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1. Introduction to EUCLEG

Bernadette Julier
Research Director at INRAE, Unité de Recherche Pluridisciplinaire Prairies et Plantes Fourragdfgsr(URP3
Lusignan, France.
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Horizon 2020 of European Union | g ELEJ%

Call 2016, SFS 44 : “A joint plant breeding programme to
decrease the EU's and China's dependency on protein
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This project EUCLEG was prepared after a call launch by the EU in 2016 éntidlatplant breeding
programme to decrease the EUs and CHirdependency on protein The call included many important
words requesting consideratioaf many topics such as forage and animal feed, productivity, climate
change, diversification, stresses etc. and also called for collaboration with Chinesgget.

— ¥ 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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Protein imporis in Europe and China [l EUC

mports of soytesm, 1560-2023

MR e oo

290

Proseted >

Geiz et al
2019

0 v - v v - Y
nom e Lot JSEILA) o aom a8 280 Pees

What is the problem with protein in Europe and China? Protein dependency in Europe is aoah89

China imports around 60% of the soybean world market trade. Most of the soybeapdged from the

USA and Brazil, or South America. The dependency is quite different in Europe and China. In Europe the
importsare more or less stable, but important and in China the imports began about 20 years agd to fe
animals. and the trend is for a strong increase.

Import/export balance for EU food producis l ' EUC

Soxe & Aaket 2004, TYEA, DS
Vinas =]
it 21d weetable
Fart rafens A guestion lar
) a[ecnom
epzlalie ails sustainab oy

Careals
=30 -20 -10 0 10 20 30 4DNAM

Soeres: burastat 2010

FETVMNILVHCTINNE KR M 4 240 % NI N ) IRTWE =N vE iU
4 % e

i T U M N ARl T TG e AL R L A R e e N
™ Matn OIS e T AL S Sy g e 3 T

Seen from an economic point of view, proteins peet of the section of plants that are largely imported in
the EU and it is an economic problem compared to other crops.
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From Nitrogen (N,) to proteins (' EUC
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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
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Legume species

(Fabaceae)

HOOZON 2000 of Exrdpean Unkon. O 2008 SFEAL A sl beodng  prosrsnme [
"Wlt L N (T R T L TS R T (T R T [P TINS (Lment IS (At s MW

- dEnan J020 Evovanny o Serant £ vzanien snase grst! ocrereet 0

What about the proteins? In fact the question here is how to transfer atmospheric nitrogen ges (m
exactly dinitrogen) into protein. Dinitrogen is a very stable molecule anésaz 68% of the atmosphere
It is a molecule composed of 2 atoms of nitrogen which bond with 3 very strong covalets. ditrogen is
acomponent of proteins. There are two ways to transfer dinitrogen into reactive nitrogen, the figgson
chemical synthesis carried out in industries, the process turns dinitrogen into ammonia byaugag
guantities of fossil gas energy. The second way is to use the symbiosis between legursesciicsoil
bacteria calledRhizobiunthat 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 amaratid
then plant proteins.
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We also have a problem with the nitrogen cycle at a world level. Nitrogen enters into thesptem,

mostly from nitrogen fertilisers that are applied on both crop and grasslands (72%). The segotitit
nitrogen enters the system is from nitrogen fixation with legumes, but this represents onlya2d%he

third way is from acquisition from the atmosphere (78y using this nitrogen, the plant grows to produce
grains, forages, fruits or vegetablestlihere is important leaching towards the hydrosystem. The plant
products are eaten either by livestock or the human population and again there is somefreaste

livestock or human effluents. As a whole, the nitrogen cycle is completely opemugthlosses that cause
pollution and question environmental sustainability of agricultural syst&fa 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 fiyation
expanding legume cropping and produce more plant proteins that originate frowgeitr fixation.
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Legumes

Protein-rich products

Y
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In EUCLEG, we have focused on the five major agricultural legume species in Europspétieseare

able to produce protein rich products, either forage or grain, whilst providing a p@sitivironmental
footprint. We have studied alfalfa( 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 tvecaspdhizmost
important legume crops in China.

Forages are used to feed ruminants mostly, monogastrics marginally and veyyhanehns. Grain
legumes are used to feed monogastrics and human and partly ruminants, mostly asisoybal
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To increase protein production where legumes are
already grown

To increase adaptation of legumes to more
pedoclimatic regions

Yield potential
and stability
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The expected impact of EUCLEG is to increase protein production in the regions where legualreadye
grown, but also to increase the adaptation of legumes to regions where we are not currently ajvtent
legumes at a competitive levélt the end, the production of feed and food must be achieved with a
improved yield and yield stability. This requires many improvements retatgdneral adaptation,
resistance to biotic and abiotic stresses, adaptation to climate change, also quality traigeibanding on
the species, refer to protein content and protein composition, forage quality and antitiongl
components.
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EUCLEG: Genetics as a lever
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EUCLEG uses genetics as a lever to achieve theseitgigdigsed on the use of genetic resources and also
elite material coming from worldwide sources, with an emphasis on material from Eanogh China. A

large phenotypic evaation 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 speciegenetgped. V¢

have studied genetic diversity, genetic determinants of traits and looked for markers associditdciv
variation i.e quantitative trait loci (QTL). We have also worked on the potefiigrmmic selection to
improve breeding programme efficiencihe 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

=1 krErsassn e R
A T L

EUCLEG had ambitious objectives at different levels. At the scientific level ghjiigive was to expand

the genetic bais used by breeders in legume breeding programmes, after the analysis of the genetic
diversity of European and Chinese legume accessions, using phenotypic traits and moladkéas.iiVe

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 fomgegelection 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 deeelomplecular 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 essegeiadtic

and breeding programmes.
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The EUCLEG workflow illustrated hixthe 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 genetésreso

we have collated between 200 and 400 accessions. We have developed or made usengf gaisityping
platforms, depending on the species, with the objective was to obtain more than 1hatk&rs. We have
genotyped accessions with the chosen genotyping platform. Accessions were preshotygifferent

conditions, either in multi-location field conditions, but also in conémltonditions, 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 obtainedfso feth 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 witvithuegume 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 Praintes et P
Fourragéres (URP3F), in Lusignan, France. Since her PhD, she has been continuously wegking on |
genetics and mostly on alfalfa or lucerne, the most famous, and protein producing foragessptazienain
topic was first to evidence genetic variation for energy value and to combinedtagd production. She
has been involved in projects on seed production and protein degradation too. More recentigskarch
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)
NE JvP (}JE P v PE Jv o Ppu 8} v & - -Ade(]V] vV BZ% EJE |§F]} e
more genetic resources and develop molecular tools to be able to create improved leguetes
(www.eucleg.elland thus promote protein production. She is a member of the Permanent Technical

}uul]d8s }( o S8]}v ~ dWAre Jv &E v U Jv §Z ¢ 3§]}v "&VYEZPEMe JuE( %
variety registration.

This chapter is based on a presentation given to the EUCLEG onlinestvapon the application of
cutting-edge genomic technologies in the breeding of legume sesdeld on the 30th Septembeand
15 October 2021

A recording of the presentation is availablehétps://youtu.be/z6 AWKmMKwXJO
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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

vad funding Trom the European Snlon's Horilzon 2020 Frograsme fer
inder §rant aproesEnt n*7ET3LE.

ILVO, Isabel Roldan-Ruiz

Hello, good morning. You have had a very nice presentation of the general objectives and theeswtictur
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 thingbyhd
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. | whiomoyou 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 discussitsn po

perhaps, on how we organize things within EUCLEG. Especially why we think that it was okagtt look

that way and why we think that it worked. Stressing also why we believe that we have produced quite high

<p 0]SC § ¢ 3eU §} pe Jv §Z }vsS AES }( $Z]* % E}i SU C $Z Epvv]
still must be done in the future and we are quite optimistic about what can be done wittiatzesets that

we have generated.
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Field trials in Europe
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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 todadyendssign of

the trials and how we approached the establishment and the follow up of the field trialsap&for the

five crops that we are investigating. In WP4 our focus was the analysis of yield componeatscagdality
parameters, including anti nutritional aspects of the crops that we investigated. Also3m#&Rad to

establish field trials, to define and to study the phenotype and to analyse the genedisitipresent 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 waen | giv
further explanations.
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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)

Horizon 2020 of Europsan Unisn

Irmmvabion under prank agreusest o TETILE

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 @mbeic relevance

using GWAS. Quite broad objectives. As explained in the introduction, some traits were exvauat
controlled conditions and some other traits especially yield related traits, but alspasitional 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 satoé s
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 rexpésifor the
European partners. There were some variations, but it was the main objective. So, this has contifbuted
course to quite valuable data sets that will also become public, once we have pulil€hexbults. They

will also be available for other researchers if they want to investigate further, because the data willdbecom
available in public databases. So, this was the topic of many discussions at the start of tB&EJCL
establish multi location field trials, but also multiyear field trials. This had tabe br five crops and the

main focus of the field trials was crop yield and crop quality.
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This is an overview of the locations that were relevant for work package 4. So you see here the five specie

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 dotsonti %X Wo ¢ }v[S 0}}l § §Z +%o

location of the dots, it is the country that is relevant, as the map is quite smalittthp dots accurately in

the right location. So, we had to coordinate the work at least two locations, to be sure thdataecould

be comparable at the end, because our main purpose was to combine everything together per $pecies,

have a joint interpretation of the data and a joint analysis of the data. But as | told you begareeded

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 accessiongfnot all

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 environmentt v&as

therefore necessarytocon] €& o EP & « § }( VA]JE}vu v8eX /v AZ § (}Joo}A+U Az
*]Pv }(8Z (] o SE]oe}( h>"(}E ](( & v8 *% ] *U /[lu E ( EE]VP :

jointly for work package 3 and work package 4.
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Joint field trials WP3 and WP4 Ky EUC
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So how did we approach this? | will now go through a number of requirements and@snie 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 maeafuro
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 noestffici
coordination from the beginning. So, the strength of EUCLEG as | already explained, or oneaifi the m
strengths, is that we were working with common sets of accessions to analyze the different traitdPer cr
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 thishgettteve

of the project, partners should not start making sub selections, as this would not contribute geheral

goal of the project. This was quite a strong control point at the start of EUCLEG, in which nvarhyad
discussions on how to arrange things and you will see how we did it with several exahaplewitl

illustrate or try to illustrate today. Remember | have said it already several times, we wantede 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 nmadtand

phenotyped for two to three seasons. What you need is one seed lot to establish th&iaeddat 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 wofetiigty
plants materials that were evaluated in the fields and also in controlled environment experimenss It
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 datdfesént
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years, it was necessary also to keep control on the genetic identity of the seed lots that were usedy not on
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?

Allaila Read clover
France Norway

, E CIYH Z A Vv ]Joou*3E 3]}v }( AZ 8 /[u *% I]vP }us3X da@eJv v £ u?
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 kstceksions to evaluate in

the different locations is not sufficient. We need to be sure that what is called alfalfa variety A in France, is
Pv s8] ooC SZ «u +<]v v}SZ € o} S]}voS[¢eClJvrE] X A}]J(SZ -}
are not sure about the genetic identity.

v 8Z 3[* AZC 3 3Z % &E}iep detorebegindngswialreidy defined, and this was a very
good choice to work with group experts. So, this is one of the projects, the first omg éxperience 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
guality of our data sets were taken.
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Five crops => five experts !_: Egg

« 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

Faba baan multipication B
Spain

Horizan EO2Q of Curopesen Uniecn
This project hes recelved Tunuing

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 soottoess (
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 toatirqys who needed

them for field trials and also for the evaluation of other traits in controlled conditionsif Bwiltiplications
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 icollett

seeds to be sure that we were always working with materials that had the same genetic identityieln so
cases, we even started with seed collection and multiplication before the project EUCLEG officially go
started, because it was for us a very important point to be sure that we could always work with taeosam
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 aeuidgntifier
to each accession by the start of the project. This was the only identifier used for labellingunamation
and data storage. No other labels were allowed, at least not in communication. So, this wesralso
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 forthe§}@& P }( oo $Z ]Jv(}@Eu S8]}v }( h > 'X /§ ] luu E ]
but it was a very good thing from the beginning up to the end of the project, because henetlagiarop

experts defined for each accession the right identity. So, we had here a full description and uniqgue EUCLEG
identifier of the different accessions.

