudah et al. 2020

‘te Horlzon 2020 af Faropean Unlon
. . This project has recenved funding from the buropean Urion's Horeon 2020 Programme for Research & Innovation under grant agreement

n*727312

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.

1. Faba bean phenotyping 0 ;

Boxplots for raw phenotypic were filtered from outliers ' dE
Broad-sense heritability estimated

Best linear unbiased predictor (BLUP) used to adjust data across locations or years =
better estimates of phenotypic values considering G x E

Hartran 2020 of Furopean Union
T ect haz received funding from the European Union's Henzon 2020 Programme for Research & Inncvation under grant agreement

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.

agreement n°727312.
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2. Faba bean genotyping ™ EUC

QUALITY CONTROL ANALYSIS - Remove:
v Markers with MAF < Q.05
«  NMonomorphic markers (1 allele or 99% equal)

Score matriX Include 352 samples with 22.867 SMNPs

Frorsrgmdmn gism Preasiged m s

o i e Wl WAk o - Refarance allele: 39%
: ‘ - Alternative allele: 50%

- Heterazygous: 10%

- Missing values: < 1%

. Imputed by allalic frequencias

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.

2. Faba bean genotyping ™ EUC
wad LEG

© Genome Zipper: exploits the synteny with Medicago fruncatula to identify, order
and structure chromosomal sequences of large genomes that lack physical maps

Genetic maps positions in 3 RIL populations
Score matrix: 22.867 SNPs

Me M2 SNPs
. Chromosome markers
Vol 1091
- Vo2 930
= Vo3 545
Vo4 655
V05 533
VOB 705
TOTAL 4.459 (17 %)

rnimes Bor Besesich & inewalion umdsr grant sgiesimen|

As | 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

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.
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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.

3. Population structure EUC
!.: LEG

Calculate relatedness correlation among individuals due to mixture! historical structure.
Methods used:

Principal components analysis (PCA): considers the genotypic data to deduce
genetic variation that can be explained by a small number of dimensions.

Kinship matrix (K): calculate the relatedness between pairs of individuals using
genotypic information.

STRUCTURE: identify subsets of the whole sample by detecting allele frequency
differences within the data and assign individuals to those sub-populations based on
analysis of likelihoods.

‘ Horirnn 70 of Faropsan 1ininm

Thits progecct has received furnding from the European Uniae's Hongon 2060 Programmee for Rescarch & Innoyation under grant agreemeont
L[ kb kA

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.

3. Population structure [» EUC
wd LEG
Principal Components Analysis (PCA):

The first 3 PCs explained 88 % of the total variance

Cluster dendrogram

1. Exotic lines
2. Mediterranean accessions
3. Northemn types

Hosiaon 02000f Esyprean Uiivm
has recetesd furdieg foom the Furnpean Uirion's Hartrer 2000 Programme Bar Reseanch & Inpoeabian under grant apresment

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.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.
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3. Population structure "

EUC
-t LEG

Principal Components Analysis (PCA): 3D scatter plot

. | b

: - Mediterranean NnrthErP types

: K in= 186) {n = 159)
i!i L
L =
4 " \b A
&)
f " Exotic lines
" = {CHN, JPRL PER, THA)
’.l_‘ﬁ ‘_I - I:ﬂ: 24]
* e \ b g x
o L I

pean Linkon

wad funding from the Enropean Union's Hortzon 2030 Pragrammis for Ressarch & innovation under grant agreement

Here are same results, but using a 3D scatter plot and we can clearly see the 3 groups described above.

3. Population structure 1

—

Kinship analysis (GAPIT)

Genetic clustering heat map for
evaluating the genetic differences
among accessions

The association mapping panel was
divided in groups, with considerable
genetic differences among lines

e, Horizon 2020 of Europran Unéon
. : This projedt hes recsved funding Trom the Coropesn Ursoer’s Harzon rogramene 1or Resegrch & Innovation undes prant spresment

n*737312.

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

agreement n°727312.
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3. Population structure EUC
o

FastSTRUCTURE

Algorithm for inferring population structure from large SNP genotype data,
based on a variational Bayesian framework

1. Exotic lines
2. Mediterranean ac
3. Northern types

b ol buropean Uimion

of s rRcefead funding from th

Finally, the FastSTRUCTURE based on variational Bayesian framework also distinguishes the 3 groups as |
mentioned before, Exotic lines, Mediterranean accessions, and Northern types.