Five crops => five experts " EEE

+ 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 theseRasc

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 thigan
standardization in the context of a field trial, especially when you are dealing with diffexaattdns that

have very different environmental conditions. So, remember for some species we were workinghn S
Europe up to Norway. So, what does standardization mean when you are working with locaticimsxehi

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 [: Elélg

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

Field management
=> Standardization OK, but to which level?

Horirzose 2020 of Ceropesn Union
3] il 14

This project has reced e frae the Furogsean Und

Innratlzn wnder grant sagressank n 27302

So, this is also something, }v[8 « C §8Z § A ¢« % E( $ ]Jv JUE + U pus ]8 A« e}u 3Z]
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 théesehod

fertilisers in all locations or years. That is an option, but then you can be sure that the fertilidabiditai

for the crops in different locations will be different, just because you start from different startingsioint

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, anébtinmstion

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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Agreed in advance IL
by

~=m
mC
alg

« Establishment of fiald trials
» goll analyaes, wealher data, field preparation, sowing density, sowng depth

» Plot dimansions and trial design

T 1 14
1w 1411
Ui kL fe LIE ) *y

Suyhean

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

cuts and timing of the cuts, that is applied in alfalfa or red Clover in different locationfidhe different,
because the growth path of the crop is different. Apply four compulsory cuts per year in red Clgher mi
not be the optimal solution in some years in some locations. But we tried to stamdaad 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 lecation
but we agreed on which checks to sow in the different locations. This is an example of soybean:se® can
here the four locations where field trials were established for work packages 3 and 4. So, twankcatio
were specific for WP3, and two other locations were also used for WP4 package four. This is@ateanpli
scheme, that | will not explain, with the number of plots at each location, but here you see that som
accessions were common to all locations and some of them were specific for some obttemk.
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alg

Row-column augmented desi
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P | T | e | T i | S | e e v P e e S 3 3| Faba bean

Incomplate experimantal desgn
» maxmbzes the numner af aooess ons 1o test; ineal for GWAS
=» shouM ke alannad caratuly o achiaus hga slabsical power

Hirhain 2020 of turogaes inius

s ey s e s TR BT TRENT LU LN LTI LR

PHoawal sonm s e aront

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 thatghode in your
analysis. This is always a compromise between the space, the resources that you have for your project
~3Z e+ @& OA Ceo0Juld ¢ v 3Z <puo0]3C }( CIHE & X dzZ &[« AZC ]Jv h
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 beded aplesal
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 wis|vwihoptimized the
designs to analyze as many accessions as possible because this is important for associatian B@ppi

JUHE+ U 8Z]e J* +}u 8Z]vP §Z 8§ C}p }v[8 } iue8 C C}lpE+ HZU JAJl» v -
and the experience of experts on this kind of design and this is also what we didssathef EUCLEG. So,
this is something | think that also worked at EUCLEG, the design of the different field trials.
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Agreed in advance 4 "

=%

«  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 fertfization
' Red clover

far Esanarch &

dz + & o0 §Z]vPe 3Z 8§ A PE Just Blaowiy an eXampl&of rgdiclover to
illustrate what | mean. You see in the slide a number of things, the way in which things were discalssed an
agreed upon to do:

- The number of cuttings: three to five depending on the site and climatic conditiohsyédefined
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.
dZ]e Je ip*S Vv JoOM*3SE S]}v (JE }v }( 8Z E}%e+X dZ «u A« }v (}JE
here.

7KLV SURMHFW KDV UHFHLYHG |X@Q&RQIN’

Horizon 2020 Programme for Research & Innovation under grant E U C |_ EG .eu
agreement n°727312.

25



EUC

—d LEG

But then we also look at the evaluation of the different traits, because sometimes that isteargd/e say

OK we will evaluate yield, or we will evaluate protein content of the cuts or ithieim 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 tbioenthe 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 sasdtim

$Z SPIVAVICPAS}

| told you we centralized all themeanagehe

(0]

centralize all analyses of each crop as a single location.
seed lots, so the distribution of the seed lots was done by one partner lab. The same thing was passed o
so the biochemical analysis of all the samples, if even if they were collected in faremitbcations, were
done by one partner. This was quite a lot of logistic work, so a lot of effort, but at the end wersre

happy that we did it in that way, because we are sure that we are comparing things that are comparable.

Requirements Sofgs

A

Common sel of accessions in different locations and years
=>what's In a name?
Field management
=> Standardization OK, but to which level?
Consistency of data over years and locations
=> clear definition of variables
=> biochemical analyses centralized per crop

Norizon 3020 of Cursgesn Uaten
. AN rockiwwd Turn

Iznnvet ion under grant sgressrot =" 0700

Z s v ]v(opv }v3Z lusSltu }(CIHE Vv 0Ce]eX Vv
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Agreed in advance L"

« Owerview of traits to score with detailed description in phenatyping protocol
= Eslablishmenl and developmend [ and R stages, canopy closure, _...)
»  Disease incidence
= Ahiofic strass
* Harvest (e.g. soybean)
= Yield (kg, #saeds, saed megularites)
= Dnar monphobogical characteristics of subsed of plants (rumber of pods, number of branches, ....]
*  Theusand saad waight
= Subsampe tor guality parameaters

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

fgrlron @020 &f

1 Bnaon's Harleen 20 'reprans

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 plpémgty

protocol. This described everything, from establishment, developmental stages, how to deteraniopy
closure, canopy development, canopy height, etc.

—
Example soybean ("
‘ W13
i Plant emergence 13, Protein content & composition (1IVO)
2. Plant vigour at emergence 14, Seed weight
3 V2 stage 15. Plant length
1.  Plant beight at V2 16, Meight first pod
5. R1stage (start Howering) 7. Mottied seeds
6. R2 stage {full Howering) 18, Nede number on the main stom of
7. Dhseases, pests the plant
8  Abiotic stress 19. Number of branches with pods
9. REstage (maturity) 20, Distrivution score
10. Lodging at RE 21. Sead number per plant
11. Seedyleld
12. Moisture content

Europesn Unié

funding from th

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 weighpw to take a
subsample to determine the quality parameters, because it is not only important that theyquali
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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.

i ™ EUC
Phenotyping protocols A CEC

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

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

Phenotyping protocols describing all these aspects were made available through a centralrdoatiomn

system to all the partners, but specifically to the ones that were involved in the evaluatiba of

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 partnevslved. 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 othecfgajewhich

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, butratsariProgeno
database the variables were clearly defined. The crop experts defined the variables and it was na possibl
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 namsdowithla
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 helpgabto i

all the data sets into the database in a semi-automatic way.
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o i - i a— [ | E C
Conclusions wid LEG

c

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
=> illustrations in this workshop

I 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 | certaitdy wou
like to takeover to other projects in the future. So, it was very interesting, and | think thag isfdhe

main strengths of this project, at least for the European experiments (the idea was to do it #iso at
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 succeededirnig sgxt

very well coordinated experiments within EUCLEG for all the European partners. And using a cainmon

of accessions per crop, it was very interesting, not only for the field trials but also fotttbeexperiments

in more control conditions, because now we have a very in-depth description oéakttessions that we

have investigated in EUCLEG.

It was very good to get all the data organized in one central database, but you shoufdodo tihe
beginning and organise that from the beginning not at the end, as | have seen happening in dbeeral o
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 packabesan
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. Jtank
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 geographiedidns. 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,usseghere the
complicated scheme, so we have a common set of accessions and in soybean it was caimptcatese

we had different maturity groups. You have accessions ranging from maturity groups 000 to | to I& So, thi
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, bujamise the

accessions into subset even at a field level, but also when looking at the locations it nsatigedp 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 resultd/éPal we are

always working with a common set of accessions. So, this is the total number that you get hereebut wh
speaking about WP3, there were at least 100 accessions that were common to all the locatidhgsand

are the focus of work package 3. Important to say that you can analyze all the data together, beoasse it
the same (multi-location, multi-year) trial. | hope that this answered the questions.

V}SZ E <p *S]}v SZ S[* }u H% ]°U Clu *SE e<- tericy of datbogv@ Jears apd SZ  }\
locations, so was there an excel file or something equivalent distributed to all partners with detaids of th
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 imjpdata 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-Rui&cientific Director at Institute for Agricultural, Fisheries and Food Research ILVO, Plant
Sciences Unit in Melle Belgium from 2008 and Professor at Ghent University, Demaif Plant
Biotechnology and bioinformatics from 2017. She coordinates research afi@agists, plant geneticists,
breeders, ecophysiologists and modellers with a main focus on grassland grass \@rdspkcies, and
protein crops such as soybean. Today her main research area is molecular plantdprisadial Roldan-Ruiz

is leading EUCLEG WPA4.

This chapter is based on a presentation given to the EUCLEG onlinestvap on the application of
cutting-edge genomic technologies in the breeding of legume sesdeld on the 3t September and %
October 2021

Recording link to the presentatiohttps://youtu.be/pyKe069ung
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3. Selection of genotyping platforms: GBS and SNP arrays for individuals
and populations

Leif Skot
Emeritus Professor, IBERS, Aberystwyth University, U.K.
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[» EUC

Leif Skat, Aberystwyth University

Nucleotide polymorphisms E E

Base substitutions — one of more bases of DRA get changed
Tndividual 1: GATTRACCGTRELATS
Individual Z: GATGACCACRRTC

Insertions or deletions — one or mare {sometimes hundreds!) of bases
are added ar removed from a stretch af DA
Individual 1: GATTACCCETRELRTC
Individual 2; GATTACCAATGTAATC
Individual 3: GATCCSTRATC

o Lbg Duomsmsca Uydees The=Lean CECE Prosp-omes fue Buzoasl s
Rl

This chapter concerns the genotyping platforms that are especially relevant for the EUCLEGAdoject.
genotyping nowadays start with single nucleotide polymorphisms as the basis for all gago# you can
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see here, it is either a change in a base at certain positions or it can also be insertiome gegjuences or
deletions of them.

Why are we interested in genotyping in crops? ( I EUC
Y £ YRINE F d LEG
Genetic diversity in germplasm
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So why are we interested in genotyping in crops? Firstly, it is to do with identifying genetisifgiin
germplasm. Because genetic variation is the basis for breeding, without that you might gs/eelp go
home. Secondly you can measure the source or you can get sources of new novel variatigoy thetd
to improve your breeding programme or introduce new traits. It is also important in ternnspwbving
varieties resilience to climate change, and of course pest and disease resistance is impoudaid.bdec
used also in determining which parents to use to improve or to get heterosis and identify ptrantsay
give transgressive segregation, traits that are beyond what was there in the parents.

-'."lll'l are we Inlterested in MOLYERIOE I Cropssr n LI:\_J
Genome wide assocation studies (GWaAS)
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The other reason why we are interested in genotyping is for genome wide association studieg (EWAS
associate genetic markers with phenotype. You want to identify QTL and it also gives pppadhiinity
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breeding i.e., for marker assisted selection and so on.

Genomic selection
o ety beecking wabe Bagecan al raker effechs

o Peesdicnihe beer cardicanas ki ensaln] =

o Bhamen the biaeding otk

Inaan
rg fe=e bkE Forazest livdae"= Heeloea 70001 Epagraces &0 Fermsarss o
e rae e

Finally, another reason is for genomic selection, where you identify breeding values of genatypes o
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.

i

EUC
wad LEG

E

Cas! per Mumw Canoowe
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v Lot Beanwnh &

The final reason | wanted to mention is of course the price. | am sure many of you have seerethis slid
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
e ue 3} Z A (0383v }uS e]lv SZvU p3 uC 8Z S[c ip-3 He SZ]e A o
after.

Current genotyping platforms E EEE

= Whole gename resequencing
« SMP arrays

* Reduced representation sequencing

Hardoed 202l orf [uoop-ali dedar

Thia vevleck Faa recelesd Fowdlor 7o by Docpeay Wder®s lerl
IFFERNELSY LFIFT JrETE Bar<tBfrc r' o cisd.

The first genotyping o $(}E&u 3Z § /[u P}]JvP 8} u v8]}v ]J» AZ}o P viu @E * <pu v
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 l 'I 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 examidged.i
disequilibrium. This is important because it determines how many markers you are goiegdoLinkage
disequilibrium is quite often linked quite closely to whether you have an inbrgeatimutbreeding 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@h#my important
crops that we are working with are polyploid and this makes things a little more leztga usually.

What is linkage disequilibrium™?

Crnrplais dizmznllEeium o Ak anller e
&

S

- o ]

Logata o D ©

D = pAB —pA x pB

I will go back to basics a little bit, on the left you can see an example of com@etpidibrium. You have

a number of genomes illustrated there, and there are two loci where there is polymorphism. Butdokou

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® v}u [+ C}u Z}}e U AZ] Z Z A § 0} uo Clu o} Z A
the probability of finding C at the locus B, provided you have A and locus A is one. Andightthand
side you will see examples of complete equilibrium, where there's a 50:50elwérfiading the T ora C

PJA v 8Z 8§ C}u Z A S 0} M- v o]l Ale J(Clu Z A ' & GZUSABZ E [
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 piyobé&bil
finding A and B together, minus the multiplication of the probabilities of eacheofwo 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 possiblegllelecfes.

12 in association mapping

Ewarpbel hakir 7 s a QTL seplairing 0% 2 ol
Phanotypic vananss a0 ibis not the caussdye SHE

SR rakar 2 explaing 255 0 = D26] m itony
Cwplains 2.5% of iotal phanohpic wiance

hiz naguires @nde camph siZes 120 SUmcan poer
Cr highar vabe of

LLE R LR L LR 1 B
QEOOO00000 ke

Locus 1

] k]
=025

Louges 2

V £ u%o0 Z E ]+ AZ E Clp Z A % ES] o ]* <puJo] EJpu }VS8Alev 7 0} JU
QTL, and that explains 10% of the phenotype. So it may not be the causative SNP. So SNP magker 2, whi
maybe the one that you have in your genotype platform that explains 25%. The linkage disequiis
0.25, but it only explains 2.5 percent of the total pheén@ %] A op U pe SZ S[e }voC A % o0
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 thahbtve
succeeded in finding single markers that can be used in marker assisted selection for some of thex compl
traits that are really important in breeding programmes. This is because it requires a really high density o
markers.
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Polyploidy (: Ell':lg

Tl

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:

The 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

genaimes (Malze, Sovhean)

e Horacen Sl of Zwrooean Unian
ik Mds redeil Fas FOcCived Tusding eoe L Evrdplos ndan's Hoolios gid
o Taravaklr urdee groue= J

Now | am going to look at polyploidy, which is also an important factor in choosemp#yging 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 imicihde bread
wheat and white Clover. They behave like diploids when it comes to assortment of chromatids.

Polyploidy E: E',‘E'E

= 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

Clessipgr sl B0 J20LE5FAz). Planl B 333048, illps 3 el g Lo, 20365 ol p 2 0L 5. 02 a0

free thes Furcpean lladzn= Harlxan "A70 Fregqrasns Ter Beaearch o

Znmusdl i uirler oo CURRTT 5 VLS i B

dZ }3Z E }v ]+ HUE}%}0C%0}] C v 8Z &[+« ] 00C AZ v SYUE *[- ZE}
result failure of meiosis or mitosis. Examples of that are potato and alfalfa. PaJptipds are formed a
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long time ago and are ancient polyploid and they have a diploidised over the millennexamgles of
that are maize and soybean.

Sothe 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 competifioimiers, when

you talk about allele specific primer methodology, as you do in the array techndtoggxt generation

technology such as the reduced representation sequencing that | will talk about shortly. You need a larger
coverage comparedtothiSZ « @& vupu €+ /[A S 1 v (E}u 3Z % %o tfie slidés § §7
They mentioned 7.7 times coverage, which is the number of times a certain base is sequetheed i

sequencing effort. In diploids this coverage is heeded for sequencing of both alleles 99%o&thentd in

polyploids that number goes up considerably, as you can see. It becomes morkcatedtechnically, 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.

This is mostly for example in the allopolyploids where there can be a certain amount of deeergen
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 ygyoytan
sequencing or genotyping.
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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
panal of a few hundred can be several hundred thousand 5,

U TR EANT R T B E s B - s e TR I L A et B L RS RENS LA LR

ar.
rlige Ferddbon Froem Lse Zorwesss Loedan ™ Thardaomn o321 Prasocess foe Bzagacth @
et L (] PRI,

E}A /[oo u v3]}v }v }( 8Z (]E*3 }( 83Z S3ZE %0 S(}EYJOXPEZXQZpo pe V
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 sylemies

this linkage disequilibrium (LD) decays very, very rapidly, such as in maize, olive, perennial igjegdsse

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. Sd you wil

have a SNP, the SNPs very close together, so have a high chance of being in big LD with your trait o

interest. There is a wide range of variation between species in terms of LD. It can go down to 2B bases

olive, up to 8 megabases in wheat and in the 5 species we are working on somewhere iarbétate

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
nanal of a few hundred can be several hundred thousand &.
P el Srord, fent, T, 2020 | BC-ti St SA3T 4 ong SO (AT

Hzrizer SL20 2T Curapman Inicr

Thla prajszt hea rezeilssc fercdr Przz tha [urepast drden’z leeleas 2121 Pragreess To- Teassrch o
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Price is an important issue for genome resequencing, and it can get quite expensive if ytargapanels
and high coverage needed. For example choose 1-x coverage in inbred species, which migbsdibility
and if you have a reference genome, you can impute missing data, but then you need 5 timesslorti
even 30 times in pooled populations of tetraploid species such as alfalfa. But if you need\égigecand

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. Neverthisless,
strategy is used more and more in many of the major crop species.

SNP arrays E EEE

«  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
Trdx projeck 1es -peelsed Tarcdrg Frem the BEu-cpesn deden®s Hatlaon o680 Pragresss rar FEscearch =

Irrceaaklen wder grars agresmatk ' TETALD

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 Gvere 4
arrays available in 25 crop species and they varied in size from 3000 markers to up to nellidpa m
markers in certain species.
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Huminag workflow ’ - . s Peh. S

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.

Sa, ftha SNFis A or G, & 5 labzalled green ane G s labelled red.

Comauter scars and records coonr for eacn arabe: Greer = A8, Ret = GG, Yelaw = 4G
Coattir 2 Pasals

This is an example of the llumina workflow. Each chip shown on the left can do 12 to 2dssaiitip

anything varying from 3000 to 1,000,000 SNPs per sample. The chip surface is codNédirobes,

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 righhapeto

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

8Z % E} X A"} C}JuPSPE v (JE UE (JE ' v Coo}lAdyey 'U AZ] :
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 identifyingy®NPS in

panel of samples and subsequent bioinformatics is relatively straight forwardfh uC A% E] v X dZ
are some disadvantages, the probes that you use to hybridise to your DNA sample are basednoesequ

that you already know from the panel you used initially to find your SNPs and that is a dimibenof

samples. So your SNP array suffers from what is called ascertainment bias, so you will never aligco

novel information that is not present in that initial panel where you identified your SNPsy@ndlso need

some knowledge, sequence information. You need knowledge of where the SNPs are in the suground
sequence. And you need to genotype many individuals to obtain allele frequencies in legtyziigous

species. So, these are some of the pros and cons in SNP arrays.
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SNP arrays LY CEC

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

ArLa nin Lo
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I will now go on to say some words about reduced representation sequencing, which was a tgghorolo
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 gergiypin
segquencing (GbS), which was first introduced by Elshire et al 2011, and RADseq which goes back to 2008

us Z C[E A EC o}* 0oC E o0 & v [/ Aloo }u | 3Z8Z(% dZ3 P Z¥ 5}
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

JvVP A EC Z]PZ SZE}IUPZ% uSU «} / 8Z]vl 8Z E [+ 0 *« vGean e+ pe P }( 3

sequencing that | will go onto now.

- - [» EUC
Genotyping by sequencing { LEC
Crvarview of the lechnalogy
Sequancing enky rom restricton sites L i
e
SN discoveryard genopnpemutsnecusly 1 S —
Mo DOMa size rectiznation junlie Rabsag! j.m o
GH Ty —r =
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Amal insedknsilalelions
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Genotyping by sequencing means you reduce the amount of sequencing you do, by yoitiggenome

with restriction enzymes, which recognise very specific small sequences and then you gétagpnsants

and you sequence little bit from each of those fragment ends. Then you can detect SNPS and you do

P v}SC%]vP sJupoS v }ueoCU ¢} C}u }Vv[S Vv VC % E]}EW <p v Jv(}CEuU
sequencing, the difference to RADseq, as far as | understand it, is mainly that in RADseq ,in the traditional
}JvUC}u VIEU 00C Jv op ]I (E 3]}v 81}V 8 % AZ] Z Q@ X}V§SAwEZ
also detect presence or absence of restriction sites and small insertions and deletions as well.

Genotyping by sequencing E: E‘,g'g

*  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

Boan 8,0 Do, o By, ok Bemban o U dap 1ig a0 dosone mng o b Moy g g A o ey e e g e g Pl e
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Genotyping by sequencing E

ddRAD=zeq used

«  Foflang fdsel usedin red clover and atfalra
Yinimum read count of 20 md clover)

= Hemove meckers with over 0% misgsing deis

Remova merkars hawng s5s than 5% nformebee sampkss whers an
irformative samplais defned as hawng O .06 == RAF <= 095
IRAF = Refzranae Allele Frequancy:

dz §[werpwell 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 ofteydosse
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phenotypic data on plot trials of full or half sib families or populations, each consisting ofaglyeti

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
Clun }v[S v e U VC %}}o < u%o0 v o( of He ]S8[ $ S@ ®&SY v
price of one, whereas red clover is diploid. So those numbers of individuals were poajee DA

extraction, and the GBS technologies is used to obtain allele frequency data basedameairence of

each allele in individual SNPs. That was the rationale for using pooled data.

Alfalfa genotype data [‘.: E"EJE

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

Acfoine Seouenc:
Cheee, Ho, Zomg, ¥ Vang ¥ en Al Aleessars ciromcsaredsel penoms asserhiy and ofzkend Tarsgensfroe genere od g tar (e
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= NPT,

This is a brief description of what we did with red Clover and also with alfalfa. So you have youegeno
and you cut with restriction enzymes, and after pilot experiments the enzyme Pstl and Msetssdra

both species. There's a minimum read count of 30, certainly in red clover. | think it was réd@¥ed/ou
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 adapteuscao y
multiplex your genotyping effort and you introduce a second restriction digest amybu add barcode
adapters to those sites and then you amplify your DNA. | should say that in the case of red Ghover
Ruttink from ILVO developed a bioinformatics pipeline that was used here, so he is really the peyson wh
has dealt with the bioinformatics after we had the samples sequenced. So we have a lot tdnittmafiok
certainly in red clover. In alfalfa it was the people from INRAE, Philippe Barre, Bernadette Juliariand
Pegard. So for alfalfa genotype data, which you will hear much more about later, 101@savepé

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 plattdrevérybody
has used.

Alfalfa
TLCLEG
3 Last filters
at"
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This slide describes some of the last filters that were uBedexample, you want less than 80% missing
values on the samples, and on the positions you want at least 10 samples with a fregfi@bégast 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,

Average distance between neighbouring GBS-tag loci 15 34Kb. 3.7 5NP markers per
GB5-tag on average reveal high levels of sequence diversity (1 SMP / 40 bp) across
the populations

* 55014 SMP available for anakbysiz

Ridaanra:a cmerazmal
Dz wega o al ja01a) Red clower | Tataius patise L) gl gencms provdes 3 olatiam for trat mordsermens Sct e G, 21730

Enbaiates andden
FomraziePieilin o wl [0 Fleweosos dims cowogpes, weal ol syreallog! spodad, gaxmni= e raiegs
Hepad Anil acicclhime mihe gome ] grecsdaed speceEs Lo peesnre al | edpsgraph A5 18R 1 4RE,

FrOtanaEE FAR EIRSSSCF

&YE 3z Z 0}A E P v}3C %o § A inarkérsRs$heydid in affalfaviQere were
12,251 GBS tag loci identified that were present in over 600 of the 641 samples that weia tseéd
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Clover. Those loci were used to identify polymorphic sites and to get the SNP allele frequemithose.

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 o48 SNP per
base pairs across the populations. Allin all, over 65,000 SNPs are available in the eatajeaee for our
colleagues in the EUCLEG consortium to work with.