4. Statistical models (Gwas) ™ EUC
" " " wad LEG

Trait: Plot yield
“ Multi-Locus Mixed Model (PROGENO)

- Manhattan and Q-Q plots =» No significantly SNPs associated

funding fram the Eurapean Unier's Banzan 2020 Programme for Research & Innerratian under grant agroement

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.

agreement n°727312.
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4. Statistical models [cwaAs) ™ EUC

Trait: Plot yield
FarmCPU method (GAPIT)

- Manhattan and Q-0 plots = Mo significantly SMPs associated

Fasp[Pial X5 Pl _pald
FammCPULadj K17 Pl yield

- L]
-

L

The same happened when we used the GAPIT FarmCPU method. No significant SNPs were associated.

4. Statistical models (Gwas) ™ EUC

Trait: Plot yield
Multi-Locus Mixed Model (mimm.gwas, R package)

- 25 5NPs significantly associated
B3.7 % phenotypic variance

o L

a-:-'. B0 1SE0 HEM S
Banterroni threahold = 5.715151

Fevs Nt 0TV ul Lmsgedn Yaroi
v This prra eci ham reoshesd erad =2 han B ae Doanpeaan ek s Lz rb on 308 Frgaame o Do Meaeersa i Inmecslka s irde r preck apesmst
et bR

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.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
agreement n°727312.
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4. Statistical models (Gwas) ™ EUC
s LEG
Multi-Locus Mixed Model (mimm.gwas, R package)

| Pinkssplans A - el i E
RESULTS :
A, Pods perplant = 10 QTLs
B. Seedsperplant = 11 QTLs
- <. Seeds perpod = 19 Q7TLs
e - D. Hundred seed weight (H3W)2 31
C D
i
¥
4 OO : Manhattan ot of related yield components
| T S T T T S SMPs sigrificanty assodoied are showed abovs
A M T e b He Sorferzil threshaid fred line),

5. Genomic selection (GS) ™ EUC
wd LEG

GS uses large marker sets (SNPs) to predict the breeding value and select the best
candidates for further breeding

Prediction model is based on the genotypic and phenotypic data of training population
-> Genomic Estimated Breeding Value (GEBV). Tested different METHODS:

GBLUP QGBLUP

Genomic Best Linear Unbiased Prediction

& *

Use of genome-wide markers to Use of only the markers
predict performance of individuals identified in GWAS analysis

i Horicon 2020 of Curopean Union
v ! This project has recsived tunding from the Eropean Union's Hoeizan 2020 Programene for Ressarch & Innoyation under grant agresment
1= n°727312.

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.

agreement n°727312.
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5. Genomic selection (GS) EUC
Sopirs

mc

r FelE [P P
*m - 0
= — ] =
& =L B
=7 & For all the GTLs, QGBLUP gave better
prediction than GELUEP,
Decrease in zEe of the braining
“"'-“ m ™ population tended to  decrease the
| o o quality of the genomic prediction
1 ! H | H

Eftfect of the genamic model (GELUPMOGELUR) and size of the validation set on the pradictive
ability for related yield components (n faba baan

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.

6. Association detection/validation

Horizon 2020 of European Unloa
The propect bas reosived funding frum U European Union’s Hongon 2020 Programmne for Resesrch & Inoovation under grant agresment
0727312

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

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
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Conclusions and future prospects EUC
d LEG

(=22

GWAS is a driver of gene discovery in faba bean

GWAS output = pass statistical criteria = validation:
Candidate gene identification by defining physical interval

L)

" Reference genome assembly effort (NORFABE consortium) = underway
Pan-genome (University of Helsinki and Luke, Finland) = underway

" Consensus map 5x biparental populations = underway

" Annotated reference faba bean transcriptome (Escobar-Herera et al 2020)

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 pan-
genome 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.
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About the author

Dr Ana M2 Torres is Senior Research Scientist at IFAPA (Institute for Agricultural and Fisheries Research and
Training) in Cordoba, Spain. She graduated in Biology from the university of Barcelona and completed her
PhD at the University of Cordoba 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.

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%t October 2021

Recording link to the presentation Genomics assisted breeding in faba bean :
https://youtu.be/UmXQg2Y-Jps
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8. Introduction to outbreeding species: traditional breeding
methodologies
David Lloyd

Morton 2020 of furopean Lelon

s project has recoived funding from the Ewropean Union's Havaon XX Reseaor . N grant agreement
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David Lloyd, Germinal Horizon

In this chapter | 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 open-
pollinated, 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.

agreement n°727312.
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Outbreeding cultivars

. In contrast to Inbreeding spacias, outbreading spoces raly heavily on open pallination
Comgrised af populations of geneticaly non-ldentical genatypes