Alfalfa and red clover ﬂ EEE

Alfalfa Red clover

Conaespandance beldman
allels frequency poo's and
allzle frequency based on
data fram individ uaks
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Theoretically you could genotype each individual, each of the 200 individuals ardigGiduals within
AZ 8§ A E *% ] * C}u[EandgetMenPaccyrptd 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 théte goqd

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

DMA 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 SMPs

Sarlzans ©123 a* [urapsen dniarn

Thdy prefect has recalssc Fercdrg Free cha [urasear Unlon™s Hlarlaon 000 Frogeanne Sor Basesrch
Irrwwallay veedas eranl wowceeerh o VTR

Vicia faba genotype data (: FEE

Signilicant heterozygosity shows culbreeding lo some extent

A GBS strategy was initlally selectad for this species, but

a5 a SNP array bacame availanle in ime and within our budget
It was consldered a superion

option Hir S LA 1 IR )

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 scoremhtded 352
samples with over 22,000 SNPs. There was some heterozygosity in some of thessamginitially 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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Pea
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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

Torgedt b, D05 Paasa L A4 13971078

| Harizarn D080 af Curppass Udsien

Thly project hes rezsivsd fuording. f-or bhe Cormpean Unden™zs Borizon 2RCE Brograrme (o Dwiaeeih @
LAMCSTaa inEEr qrdnl Sar-Siii l'ﬂ'i-l‘-

Pea ™ EUC
watt LEG
Genomic relationship illustrated —
by heatmap l
Genomic prediction of RIL :
performance et | el i

Pen prarts rec vy SEWS 218

'

Sk
R &
R .
\.: "d "b

M l%""“s.: -
v

Ol etidu

For peas 260 samples were used and there was a 13,000 SNP array for genotyping and overatRgd80
were available for analysis for Progeno. Also here there are some examples of initial analysis of genomi
relationships and genomic predictions of potential RIL performance in pea.
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Soybean l__: EEE

* Soybean EUCLEG collection has been genotyped
using the 355K SoySNP microarray

* And 394 Chinese accessions {the NJAU collection)

Eamoul Al faliH laraabpzrin] wE] s eso o clwpcad pgararees e Sk wes nomeb
dzrmilezalom losloas mo=cpisam &0 A B OJ1E

¥ [vrgaeen Usden™s Heorlear 080 Prooramas Tar Basesr<s @

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

Z %3 & }v «}C v ¢}/ A}v[8 P} Jv8} 8Z § vC (PESZ E Zz E X

Soybean E EEF&

«  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)).

Sakeam, & Hulle H dpar J Fodrk, 7, wang o YU D BoddtRage, | 20ET o Garones @ de Seemc Dharhy Soon Rewsals Nurice

Cwipd e izt rmimcadn 1t o8 Loargsaan Sop e ladmcion ongnsad ko Dlerees oo o 8Pk mnc Lanlrsbes] Sicslmdn dpaaaaerts
Froeedzrs |+ Fla=l 3cheroe 12 631767, htpeodide ooped 0 338808 270 G31T6T7

Hesdsar AlFd ar Furapean Unk in
This eErwiecs buis o cweedvad Towlom from Ll oo

Inacwation crzks grenb agrserenl o 270D
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Conclusions
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* Choice of genotyping strategy
# Inbreeding or outbreeding

Linkage disequilibrium

Size of genome

Reference genome availability

Furpose— GWAS, G5

Ploidy

Budget

A G G . .

Tarnapt et 1Tnar

These are some of the conclusions that you can take home from this lecture. So when yse ybao
genotyping strategy you have to consider whether you are working inbreeding or outbreedpgy The
linkage disequilibrium if it is known, possibly the size of the genome, and whether or noistere

reference genome available, and the purpose for which you want it. For GWAS you may ngleet a hi
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 200ddr th
Clover?

I mentioned it briefly, basically because alfalfa is tetraploid, you have double number of genonms. | kn
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 technologiego$o do
recommend these for the routine application of genomic selection?

Well as was alluded to yesterday, especially for genomic selection, in theory it is true thategbamkot

of SNPs to cover the genome, so that in theory you have a SNP close to one of yoof tragrest. 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 usethte calcu
your breeding value and is also accurate with much much fewer SNPs, as shown by Hildgddigrtiay
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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 Skat was head of the Forage Plant Breeding team at IBERS, Aberystwyth Untildrisity un
retirement at the end of 2020, and is now Emeritus. He has been closely involved in the introdiction
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 onlinestvop on the application of
cutting-edge genomic technologies in the breeding of legume spedeld on the 30th September and'l
October 2021

Recording link to the presentatiohttps://youtu.be/H414E65J1-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, UBERS,

AUAT Iy anana Fa Bawanch B inasalion ciedee gran! agien s

(Y EUC

David Lloyd, Germinal Horizon

/[fTu P}]vP &} ]e pee AZ 3§ E JvP ]e (E}u SE ]3]}v 0o %}]vs }( A] AX tZ
breeding, focusing on agriculture species and specifically on legumes, but these principles dandedex

to other species. What inbreeding species are. What pure line cultivars are, which is the most basic way

8Z §]JvVE VP «% ]+ & & X /[[u P}]vP 8§} P]A }U% 0 }( F U%O0
oJv. po3]A E-U v Ju% o0 }( A& u%o « }( Z}A A vV * %o S§Z]VvPe %o X
introduction, as full coverage of these concepts would easily fill a semester worth of undestgad

lectures, so apologies if | skip over some of the more nuanced aspects of the subject.
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Plant Breeding

The desvsbpmenl ol cullivans bl sre bsl e sailsd Tor o reecs

. breading abjectiess

= Hizher yizld
—  mezrerchable pelds

Btk shrass tolaranca

= Festand daanse resbtancatolesarse
Abinlic sliass (eennie
Temparatira, water avallability so0 conditicns, dind, ats

- Sdapiation te =nvironments

Hulsimnl aee e Ticieroy
—  Diff=r=nces ir maturity
- Imrproved quality

- Ing=enibahity, Hikre cantent. “rateie cartenit
-  App=arancs. Palatabilty
- Starage

Plant breeding is essentially the development of cultivars that are better suited for our needgylthrou
hybridization and selection. Our main objective is usually higher yields, higher yieltipband also more
reliable, more sustainable yields and yield stability. This can be through imppestand 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 resoureeylioh 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 examgle, is no
grown to any great extent in the UK. Even triple zero maturity groups, those that are quickest t@ matur
often fail to mature in time to be reliably harvested in some northern parts of Europe likeKh&he
development of faster maturing varieties would enable this crop to be grown overex vadge.

We also breed for quality, which encompasses a huge range of traits and | will go into some madre detai
later.
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Cultivars (varietie (: EI_F‘_'E

‘what =3 cultiver? O = 2

Cultivar = cultivated variely of plant [semetimmes just called “varieky ]
= foparists of plant thet hes eern developed far specilic Lsein
AL iltiradarticultursa ate, | + -
S =T esuirerrents of dlistinedivaness, anilarmily arel sb=Dility [DLE) .-_-.-
—  Dégtincttecmas b most b distinet Fram e, 2eeady aeadabibe culbtozrs et I
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prasmbed degrze af anifarmity: ey -
—  stability: 1t mast stay truz to s desonipbon whzn repreduced =T ==
—  Benerally measured as per zuidelines aubkshed By Internatizra! Urron for she
Pratemien of Wee Varaties of Flaris (UPOY)

T mernber shales won klveiile P ==t gl =~
A poersen legsl polscticn ol varslies Wm T =
= [ublhars defined o smne degrea iy their re s blua hileda r— — = ~
: e ik By EE TR ST
Pure ling Frhrascieg ] sidilvans - -
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Cultivars are essentially’a po3]A & A E] 8C_ }( %0 v3X tZ]Jo ~ poS]A E_ ]+ & Zv
to refer to commercialized strains of plants developed for a specific use, it is often used interchgngeabl
A13Z "A E&] 5C_X pO3]A E+ PVv E 00C E % E}3 & puv E %0 vd E
analogous to patenting. To qualify, a cultivar must undergo statutory testing to determine dadisifies
requirements of distinctiveness, uniformity and stability (DUS). Distinctiveness means it mustiroet di

from established cultivars. Uniformity means that individual genotypes of the cultivar need to comf@m t
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 ®US ar
determined by the International Union for Protection of new varieties of plants (UPOV) anatitbmal

group that has 77 members, comprising roughly half of the countries in th&wodluding most of the
developed nations.

The way that we breed plants is defined by the reproductive biology of that species. Fot[nowP } [JvP §}
cover pure-line cultivars and will cover open-pollinated cultivars later. Thereagi@us other types
including hybrid cultivars that | am not going to cover.
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Pure line ilthJ‘t"—‘f‘jH‘Iﬁ'} cultivars E EEE
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- Litkle or cgrban dor plant to oross pofingtes raturally
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Pure line inbreeding cultivars are developed in species that naturallpdaléifate. This includes most
cereals, wheat and barley for example, and most grain legumes. They tend to self-pollinatethefor
flower opens. This means there's little prospect for inter-pollination with surrounding plants shthe
species. Pure-line cultivars are so-called because they consist of highly homozygous papUibty are
developed through hand crossing of unrelated lines and the progeny taken through variossdbsingle
seed descent selection

Pedigree meth{jd [: EEE

il
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cied rows sown as
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raa TR

* Fyseed from selected plamts Al seed from sebeched plants

L
harvesied separately sown as ATy B PO F toF ll'l"l
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Spaced esaaasadasaaaann
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phots Tor early yiekd trial Advanced trials
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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

C 8z & EU §Z N +3 %0 vi3e_ @E e+ 0 § X &i ¢« Awoes % EJP}uCSZ -«
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 bigfdtesre

harvested from the whole row as a bulk and sewn in yield trials that may be carried out over tnare

seasons and at increasing numbers of sites, using seed harvested from the initial yield trightbatad

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

]Jv % v v30oC (}E& h” v (}E "A op (}E poS]A 8]}v v pue X /[(8Z « @
can be marketed.

Bulk method kY, EY&
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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 lev
of homozygosity whereby recessive traits can be reasonably expected to be fully expresisadly tijpe F6
generation, then selection is carried out. At this point the method progresses in much the sgnas\in

the pedigree method.
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Pros/cons of methods kY
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Both methods have pros and cons. The pedigree method is intuitive and easy to understahdsankbng
history of use by breeders. It's a relatively quick method but also is very labor intensive. Aecainisid
amount of selection takes place at a very early generational stage, before recessive traits have fully
segregated.&}E §Z § E <}v ]8[¢ % }}E » o S]A u 3Z} (}E «p v3]s S]A
simple, no selection is made until a high degree of homozygosity has been achieved, bagtheriod of
development before any selection can prolong the process considerably, slowing the pracdfctio
cultivars. It is possible to use combinations of the two approaches and various refinemeis gcaed. But
these are the two main approaches used for producing pure line cultivars.

SE

dz ¢ & vVhu E }( A C- A vV * %o S§Z]VPe p% X &}E /£ U%O0 %o

discussed in recent years. This is the process of growing plants under controlled lightingyitifteary

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 capactayths of
the year. Some down time in glasshouse use is beneficial for controlling pests and pathogens.

IS[* Ju%e}ES vS S} AE 5Z § +% E |JvP EGpve c}u GGEipnlfgr( pv]vs v

traits that could favour some genotypes over others under long day lengths in glass houses may result
0 S8]}vEzs]e 8§} «Al3z35z & E[+ }JA E o0 Jvs v3]}vX
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Speeding things up
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Marker assisted selection {AAS]

= Mpolecular markers can be used fo select without phencotyping
«  Need considerable investment in QTL analysis/GWAS
*  Nat ideal for palygenic trats srth multiple small effect OTLs

Genamic selection

= Smilar basis to MAS, but genome wide... se= other talks in training course.
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Likewise, off-season multiplication can be used if the growing season is short enough. Genegatibas
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 telating
importation andborder controls. Again care is needed to ensure that no selections is happening iargen-t
environments.

Other ways of bringing ((] ] v ¢ 8} & ]JvP Jv op u EIl E «+]*5 + o0 3]}vU AZ] :
at length in this discussion. This can reduce the amount of effort spent on phenotyping particularly with

SE ]85« $Z2 581 SJu 8§} EW% E e« X " E V]VP v EE] }us v CE
have alleles of interest culled so that further effort can be spent on relevant material. This methot, whi

works very well in combination with speed breeding, does need a considerable investment iciehzray

of markers through QTL analysis or GWAS. It works very well on simple Mendelian traiss sat dn

polygenic traits, where there are a lot of QTLs with small effects. Genomic selection i€mesfin

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 tedti€serminal, 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 EUGk#iGe workshop on the application of
cutting-edge genomic technologies in the breeding of legume seeheld on the 38 September and &
October 2021

Recording link to the presentatiohttps://youtu.be/H4TW{OINfcg
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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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Hilde Muylle, ILVO
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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 naakany it
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 isretibasing.
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.dtly 6f the total volume
that is produced within Europe.

[y EUC

5:)"5,"[‘:}',‘;!’1 a Crop 1o grow in E U ope { LEG

* Current soybean acreage in Europe is 5.5 mio ha
* Meet only 34% of current European need for soybean

=> Increase European’s protein selfsuffiency

However, we consume quite a lot of it and need quite a lot of soybean within Europe. Cuwerglpduce
only 5.5 million hectares of soybean in Europe, and this meets only one third of our needghfearso

Now with this increasing demand for protein, and the advance to get Europe protein self-sufficientisthere

an interest to increase the production of soybean in Europe.
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When we look where those 5.5 million hectares are situated within Eur@oep v ¢ ]S[* u JvoC ]Jv §:
belt at a latitude of 45and 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 awvarieties which

are suitable to produce within the European Community. So when we want to increase the aceeage w

have to move more up north and to look for varieties that can grow in those conditidrish are mainly
characterized by colder climates, but also shorter growing season. So indeed we have to adapt those

varieties to those conditions.

=SB PR - : A = Y EUC
Soybean — European breeding goals 4 1LEG

2 s

* Yield improvement i

¥ e

’
] \ Praragencd

g - —— *a
by acting on optimal use of season

- Cardinal temperature

* Increased protein content

- Photoperiodicity ‘.\ -,’.‘
Determinacy ‘e 7Y *

This means that first of all we have to improve yields and to make varieties that really carfrprofthis
short growing season. How can we achieve varieties that can grow in those shorter regions in tibe Nordi
areas? The answer is to select for varieties where the cardinal temperatures are more adapted to those
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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 deg& bef

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 photdiperio
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 cotddipailg the season we
should aim for plants which are not determinant. So, ifrthare 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. Thes
are the three major breeding goals within European soybean breeding programs.

T ™ EUC
g Sal E—

sl LEG

! - ‘m . -
Woean — curopean orei
o )

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. Indeedene hav
been suffering in the past few years with drought spells, so tolerance to drought periods, and asneentio
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 susceptibilRgéadomonaand we should prevent
this entering into the germplasm of north western European soybean.
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Soybean — Current breeding strategy
How to increase genetic gain in soybean?

AG=h%ig,/L
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W= plenaip e stanco g desathon

L= Biceding opde tive

So having those breeding goals, how can we achieve those new varieties that meet these hgeadifig

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 yoaimpl
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 pheadiyprsity. The |

and the Sigma are really only the variation which is needed to select and then to achiee& gemetic

gain, we should aim for a reduced breeding cycle time.

é = _ 4 : EUC
whean — Curren reeding strateo

Soybean — Current breeding strategy 4 LEG

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 prograromiake 2
homozygous lines, which are crossed. Then you go t@ and-through single seed decent you go up4o F
and then from then on you can start to do phenotyping at the plot or row levels, where yoassass the
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new genetic combinations. After further selfing and further up scaling of the seeds you get an #@ilihe,
can be released as a variety. It takes up to 9 to 10 years before a variety is produced. Iflgaonpact

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.

SNvhaoan - ganaomic ";:.I':“‘-'v EUC
.)(_.'\'bf._.oﬂ genomic seitection '
4 - il LEG
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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, wespadd up the

E JvP C o C 3ZE 3§} (}u e DveshgaredddthinEURZEG, whether we could set up
genomic prediction equations to predict the potential of a given plant on their phenotype.

Soybean — gene pool for Europe " EUC

o ' wt LEG
14 maturity classes world wide -
C
=> suitable for Europe P -
(0000)-000-00-0~—1-1I 3 =ZZ:I
semi determinate growth F o »
- — '

cold tolerant

The way we did this was first was by collecting the correct gene pool, which is nedessaeeding. Al
already said in my introduction on soybean, we have to use early maturing or veryneawlging material
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to be able to produce seeds in time in the short season we get that Europe. So worldwide, we zatkgori

varieties in maturity classes. There are about 14 defined classes and in fact in Europe only daglyer

ones, featured on the slide can be used for growing in Europe. So in fact within that genepool wetiselect
the material for EUCLEG. Also as | mentioned previously, to prevent the risk of a total loss of shegyield

aim for semi determinate growth, so we can have consecutive flashes of flower. And it shouldaberialm

which is cold tolerant for growth in north-western European conditions.

Soybean — Gene pool for Europs 8,

E
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Current European varieties show a narrow genetic base

Tk el Whrnbem soug Ja)l Mebaleve of d oo

Due to the use of few ancestors from Canada/North America,
Japan and China mireee o o, seesi oba i

=> Pay attention to selective sweeps!!

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 geneticibaseeel

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

* European E
* American ‘

* Canadian

* Japanese W DOTT UL 1 I 1 |
* Chinese #1 L5 ELARES &3 ‘

A80 actessions hruom MG GO0, 00, 0 and /%

The collection of EUCLEG consisted of 480 accessions, from different originagnetadding lines and
varieties, but also landraces and older material. Different breeding programs donated materialttighin

collection.

[» EUC

Soybean — EUCLEG collection 2 LEG

480 accessions
* Land races Numbes o
* Breeding lines ' ’

* Varieties i
. N I a l - 5 P i

Different breeding programs v &
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*
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The first thing we did is to assess whether this collection was harbouring enough gewetsitgifor the
work we intended to do. We compared the collection of EUCLEG with an already desciibettbodrom
China of 394 accessions that contained about 120 wild accessions of soybean and Y&@dwtrieties.

Soybean — EUCLEG collection il ELEJE

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

oo of W L2001

Hargew (003 of Limrge on [hvae

Tha arcec Cedend Yaihy

We used the 355K soybean SNP thipnalyse 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 gearsiig giudies. We

ended up with about 23 SNPs on a 100K KB region on average. We observed that LD decay wasabout 55
188 KB and we had very nice nucleotide diversity between 0.23 and 0.31.
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Soybean — EUCLEG collection K "
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Population structure ;

- 3 major groups :
- EUCLEG
- NJUA = Cultivated material
- NJUA ~ wild material

Looking at the population structure and using those markers, we were able to identifiirdes different
collections; the wild accessions, clearly differentiated from the cultivated Ghimesgerial and the EUCLEG
material was also clearly differentiated from the Chinese cultivated material. So indeed vegiited
unique material which we could differentiate from the wild.

Sovbean — EUCLEG collecti ™ EUC

>oybean — tEUCLLEG collection o G
et L E

= G] :South Evropesn - Medium late b late :

= 32 : Eastern European L : -

= 53 ; Wastern Europe — Early to wery earty F a .‘._“‘ -

= G4 ; Edamame types *-Z';

= (535 : Distinct very early matorial - o g

= Admired proup i i ey

Looking within the EUCLEG collection, we could distinguish about five groughegmgere mainly related
towards the breeding programs they were coming from, or the region they were selected ifirstiome

was mostly southern European material, which was later than for example the groupfiivd, was very
early which is indeed very early material. THegtoup is mainly consisted of Edamane types, so this is the
vegetable soybean which is eaten fresh. This material was distinct within the EUCLEG cdlleetion.
groups two and three: two is really originating from Eastern Europe, and the third group festeiv

Europe containing early to very early material.
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23 selective sweeps affecting 4% of total genome length
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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 compathd ©hinese wild
material. We identified 23 selective sweeps in our collection, in fact affecting 4% of the totahgeno
length, which we should take care of. For some of the selective sweeps we already knew beddheita
they might have been there in our collection, for example we knew that we hadeagty maturity
material in our collection and that those genes coding for early maturity might have beehirfi our
collection. Also other selective sweeps were identified and they were mainly locatee \@TLs for
important agronomic traits that have been selected for alreadysituated.

Soybean — EUCLEG collection 9,

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

St Lot 2N o Futnpran ndan

So that was a conclusion from our genetic diversity study on the EUCLEG colledted.there is a
reduction in genetically diversity in the EUCLEG collection compared to the wild collectiorsowWe al
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observed a longer LD, than in the wild material. We observed some selective sweepsehdetevminacy
we also expected to be fixedinowr § ] oU us |8 A «v[S8U «} A luo v[§ } « EA
that region where the determinacy is coded. So for us, although 4% of the genome is affectéechprs,
we assume that there's still enough diversity for breeding within this collection.

Phenotvping (l
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Connected multi location field trials
Augmented design () /
4 locations .I ‘e % :'\-,.
Controlled conditions : o V4 - ::3
Cold telerance P /

Drought tolerance ’%&‘y o

Disease tolerance

St bems MU of Fut wpran e e

The gene pool established within EUCLEG was phenotyped in multi-location field trials usiggented
experimental design . The experiments were conducted at four different locations. In Germany, a
subpopulation was tested containing mainly the early maturing genotypes. While in Southepeur
subcollection with late maturing genotypes was tested. The complete collection was testbd two

main sites situated at a latitude of %fkegrees. Phenotyping under controlled conditions was done for cold
tolerance and germination, drought tolerance and disease tolerance.
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* Late maturing do not reach full maturity => Lower yield
* Big gap between 2018 and 2019 == Low "yield stability”™
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In the image above you can see the effect of maturity in relation to seed, yieddater the maturing

material is, the higher the yield. The early maturing material is yielding less, reovikeneed to be sure to

use proven material to have a profitable crop, but what we observed as well was that we couhdvmt

forward to later maturing material, because those ge@%o ¢ }v[S E Z (poo u SPHE]SC }E (p
our conditions. So we have to take into consideration the maturity of the matésiambtain sufficient

yields. Another observation we made in our collection, was that we have quite low tablttg. We

phenotyped over two years and if we look to the correlation between 2018 anfl, 204 see that there is a

very low correlation between both years. Indicating that yield stability is also a prolitrtim our

material, and that we should aim to breed for yield stability as well in our tiondi
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Senescence

Canopy wilting

We also observed phenotypic differences for drought tolerance. We looked at the reaction to drought
during the generative phasat 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 wadifferent season to 2019, but we could observe phenotypic diversity in
canopy wilting and also in leaf senescence, showing a nice heritability especially in thédateations

(3 E E}uPZEX pus A ] v[s . oy} teniperajuke Go JitGe trop waler stress index
A 1 V[ 0}3 }( %Z v}35C%] ]A E-]3CX
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Phenotyping — Tolerance to cold imbibitic Ky
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To select for genotypes that can be early sown:
= Seedling emergence
=> Germination and seediing growth (control and cold)

fl:’ il

‘:.."‘—-.::“‘ i

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 undecaodtitions and
this was assessed under cold conditions.

Phenotyping — lolerance to cold imbibition ( I
h“

Use of High Throughput Phenotyping platforms

* Percentage of emergence « Automated pipeline to turn, crop, filter
* Surface ares after 10 days |12 leaf| ard analyse ‘green” surface area

We could use high throughput phenotyping platforms, because this is also a message thatd aguress

within EUCLEG. Some high throughput phenotyping platforms were established, allowdrassess a

higher number of plants and allowing us to assess the higher phenotypic diversity. This ieai$ohe

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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Phenotyping — Tolerance to cold imbibition
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Use of High Throughput Phenotyping platforms
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If we look to the tolerance to coldnbibition indeed we could see phenotypic diversity in the reaction
towards cold. Germination and also the formation of a normal seedlings was impactedeasalild see
that there was a link with maturity groups indeed the ones which were late maturing were affected

by cold duringmbibition during germination. However, we saw phenotypic diversitthsre is potential
for breeding.
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Phenotyping — UV methds — “ LEG
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Another high throughput phenotyping platform | would like to illustrate duridCEEG is the use of
unmanned aerial vehicle (UAV) methods to assess phenological parameters of soybeamiH=e 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 towarelscemce and you

can really see diversity already by eye.

Phenotyping — UAV methods g ELEJg
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By means of flying at different times over the control fields, we can simulate the gwiie of each
genotype and from that growth curve we can derive different phenological parameters that arestitey

to select for. Because yield is a very complex trait, by means of UAV methodology disseat 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, &éinelgrigth and so on. So
this also provided a means to assess quite a lot of phenotypic traits, in which we observedypienot
diversity.
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Sovbean — GWAS Y1 EG
Adaptation to NW-Europe => focus on genes related to .