Can be though

Indiwduals are,

PORUSSLION Cultivars

ner, phenotypically similar
A valld analogy & the case of animad breeds

High levels of haterazygosity

Often susceptible to Inbreeding depressian
Odten 3 goletenous recessive alleles
St have to achere ta DUS
More scope far DUS fallures

Urnifoemity reguirement sometimes “loaser”™
Forage legumes
Clovers, ARalta

Same gram legumes hove signdicant leyels of open pallination and can be treated

A% either pure line or papulation cultwars

Faba bean & ood example of this
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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
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Breeding objectives

Simnilar 1o those of inbreeding species
orage vield

- g stadty

- Protein tontent
Isaflavone content [red clover)
Ferssience
- Unlike grain legumes, forage legumes are hatvested repeatedly
- Seed yweid

- Sometimes (mestakenlyl ao afterthought
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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.

This project has received funding from the European Union’s
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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.

This project has received funding from the European Union’s
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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.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
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Selected 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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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.

This project has received funding from the European Union’s

Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

agreement n°727312.

132



YV EUC
watd LEG

Recurrent selection

. Refinement of phenatypic selection

Spaced plants are selected as normal

Spaced plant nursernies
Mass sobectior
Solectpd plants are polyorassed In Insedt proof glasshousas
Progeny from polycross are planted Dack in spaced plant nursery
Same sefetion pressure imposed on a oyclic hass
. “Two pronged attack” can be used Select "best” plants,
Smaller set of selectans can be taxen for vanety production polycross
Maximises genebic gain

Larger set can be cycled Into papulaban improvemeant

Lower genetic gam

ower risk of Inbreeding cepression in ater genevations

Hortion 2000 of Bopesn Urdon
M Lsee

wn o e Cumsdend frum e | e

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.

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%
October 2021

Recording link to the presentation: https://youtu.be/fe-KF6R7gRM
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9. Genomics assisted breeding in alfalfa
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Alfalfa - Lucerne

A major legume species

« Highest protein production/ha in
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* Ruminant health
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Allogamous reproduction, synthetic varieties
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Julier et al. 2017, CABI Publishing

Alfalfa, or lucerne, is a major legume species that gives the highest protein production per acreage among
all legume species in temperate regions. It is quite drought tolerant; it has a convenient protein/energy

ratio. It provides some advantages to ruminant health, and it has positive effects in the rotation. It is an
allogamous species and the varieties are synthetic populations. In addition to that, it is an autotetraploid
species with 32 chromosomes.
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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.

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.
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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, | will provide an overview of different marker developments.
Then | will explain a bit more about the management of genetic diversity, genome wide association study
and genomic selection from EUCLEG results.
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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.
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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-Msel 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-Msel, 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.
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EUCLEG: an improved GBS protocol
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- Use of a reference genome sequence: Chen et
al. 2020
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After we have chosen these restriction enzymes, we have used a reference genome sequence delivered by

Chen et al. in China to map the GBS reads and we have obtained allele frequency of each accession.
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At the end, we were able to sequence more than 1000 accessions, we obtained more than 30 000 loci and
at each locus we had several SNPs, so we obtained more than 200 000 SNPs with less than 5% missing data
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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.
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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.
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Management of genetic diversity
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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.

Management of genetic diversity
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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.
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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 Fsr, a diversity index, among
groups, and you can see that the Fsr overall are quite low. The group giving the highest Fsr is group 6 with
the accessions of China.
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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.
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EUCLEG: a revision of diversity overview
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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.
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Now | 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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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.
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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.

This project has received funding from the European Union’s
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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
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Phenotyping (: Egg

Yield and quality (proteins, fibres, saponins)
400 accessions x 2 locations x 2 years
+ 100 accessions x 3 locations x 2 years
Germination
Disease resistance: fusarium, anthracnose
Drought and P tolerance
Drought x fusarium
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In EUCLEG, we were able to detect major QTLs in these accessions using a multi locus mixed model
(MLMM).

Genome wide association study (' EUC
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EUCLEG: Detection of major QTL
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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.

This project has received funding from the European Union’s
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Genome wide association stud (' EUC
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EUCLEG: Detection of major QTL
» Upto 10 — 20% of variation
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Protein content
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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.
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Now we will look at genomic selection. As explained before, it is based on a breeding population on which
we have both genotype and phenotype. First, you establish a prediction model, you test this with cross

validation. Then the plants obtained after crossing - that are candidates for selection, are genotyped. You
apply your prediction model on this genotyping data and, from the predicted values, you select the plants

Lenomic seieclion g LEG

you prefer.

Before EUCLEG
- 844 K SNP, 75 - 244 individuals
- Promising results, predictive ability ~ 30%
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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%.

e EUC
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EUCLEG

- GBLUP

- A good predicting ability: § B
0.52 <P <0.66 } =
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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

This project has received funding from the European Union’s
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matter yield, ADF content (fibre content) and protein content. The predicting ability was better for protein
content than for the two other traits.