- Phenology

- Architecture

- Tolerance to biotic and abiotic stress

BUT we can expect significant heritable covariation with other
traits!

Harkea: WUS ol bavnposs Lok

So assessing the collection revealed that there was quite a lot of phenotypic diversity in witohlde
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 toleranoador
inhibition, you might select for the early ones, but preventing selection of thentatieiring ones. So
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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 giver gegions for

each trait. | will go through some of the results. For flowering and maturity, although we has som

selective sweeps on the E2 and E4 genes, we could identify some other genes related todleweri

maturity. To the left shows flowering, we clearly identified an association with the E1 and for majerity

had some interesting candidate genes which we can study more depth and to see what the role is on
maturity within the collection.

— . . EUC
WAS — flowering and maturit ' m
GWAS — tflowering and maturity Y LEG
d i r—‘:-__ oy >
3 L , Y /— ' y T, ‘K| / cMLM
WA A b il T NTETTE

1 | / 3 L { | '.?; / : A
kbl T R

¥ ‘ e : ) i- i o= ’ 4 Famtry

" e b s | g

W N A e LN

VR Tadicoilun

Mt 228147 b iaiva) vbas
. THE e N O e A g er 190 Daosar L oot Moo e 2200 2o e 12t R ek R 123100 W Ce i graxs rsaveart

For flowering and maturity we had some interesting candidates, similarly to toletaramd mbibition.

We see some regions popping up which explain quite a lot of phenotypic variatitimse 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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Phenotyping Tolerance to cold imbibitior ‘ l
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GWAS — disease resistance ‘ ' Egg

* Pseudomonas savastanoi pv glycinea
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Similar for disease resistance, here we see two regions popping Bzéaidomonasesistance.
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GWAS — drought tolerance
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And finally,onto drought tolerance. We identified some significant associations and behind somesef tho
significant associations we have some reported QTLs on water use efficiency, for example.

[» EUC

Soybean — genomic selection { LEG
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So indeed we have some quite interesting association significant associations, with imp@itanbut

how can we implement this now in the soybean breeding programme. One way is to use this knowledge in
JME P viu]l % E ] 8]}v %o E} uE «we tipdlas Wellithih BJELEG, t& build

prediction formulas to predict yield and protein. We divided our collectidém éntraining 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 predictitah bewsolely on

the basis of genotyping.
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Size effect of validation set on predictability
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Some of our results from the soybean collection are shown ab&keetested how big the training
population should be. If we divide the EUCLEG gene pool and we take only 25% as the taibpojat%
as the training population, we get a good prediction for protein and seed yield. Butyosee the further
we go, so if we have 75% of our population as a test population and only 25% as tramgag that
% @E ] 3 ]0]3C ]* 0}A EU 03Z}uPZ 18[* <uld8 Z]PZ ]Jv 83Z E -« P]&E % E}S
promising results here, to see that we have quite good predictabilities.

3 o ™ EUC
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Soybean — genomic prediction o4 LEG
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Effect of structure in validation set on predictability
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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 goowd be used to
predict phenotype for the rest of the population. You can see that depending on which grasiused to
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build them,the predictability of the prediction equations is changing. So some of the groups aee bett
suited to build a model and they are providing a more robust prediction equation, tagbtbe
phenotype. It is very important to know the structure within the population, and to see thiswcan be
used to make your predictions
Soybean — genomic preaiction (: g
= =

Effect of marker density on predictability
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Another test that was performed within EUCLEG was to look to the marker density. We had abo00285,0
polymorphic SNPs. In fact we could reduce it up to 2000 SNPs, to still hava goibd predictability. So

the size of the training site was much more important, to have good predictability compathd

numbers of SNPs taken to build the prediction equation. It could be reduced to 208WEildPhaving a

guite similar predictability.

Soybean — genomic prediction K " LEG
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 iftvatrgady

known associated markers or already known genomic regions as fixed factors within our prediaiiein mo

we could achieve higher predictability compared to a completely random driven model.

Soybean — genomic prediction Ky EUC

- -

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

Mortaon 2300 of Friepe s (vwee

So coming to the conclusion on the genomic prediction models, indeed within EUCLE® tffi¢hsiz

training set is quite important, as well as structure within the population. Sott@kénto 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 predjctabilit
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 i
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So how can we put this into the breeding programme? In fact, if you have those prediction eguation
available, we can test already at anskage, 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, th
end of the selection cycle, we can shorten the cycle by three to four years, by selecting alr&ddy

R - . bt EUC
50 y’lf::‘gf] — genc mic selection g 1'BEG
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

S 1O0T o e dd s
Tand

Sq concerning genomic selection and how to put it into the breeding programh¥g> Ju%. }ES v3 3§} Z A
the correct and suitable training set within your breeding programme. There are different ways to set u

the breeding programme. You can select within populations, so if you make crosses youetmselect

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 gigiéé llog
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think, because then you really select within your training population. Concerning the renéeallbration
curves, so it takes some time to build up those calculation for prediction equations. Withilasons it's
been shown that the real potential of a prediction curve, is reaching its maximum oighest gain after
10 cycles of breeding, and after that the training set should be updated. Of course, it can bedugdiang
the consecutive breeding cycles, but after 10 cycles the maximum benefit will be gotten bua diird
important issue is when you select within the population, you have to take care that ywinwe to
maintain genetic diversity within your collection, because indeed after genomic selectiogoyio a
certain direction and you should take care to not lose too much diversity withibréeding programme.

" i e .- S l’ EUC
oybean — Future perspectives

EG

Breeding soybean for NW — Europe using GS models
=»Choice of training set (and renewal)

—Exploit knowledge on target candidate genes o m
—>Hapotype based GS

=>Whole genome sequencing iomw . s
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Looking also to soybean and going back to the start of EUCLEG and where we are now, Ittbinkesvlo

tools have become available. A lot of knowledge is becoming available within soyb&ialy outside

Europe, but | think also within Europe quite a lot of knowledge has been generated. Quitd avlwle

Pvlu ¢ <uv]vP Z » V }v pe]VP ¢«Z 00}A P viu =+ <y otdhdatl ps $Z E |
available which can be used to haplotype discovery within those genotypes. Also next targéatand

genes, quite a lot of genes are involved in those important traits, which were selected for. Tledyceav
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 ancbhewew

it. This is quite important, especially for north-western Europe, becausewdd A v3 §} $}1} v EE}A
within our collection. So during the duration of the four to five years of EUCLEG, quitef adot

technologies and knowledge Yabecome available angtle 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 Mella,. Bidgiu
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 relationropthee by
means of GWAS and genomic selection.

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

Recording link to the presentation Genomics assisted breeding in soytugast//youtu.be/X10cMmO0joY
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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

e JUEE of Frae peteie Lisioe
| Tha progsl e rrcesard feradag bem D Eorsgsen Uieos s oo 30350 Fugerasmes e Raaarch B rreresmam usdr prart agreemmasT
EETAET

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
E% ve]}v }( [(0o £]8 E] v]e-u[UredlZcirg the pmount dEmeatdEhey are eating, replacing
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it with vegetarian meals, but not necessarily going fully vegetarian. There are also novel wayshipeehi

derived products are influencing the human consumption market. The use of extractednpheti

contributed to this, with the development of pea protein based meat replacement products. There is

MV %o (E AS uv (JE vlv JEC u]Jol E %0 u vsieU A]3ZI*%C u]ol_ ]Jv
supermarkets along with pea flour based pasta and extruded snhacks. Pea protein is also being used
increasingly as a filler in traditional meat products, such as sausages, reducing their meat. conte

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, sdtwoedlorth

and South America, comprising about 70% of protein used in feed rations. Pea has unsurprisimgly bee
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.

Iversitv [‘ EL_”;:
260 varioties analysed in Euckeg
| core cofectioms froam JHC ard Norelger

daatt iy are dey ped culthvass wikh different of
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The goals within EUCLEG were to use genome wide association to identify and genomic selection t
attempt to speed up the rate of genetic increase within the pea germplasm. In EUCLEG we lod@ed at 2
different varieties to assess pea genetic diversity. The majority of cultivars used were selected om cor
collections from the John Innes Centre Norwich in the UK and NordGen, the Nordic GeneticdResourc
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 quaftitiegany of

the lines we wanted to study. Consequently, there was a requirement for some multiplication éorlesic

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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Grain Yield and yield compoments
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In terms of traits of interest, breeders are mostly concerned with grain yield and yieldorwnts

including agronomic traits, plant morphology and phenology. Of particular intereshirgs like improving
harvest indices, improvement of standing abilities, environmental and rhizobial interaction adapgtatio
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 requiremerttinWie
diversity collection used within EUCLEG collection there are several lines of germplakavéhptomising
protein traits from whichtobr ~ 33 GE_ A &] 3] X

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, incluiig@nomyceand Fusariums
Aschochytablights affects leaves along with various other fungal pathogenStlerotinia, Botrytiand
Septorig which form a canopy rot complex. It is frequently difficult to visually distigietween 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
major impact on harvestable yields.

Viruses, that particularly affect peas include pea enation mosaic virus (PEMV), pea seed lsaitevings
(PSBMYV), 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 majof fmaubreeding
programmes.
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Breeding objectives E,: E'é'{c;,
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Heat and temperabure shress
Temperature ahowe 25 V0 can lead to seed abariaan angd great vield losses
Lowe temperature decrease growth but have lower smpact on yield unless there i frost

Mitrogen stress
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A key element of yield stability is the ability of a variety to cope with the range of abiotgsesr¢hat they

can typically be expected to encounter. Water deficits are a major contributor to redsdtioyields, but

equally peas can be very sensitive to surfeits of water, particularly in regards to wateglolggihe 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 wateritagg 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 resldligsses if frost
occurs during the growing season. Nitrogen can also be a limiting factor. Soil candaimnesult 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 likeshidopsisat around

100 Mb, slightly larger than soybean at around 1 Gh, 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 spisia®s, fulvunandPisum
sativumas well as the subspecigssativum subsp. elatiwdP. sativum subspabyssinicum
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Marker technology is increasingly being used to aid selection in pea breeding. Various markeeslalde
for major genes and QTLs, including trypsin inhibitors, flowering dates, lodging, diseases susgcesetdili
composition traits. For instance, we are using markers to identify non-functioninvaeid convicillin
alleles, which code for major seed proteins that are antinutritional and have poor aminorafildgp By
reducing the vicilin/convicilin content we are hoping to rebalance tbeagfe protein composition by
increasing legumin content, a more desirable storage protein.

Genomic resources S,

EUC
wattl LEG
MAS, MARE |Marker assisted backrossing) are commonly used to ntrogress OTL's and genes

|& imaEMicienl for sigrm®icam by imdroving quantitativefcamiplex traits contiolled by & larpe numéer of OTL

Efidency of thess strategies = Wmited due to wme of low density marker fgstems
SNP musrloers and High throughgia genotyping (HTG)

Generated by trenscriotome seguencing, GBS or Rads=g

Craaficn of 2 SNF arrmays! 13.7 K SNP array and rpcenitly S0k 5P array
GWASL [ Galk 2019, #tc.] based on the newly publizhed genome sequence + phenotyping chaervation

Apranamic and seed quality fraits of field pea
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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,dtarice, is a

highly polygenic trait (or set of traits), having many contributory genes. Minos €arLbe 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 tdesdme e

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 ugatgetc

approach to breeding.
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Genomic selection (: 'LELE’E

Gonomic selection {GS) and prediction

Proposed in 20071 by Mewwessen 21 al

J

15 a form of MAS with extended scope and advantages |
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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 technologyfasom

costs have reduced rapidly. It is still expensive to genotype with sufficient coverage, but we are at a stag
where it is feasible. Genomic selection can basically be looked at as a form of marker assisteoh selecti
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 hav
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 theefrarald 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 edmiitim classical
pedigree selection or bulk selection techniques, and multi environment trials especiallyaidatijve

traits. In combination with functional omics we can better understand the genetic basis of phesatyde
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 currevgtyiped within

the EUbutZ}o ¢ Vv}Eu}pue %}S v8] o (}E& SZ (MUSHPE X /S[* %oE}PE e¢*]VP }use
America and China. This is an area that will need regular review in the EU.
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Genomic resources E_:

* Spead breading in pea and Speed G5
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Conclusion: Future breeding in Pea E:

] Gemomic assisted breeding (GAB)

. Marker assisted selection ard integration of GAB with speed breeding

. Gamamic selaction (G5) based combinad with high througnut SNP assays and Hight thrasghpat phenatyping
] G5 + Genomic prediction and Genomic estimated breeding values

. Micrablame interaction

. Climate ready breading methods

. Lrog pan-genome assemblies

. Haplatype based breeding

+ Genomic editing (outside of EL)

Heriras 3330 of Furcpesr Undzn
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To fully realise the potential of genomic assisted breeding there exists a need to fully thedggp with

high throughput phenotyping, or phenomics. The associated increase in data accumuldtrequiie new
approaches to data analysis and modelling, requiring the application of Al. Genomic approaches wil
furthermore allow for more efficient mining of genome resources for new sources of disease resistdnce a
novel traits allowing them to be effectively incorporated into commercial cultivars, giyiager yield

stability in the face of biotic and abiotic stress.
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Conclusion: Future breeding in Pea Ry

Phen ombcs: hridging the gap bebaean genomecs and phenomece.