= e el EUC
Genomic selection B EG

Tesl B Doy e _voit T ADF T8 Proses

Integration of the QTL
information in the ' =~
prediction model
(QGBLUP)

-2 P>0.80

Predcting ab#ty

Model

i TED0 of Kawpmas Liwas
Mras Dn Xy OF PO

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.
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Conseqguence in breeding

GBS are efficient markers

= Allele dosage in individuals

» Allele frequency in populations
« (Genome coverage

= Low missing data

- useful to analyse genetic diversity and genetic
determinism of breeding traits

This project has received funding from the European Union’s
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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.

. EUC
onsequence In bpreeding "
' = wat LEG

Management of genetic diversity

« Some specialisation of the breeding pools in
EU, America, China

« GBS markers to decide on the introduction of
new genetic diversity in a breeding pool

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.

Consequence In breeding (' EUC

GS models provide high predictive ability

« Even higher with the inclusion of QTL effect

- To be used to select promising individuals in
breeding pools
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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.
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Still to be done " EUC

« Extend the analysis of alfalfa diversity from
dormancy 3-7 to the whole species complex

» Improve cost-efficiency of genotyping
« Calculate genetic gain with GS
« Estimate cost-efficiency of GS

« Implement genomic selection in breeding
programmes

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 E U C L E G .eu
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Here | 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
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GS in breeding programmes 4, EUC
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Strength Genetic
« Reduced field work gain?

« Early selection for all predicted traits
« Reduced number of years
« Fixation of positive alleles is quick

Weakness
« No prediction for some traits Cost
« Staffs have to get new skills efficiency ?

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?

agreement n°727312.
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Still to be done l_: LEG

« Extend the analysis of alfalfa diversity from
dormancy 3-7 to the whole species complex

» |Improve cost-efficiency of genotyping
» Calculate genetic gain with GS
» Estimate cost-efficiency of GS

« Implement genomic selection in breeding
programmes

« Imagine the updating of GS equations

Genomic selectiol g LEG

Breeding population
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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

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu
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Questions and answers from the presentation.
(Q1) What was the cost per sample in your GBS approach?

Approximately 50 Euros for one population. Does that include the DNA extraction? Yes, everything apart
from staff time

(Q2) How many years of phenotyping does it take to build the genomic selection model and calculate the
prediction accuracy?

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. | 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%
October 2021

Recording link to the presentation: https://youtu.be/I6QEXn5Uhd0
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10. Genomics assisted breeding in red clover

Roland Kolliker

Senior Scientist at ETH Zurich, Molecular Plant Breeding, Institute of Agricultural Sciences, Zurich,

Switzerland
EUCLEG red clover species leader
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Red clover — Trifolium pratense L. 5 Egg
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Important forage legume grown as roughage for ruminants in
pure stands or in mixture with forage grasses
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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.

Breeding red clover g Egg

* Breeding aims TN
+ Yield and quality / '__“' .3:..... e
* Persistence, disease resistance :"“ I:HEE EE e
* Emerging traits... ' \}_‘_’E"f’i’"‘*‘"

. . \

. Breedmg st-rategles \‘ ?T"T:: .—-'.?.‘"TT
* Population improvement ' D R
* Open-pollination of elite plants Yoo =t i
* Pair-wise and poly-crosses &

e Hettoon 00D ol Fervpess WUhronr ETM urich
et ' s € Agroscope

Yield, quality, persistence, disease resistance and seed yield constitute the most important breeding targets

in red clover.
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Breeding red clover - challenges “ EUC
Breeding red clover - challenges A TEG
* Population based cultivars -~ ., w2l T 0t . e

* Complex pedigrees, many parents 5% \ 744

* Fixation of traits difficult ST IR | T ks 3

* Pluri-annual crop DIl o Sy A% e ST ™

* Improvement slow for many traits .
* Changing requirements et
* Emerging pathogens ' '

* Environmental conditions
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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.

Breeding red clover - opportunities l:: EEE

* Large pool of genetic resources

* Wild populations, ecotypes, landraces and cultivars

= Efficient breeding schemes and knowledge in phenotyping
* Increasing availability of genomic resources

= Reference genomes, low-cost sequencing technelogies, statistical
concepts

= Genomics-assisted breeding
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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.

| EUC
Aims E LEG

» Establish a diverse collection of red clover germplasm

* Create genotypic and phenotypic information

» Elucidate the genetic control of key traits

» Develop concepts / models for genomics-assisted breeding
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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.
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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.

Generation of genomic datz H‘L LEG
= DNA extraction on pooled samples Chremosome No of SNPs
= N0 plarts per accession, 1 sample 1 2255
. . z2 2167
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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.
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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
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southern Europe.
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Genetic characterisation E LEG

« 397 accessions genotyped with > 20,000 SNPs
= Clear penetic structure among accessions obhserved

+ Genetic differences between accessions partially correspond to
their country/region of origin

* Valuable resource for further analyses
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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.

Phenotypic characterisation q EEG

Field trials at five locations: Switzerland (Agroscope); Czech
Republic (DLF), Wales (IBERS), Serbia (IKBKS), Norway
(Graminor)
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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.
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Phenotyping in field trials

= 100 — 395 accessions per site

= P-rep design
* Phenotyping during two growing seasons
Establishment [ stand density / persistence

Time of flowering

Forage yield and quality {3-5 cuts per season)

= Disease occUrrence

Dynamics of regrowth
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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.
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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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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.

Phenotypic vs. genotypic diversity E EEE
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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.

High genotypic variance E EEE
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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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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.

Genotype x location interaction Ky EUC
(E wad LE

20 accessions grown at all locations
(Total dry maner yleld year 1)
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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.
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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.

Phenotypic characterisation [: EE G

* Significant effect of accession at all locations
* Significant accession ¥ location interaction
= Breeding for specific locations / environments

* Valuable dataset for further analyses
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So we observed a significant effect of accession at all the locations and we had significant accession by
location interactions.
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Genomic prediction (__,‘ Egg

* Prior to EUCLEG not many
studies on GS or GWAS in red

clover
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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.
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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.

agreement n°727312.

This project has received funding from the European Union’s
Horizon 2020 Programme for Research & Innovation under grant E U C L E G .eu

171



Y EUC
—d LEG

Genomic prediction E_: ELEIE

* First predictions for biomass yield and protein content and a
range of other traits

* Models / training populations need to be optimised

* |ncorporation of significant QTL in the analysis from GWAS
analyses

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.

Genetic control of specific traits (_L EEE

* Experiments under controlled conditions

« GWAS / QTL analyses to identify candidate genes and to
improve prediction models

* Traits:
* Disease resistance
* Persistence / winter survival

* Seedling emergence
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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.
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Resistance to southern anthracnose (| §
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Caused by Colletotrichum trifolii, increasingly problematic due to
rising temperatures
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Southern anthracnose, caused by Collecotrichum trifolii, is increasingly problematic due to rising
temperatures. It can cause very severe yield losses, especially in warmer climates. Currently it's not a

problem in Nordic countries, but in Switzerland for example it has become a major threat to the red clover
production.

R o i : : EUC
Artificial inoculation experiment | (_:‘ LEG
, * 397 accessions

* 24 plants per accession
* 4 biological replicates
» Artificial inoculation
* Single spore isolate of C. trifolii

* Survival rate (%)

* Association analysis

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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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.
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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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interesting candidates for further investigations and also for the development of marker assisted breeding
strategies.

Resistance to clover rot | g Egg
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Another important disease in red Clover is clover rot caused by Sclerotinia trifoliorum and this work was
conducted at ILVO.

Artificial inoculation experiment q Egg

T

* 395 accessions
: * 36 plants per accession
* 3 biological replicates
» Artificial inoculation

* Single spore isolate of S,
trifoliorum

* Survival rate (%)

« Association analysis
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Basically a similar greenhouse experiment with artificial inoculation using one single spore isolate of

Sclerotinia trifoliorum was performed and the survival rate was determined.
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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.
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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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Freezing tolerance
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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.
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GWAS analysis identified a set of eight significant SNPs, which explained around 45% of the phenotypic
variation.
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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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If we just look at the performance in the Nordic location at Arneberg at Graminor, the Nordic accessions

are clearly separated by principle components associated to winter survival, stand density in the years 2000
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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
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Seedling emergence, an important trait concerning the establishment rapid establishment of red clover

swards, was investigated in France at INRAE.

Variation for seedling emergence
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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.
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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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GWAS identified interesting candidates on two chromosomes which need to be investigated in more detail

in the future.

Conclusions E: EEE

= Extensive set of well characterised red clover accessions

* Phenotypic and genotypic data for genomics assisted breeding
strategies

* Basis for
* elucidating the genetic control of key traits

* further development of genomic selection models

» An important step towards improved red clover breeding
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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.
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(Q1) You refer to year one, was that the year of sowing or the year after?
The yield data | 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 | 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. | 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, | 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?

| can’t answer this question 100%, | 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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