—m
mC
alg

High troughpsil phenotyping

Phaenomibcs coupled with Al and machins learming
Mevw resistaince sources (landraoes and wild msterial... )
Pyramiding of different resistance genes using NGS methods
Functional genamics and discovery of new Candidsts ko
Resistances and adaptatsons 1o the changing climate

Wil stability by breeding more resistant vanieties

0 = Bnroeen
T hem recatand n
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Z}% (Y& S§Z S %% E} Z 3} E ]JvPX D} oo]vP}A]l@}-00}ASHEY | &
different genotypes, allowing breeders togaselect on the basis of their breeding values.

Genomic prediction Eucleg E EEE
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This chapter is based on a presentation given to the EUCLEG onlinkstvap on the application of

cutting-edge genomic technologies in the breeding of legume seedeld on the 30th September and'l
October 2021

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

Dr AnaM? Torres
Senior Research Scientist, IFAPA, Cérdoba, Spain
EUCLEG Faba Bean Species Expert

Honmn &1 of Eercpoon Uniom
el wnd Buniziz g P e Bunopeses Urdon s S con 000 Frugnanee R Dessench S newradlion undsn grenlapesnsnt

[» EUC

Ana M. Torres
IFAPA, Centro Alameda del Obispo, Cordoba, SPAIN

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

20 of Cwropean Umion
t has recetvnd funding from the Eurcpean Unlan's Hartzon 2020 Programme for Research & Innovation under grant agroement

Faba bean is one of the oldest crops grown by man since the beginning of agriculture. Dubighthe
protein content and high yield potential, faba bean is today the fourth most widely grown cool season
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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, amdlyi6has very large
chromosomes that are easily observable and because of this was a model species for plant dgtogenet
the last century. No wild relatives are known and all the crosses that have been tried with closelg relat
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

Rt

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

,

The long history of cultivation, the wide distribution, the mating system and the ressptm human

selection has led to faba bean being one of the most variable crop species, with a wide spectrumrof colou
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‘,‘ Egg

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)

of buropesn Unioa
S received Turding Trom the Curppean Union's 0 Programme for Nesearch & Innoyati

After selection we can distinguish four botanical groups. The Major type on the right, theaEgnd
Minor types, which are mainly used for animal consumption and the Paucijuga types whicbaghttto
be very close to the wild type and they are very small, round, black seeds, mdttgted in India.

Faba bean challenges g Egg

1. Resistance to biotic and abiotic stresses oy - ]
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 gnablare related

to the enhancement of seed quality, especially to eliminate low tannin and vicine-awnkenally, 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

v" Rust (Uromyces vicige-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 I will explain in more detail the main biotic and abiotic stresses for thps leréhe 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/galiiance.

Insect pests includéphisandBruchus

Molecular breeding approaches (_‘" Egg

A. thaliono
130 Mbp  Medicago truncatula Faba bean . . |
450 Mbp 13,000 Mbp * Difficult genomic studies,

« Genome assembly,
» Map-based clonning

Soybean
,200 Mbp Pea
4,000 Mbp

—

enome Size: 13 Gb

P Horlzon 2020 of Furopean Union
. . = receved funding from the Eurcpean Urion's Honzon 2020 Programme for Hesearch & innovation under grant agreement

Faba bean has a very big genome size, 13Gb, one of the biggest among the legume tn&sshigder
than pea, 10 times bigger than soybean and 30 times bigger than the meditago truncatula
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Obviously, this has significant impact on genomic studies and also on genome assenmbfpavased
cloning.
The molecular breeding approaches and the genomic tools used in faba bean have been parallel to the
A 0}%u v3 }(u}o po E u ElI E+ v § Zv]«p X § §Z PlvvwBl (}&E
maps with very low resolution and density, mainly using anonymous markers such as RFIS?, RAPD
isozymes, microsatellites etc. Later on, the use of comparative genomics using syntenyediithdd and
other crops allowed the use of orthologous markers and the development of sequence-badeztsn
Finally, the decrease in the cost of sequencing has allowed the development of datasets anaadientifi
of candidate genes that have been included in the maps as SNP markers

Molecular breeding approaches E_: Eléjg

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, @';g;;gm markers identification
mictosatallitos, ;
I SCARs. CAPa, STS, H‘tﬂ.} [ESTE, ITA-PS. SHPE} -[BNP markers } I
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Genetic maps (1990 - 2015)

* 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)

e
—m
mC
Q0

o ool beas peceived Turddieg from Lhe Durapesn Uinkan's Hoef fon 2000 Frogramims i Resesch & Inncyaton under grant sgieemesn|

el R

Among the genomic resources | would just like to mention that as in many other crops gaaptigere

developed with a selection of contrasting parentals for the development of F2 and RILS. dihdatigns
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 firgdl aim
identifying candidate genes or markers useful for Marker Assisted Selection approaches.

Genetic maps (1990 - 2015)
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Genetic maps (1990 - 2015) "
-

~m
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For example, highlighted here are the first maps used to assign the first linkage groupsnmsbmes,
using the progeny of trisomic plants.

Genetic maps (1990 - 2015) [» EUC
LEG

Brherewes ™
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L0 Lurgran Urdan
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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, gimidonents and
reproductive traits have also been studied in faba bean.
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Genetic maps (1990 - 2015)
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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
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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 truncatulaand 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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Development of sequences
+ marker datasets

4

Increase in density and utility
of gene-based genetic maps

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

agreement n°727312.
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the position of stable QTLs controllidgcochyteor Orobancharesistance and flowering and reproductive
traits.

Consensus maps Y EUC

Webb et al. 2016: SNP-based consensus map (6 RiLs) > [Porihst -EG
- 687 SNP markers on six linkage groups Fomye
- W M " MaEndaT x40 O3,

j eI Oe)Y » AP ARZA 1520
)

l ”
.ll = ; J; ¥ Mine and validate > 800 SNPs from
i " = LS ' transcriptomes + most informative

= i SNP assays from previous maps

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. Markersinete ob
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 &g tioht

is being widely used by the faba bean community today, to perform accurate bi-allelic discomiogti

SNPs and InDels in different mapping studies.

Consensus maps EUC
K% CEG

' ] : | E Carrillo-Perdomo et al. (2020)

* Most saturated consensus map (3 F3s)
% 5 ® 1728 SNP markers

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

l | | _ “ 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 Priowa I&Ns

from the 3 Bs 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 candidafergenes
agronomic interest for this crop.

Other relevant maps ™ EUC

Population Ha. hap

Criss
mype Incliviglisals  Rerght

lapped Craits Refarenies

Ascocivla blightl resistancs,  Saurelal, {2004

lEarys = el F 53 1217
=t #l awering time cattet 2l 2007
i 2han, v sine- zrani et 3l | I00ds
BT R - gz DPOVEM adaptation, wrne-  ghazasi etal. {20045, 2004b, _
oavicine A5G
Fiard = Drzatl 2053 i 104 1027 Rust resiskance e 28] ra
Mura » Farah Fy 145 1022 dscocavla blighl resislanes Sagheses 2L al, | 2019]
WIE = WI2T F. 134 AEL pod delieegoe Aypallac-Benitez st al, | 20200 '—
WG = W27 Fy 114 421 Fowaring fime Agdila-Benitez 28 ol {2021

Bi-parental populations = QTL number and resolution LOW, limited recombination
itwa allelas/lecus, low genetic diversity between two parents)

- Ekriar 18] of Duszpesi Uskon
= i Thiz prjat hve rensed Anding fran e Forapeas Unkz ' B nrdonn 3220 Pragranone p Boe Eresanck & innmasHar imder grank agrsamens

Finally, a number of other genetic maps have been developed specifically looking at traits telated
drought adaptation, rust resistance, pod dehiscence and flowering time. All of them derive fedni+ th
parental populations that are very easy to construct and represent a powerful tool for @ddtide
although the number of QTLs and their resolution is very low since we haitedlirecombination (only 2
alleles and relatively low genetic diversity between two parents).
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MAGIC populations ™ EUC
, § wad LEG -
Multiparent advanced generation inte  populations:

11 EU winter bean

Identify regio_ns A fsia , 8 parents
frost adaptation ounoers 2000 F4 individuals

Sallam, Martsch, 2015 Morphological, Hadk: dion
’ ' S o = 1 ght9
biochemical traits ascochyta blight,

Khazaei et al., 2018 chocolate spot, rust,
broomrape resistance

Maalouf et al., 2019
(ICARDA)

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 morphol@gidadbiochemical 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 théenpaltgnts

and the recombination along several generations produce a population useful for high-resahdpping,

as compared with the traditional bi-parental mapping populations.

Faba bean transcriptomes EUC
Arirarirs sy v shady Thae e MRk alattures Hd l" E G
They ] G pn s AT AvklzpanarbLEla iy SOIILE TS B rpsardr e
Mo @, | 2315) hAli MI:_THL:“ [ ruell-r o “B Franie G50 Lsrier
LT TR Rt T T T LR (W) Ol bl i (R RR AT 2o B ) :

T e P T AT % 17 transcriptomes
Fe et L am srcridtinad B ordtnam akenk 1.MES e seplaedry
MuL-irnappe srdMecasdp 5 Eil i lErr, e, Lo = _ i
I I eaghaam et mHlimd=r LeleTarpdands  humndnd RS A0 o e
Trore I Tes AP FrT R EL R o) o L = =,
Cicarta = w317 mTcrrEbie i ':'::m" oI, WD e Wy b
Treert oLl I=Fwsin
Kiattals & Jws Ly S STR T sinrl g LG R L vy Sl e THARE S il
wacherd jane 28 g TS o Moo anoshridemen: Hae xop, dhimirg
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P 1 RN i analyacs and gename annatahon
Hdreannereral TR ;::_;“'"‘"' "“"1“__1'_";:,"_"' SE TR mE @A s TR

" NGS platforms, RNA-seq technology = enhanced speed of faba bean gene discovary
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| would like also to highlight the importance of the Next Generation Sequence platformy @$G&ially

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 Agcochytadrought stress, salinity. This has produced

an excellent reference gene set, which is very useful for differential gene expression analysis and genome
annotation.

Gene diSCﬂVﬁ?f‘ff 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

RE (Tag 1)

Avila et al.
(20086; 2007)

vi§
250
Fa TFLla

In the next few slides | am going to show you some examples of gene discovdrg\tbdieen 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 happeltedticago, Arabidopsiand many other species. So

after the sequence alignment of contrasting genotypes, the authors (Avila et al. 2007) wete &bt a
non-synonymous amino acid change, which allowed the development of dCAP, theafirststic marker

useful to select for determinate growth habit.
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Gene discoveries: quality 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

“WHIEHE T

l_ PCR _1
B1 B2

The second example was focussed in quality traits with the aim of eliminating antienatitompounds
(such as tannin and vicine-convicine (V-C) content) from the seeds. Tannin contentaembby 2 genes,
which are located on chromosome 2 and 3, while the vicine-convicine contectigtl 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 geneticallyqeedlisp
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

, m e ‘,‘,‘! high tannin Low tannin content

. .;. 5:’7’.‘-.e=7 ’ Y
e N :f" ’;-&'-‘-’.ﬂQﬂ %' Gutierrez et al. (2007; 2008)

B A H H A H &8
Low

vicine-convicine . . w W - - -

F

Harkran 2020 of Furopean Linkon
has received funding from the European Unian's Hoelze Programme for Rescarch & inncvation under grant agreement
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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 linkeolotd antinutritional traits.

These markers were transformed into SCARSs, 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
Mr 3
VI Che I T -
;‘ Transparent Testa Glabra 1 (TTG1) a WD40 TF
— / determining flower color in Mt is the faba
e . bean zt1 (Webb et al. 2016)
."ll;ll.
ea! zt1 characterized and allele-specific diagnostic
- zt1 marker developed to differentiate zt1 in MAS
y |Gutiérrez and Torres, 2019)
B e

c.an Lindon

miding from e E un's wme [or Hesearch & innovabon under gramt o

Much later using a comparative mapping approach Wwigdicago truncatulaVebb 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 ztl from zt2 genotypes and from the wild genotypes withalorm
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

H of Eurupean Undon

recafyad funding trom the Ewrapean Unloess Horzan 2020 Proprasome o Resesrch & Inncwation uncss prant apresmen

Another example of gene discovery is zt2. Using a combination of comparative igesnoamdidate gene
approach and linkage mapping (in 3 populations). Using this combined approach, the autteeblego

fine map zt2 and to identify TT8, a basic helix-loop-helix bHLH, as the locus undbdyit? gene, which
also determines the white flower in faba bean.

Gene discovery: vc EUC
watl LEG

“  Most difficult faba bean quality trait to discover

“ Mumercus 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 (vicinieiney, has been the
most difficult trait to discover. Despite the numerous SCARs and KASP markers developed ard/the m
publications related with the V-C, the position of this gene in the map still hgdamge intervals and the

7KLV SURMHFW KDV UHFHLYHG |X@Q&RQIN’

Horizon 2020 Programme for Research & Innovation under grant E U C |_ EG .eu
agreement n°727312.

110



— LEG

v-c biosynthetic pathway was unknown because this compound is not present in model species. Both fact
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 majfar @itlne and

convicine content and that the expression of VC1 correlates highly with vicine cauerss 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

e © o o

To summarise the position of faba bean genomics before the EUCLEG project, only 4 genes for quality traits
andti 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 saturatiomaoféte
genomic regions is still needed to uncover reliable marker-trait associations. As a result, no régponsib
genes have been identified so far and no markers are available for MAS.

e/ uvs]}v (JE ( v }ev[3 Z A E (EvVv Pv}lu X "r"Cvs vC A]sZ
identify candidates in colinear regions and the recent transcriptomes have facilitated thegmesit of
high density gene-based maps and the identification of differentially expressed genes that are candidates
for genomic-assisted breeding.
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EUCLEG (2017-2021) EUC
il LEG

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.

Horlzom 2020 nf Furapean Unine

This project hax recensed funding from the European Union's Horzon 2000 Programme for Rescarch & innovation under grant agroement

nTTEIALE,

The aim of the EUCLEG project for faba bean is to improve crop diversification, crop priydycidi
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. |ldentification 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 resistancésrochytaln both cases they used the same faba bean
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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
C VPE v K[*poo]A vU 1iioX

Genotyping ¥ EUC
wtdd LEG
Rayetal2015 e Zhang et al 2015
Ocaiia ot al 2015

Webb et al 2016

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)

E K[~ poalgéted the transcriptomes datasets from 5 different sources, from different varieties,
tissues etc. in order to produce a validated SNP database and thus design a high-density array from
Affymetrix, which has more than 50 000 markers. This is the array that has been used to genotype the
samples used in the EUCLEG project.
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Seed multiplication and shipping

Hoticon 2020 of Eurvpesn Unison
™ ject has recsived hunding from the European Union’s Hoelzon 2020 Programeme tor Ressarch & Innovation under grant af

The 400 faba bean lines were first multiplied for 2 years in order to produce the required anfaaeds
to be distributed among partners. In order to avoid cross-pollination by insects, thiplcation 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)

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

5. IKBKS (Serbia)

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

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

d Funding feom e Eweouean Wiiurs Hoskzon 20 20 Programmme To Resesch & hnteralion unces graml dgresmend

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 werenpsafevith 100
accessions. Then 400 accessions were set up in Spain, Serbia and Wales and the results were analysed using
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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 EUC
- K% CEc

43 agronomic and adaptive traits evaluated

Architecture Morphology
» Branch number r Leaflet size
» Plant height r St'eed color

# Height first pod # Hilum color

[ Phetiolony O\ (Vield )

Flowering dat -
e # Pods per plant

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

# Flowering

» Flower color

» Flowers/node

» Flowered nodes/plant
>

b

%

Height of the first pod
Pods/node

Pod length

Maturity date

& 4

voen the Curopean Urvion's Horizen 2020 Prograenme foe fesearch & Innovstion under grant agreement

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
: - Natural i t i ‘ L E G
ﬂtress resistance \ atura occurmg ps and diseases

» Orobanche crenata

» Chocolate spot

» Ascochyta blight

» Rust (Uromyces fabae)

» Lodging tolerance

» Shattering
» Drought
v, Horizon 2020 of Luropesn Unive
. kS 1 has received tunding from the Curopean Union's Horlzon 2000 Programme for Research & Innovation under grant agreement
A 172 2.

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

SNP catalogue population structure phenotypic data points h-“
I Q matrix !

- = ’
ocCATCOT “@ g “
OCAACOT &,\} '.l‘ ) 4 “ |

i
ocAaTTOoTY > s ' s |
GGATCCY ayr .
L ‘
o -

é};;f %
]

GWAS EUC
kY LEG

» GWAS ¢

Genome-wide p-values
of SNP(s)-trait associations
hag -l._‘ Ld ok had

Identify Gene & QTL associated with the trait

Harkran 2020 of Furopean Unkon

Once we had available the phenotypic field assays data and the genotypic information, we veetiee abl
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 ger@$land
associated with the traits.
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We have followed this scheme, after phenotyping and genotyping we have analysed pmpstaticture
and relatedness and LD, and used statistical models in order to identify associations and validating them to
finally identify and characterize the genes linked to specific key traits.

Once we received the phenotypic data from the farmers we filtered the outliers and established the broad
sense heritability and also used the BLUP to adjust the data across locations and years.

7KLY SURMHFW KDV UHFHLYHG |X@&RQJ
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The faba bean genotyping data was also subjected to quality control analysis by removing markers with
MAF allele frequencies of 0.05 and any monomorphic markers. The score matrix matrix included 352
samples with 22.867 SNPs. Missing values were inputed by allelic frequencies.

As | 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 iigicago truncatulégo identify, order and
structure chromosomal sequences of chromosomes. Moreover, we used the genetic map positions

7KLY SURMHFW KDV UHFHLYHG |X@&RQJ
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observed in 3 RIL populations genotyped with the same Vfaba array. By doing so we were alga to assi
17% of the genes to the 6 faba bean chromosomes.

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

As you can see here the PCA divided the population in 3 groups: Exotic lines, Mediterraneanrecaadsio
Northern types. The 3 main PCs explained 88% of the variance.

7KLY SURMHFW KDV UHFHLYHG |X@&RQJ
Horizon 2020 Programme for Research & Innovation under grant
agreement n°727312.

119



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

GAPIT also displays a heat map. This heat map shows the genetic differences between the accessions and
also distinguishes the differences between the groups.
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Finally, the FastSTRUCTURE based on variational Bayesian framework also distinguishes the 3 groups as |
mentioned before, Exotic lines, Mediterranean accessions, and Northern types.

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

Later on we used the Multi-Locus Mixed Model, implemented in the R package and we were able to
identify 25 SNPs significantly associated, able to explain nearly 84% of the phenotypic variance.

Once we established this, we started to use the same statistical model for other phenotypic traits such as
pods per plant, seeds per plant, seeds per pod and hundred seed weight. As you can see we identified

significant SNPs for all these traits.

7KLY SURMHFW KDV UHFHLYHG |X@&RQJ
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We have also started to perform some genomic selection studies. We used large marker setsciaipeedi
breeding value and to select the best candidates for further breeding. So the prediction model is based o
genotypic and phenotypic data of training populations, in order to estimate the genoexcling value.

We tested 2 methods: the GBLUP and the QGBLUP. In the first case we used the genome \wideamark

in the second case we used only the markers identified in GWAS analysis.
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As you can see above for all the traits mentioned before and for all the QTLs, the QGBLUP gave better
prediction than GBLUP. And also as previously mentioned for soybean, a decrease in the size of the training
population tended to decrease the quality of the genomic prediction.

We selected this workflow to be applied to the rest of the agronomic, adaptive and quality traitse All th
significant SNPs identified with GWAS will be validated, if possible, with QTL mappiag. studi

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, byhdefini
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the physical interval. This is not yet possible as in faba bean as the physical map is notaf#eavai
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 bsarthb

will boost the advances in faba bean genomics and breeding.

I would like to acknowledge the work performed by my colleagues at IFAPA. On the leftseérilved
in the multiplication and GWAS analysis. On the right are those in charge of the qualigvélaition.
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Especially thanks to Natalia Gutierrez who was mostly involved in the GWAS and the excellentfeupport
Marie Pegard, INRAE, France as well as the two colleagues Ignacio Solis in Spain and Dej&nirsokolo
Serbia who performed the field evaluations

About the author

Dr AnaM? Torresis Senior Research ScientitiFAPA (Institute for Agricultural and Fisheries Research and
Training)in Cérdoba, Spain. She graduated in Biology from the university of Barcelona and cometeted h
PhD at the University of Cérdoba studying the genetics of the self-fertility in faba bean. Siiceh&9

spent several training periods in international laboratories (Geneva, New York and Davis, Califéfia, US
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 hasdeubrkable
advances in the developmenf the faba bean genetic maps availabtefar. This research focuses
specifically on improving agronomically important traits such as resistanoeomrape Qrobanche

crenatg), ascochyta blightAscochyta fabaeand rust Jromyces viciae-fabagaswellason yield

components and nutritional aspects suastannins and vicine-convicine conteAsa result, several
molecular markers for improving faba bean breeding programs are already availablerigs participates

in several national and European projeotslegumes, actingscoordinatorof faba bean molecular tasks.

This chapter is based on a presentation given to the EUCLEG onlinestvap on the application of
cutting-edge genomic technologies in the breeding of legume spedeld on the 30th September and
15t October 2021

Recording link to the presentation Genomics assisted breeding in faba bean :
https://youtu.be/UmXQg2YIps
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8. Introduction to outbreeding species: traditional breeding
methodologies
David Lloyd

In this chapter | will cover methodologies traditionally used for breeding fdireetding species. While the
goal for inbreeding species tends to be to produce pure-line cultivars as discussed previaialpthach
]J*v[S *u]S o (}E& }usS CE ]JvP <BEaveh raust BelCcampatilBlity mechanisms, so they
naturally out-cross. These self-incompatibility mechanisms can be genetic, morpraigdienologic.
Populations tend to have high level of heterozygosity and we want to maintairehdf 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 thepom genetically
distinct, but phenotypically similar genotypes within the breeding populatiorogtl gnalogy is that of
animal breeds, where each individual animal is genetically distinct from other animals of that breed, but
they are also visually similar.
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Open pollinated cultivars still have to adhere to DUS requirements. There is more scope for popttation
fail the uniformity requirements, so sometimes these criteria are looser than in inbreeding specsesar hi
be a double edged sword, as broadening requirements for uniformity can also increase the potential fo
failing the criteria for distinctiveness.

Open pollination is common in forage legumes, such as clovers and alfalfa. Some grain legumes also hav
some degree of open pollination. For example, faba beans can be treated as either as pure line cultivars o
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 pollinateetisyn
varieties.
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Breeding objectives for outbreeding species are similar to those for inbreeding species. Yieldeatidlpo
yield are often the largest concern. With forage legumes, the main yield componens ttatsidered 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 mygtipse
rather than that from a single harvest.

z] 0 % ]0]8C ]* Ju%)}ES vEU «} 58 VE]IV ]* %o ] 3} ¥Z %% noS & Jaee ZXE

Abiotic stresses includes grazing tolerance and resistance to disease. The emphasedigrasm
resistance can be geographically determined. In the UK these inSkldeotiniacrown rot,Ditylenchis
nematodes, Anthracnose and various fungal and bacterial wilts.

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

Persistency is a major goal of breeding with forage crops. This is yield stability inse$pantting
multiple times over multiple seasons. Sometimes initially high-yielding \esiein 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 butltiffippoduce

. (E}uX /8 } ev—3 u 85 & Z}A A oo A E]SC } «]v s Eue }(]8"
produce sufficient seed it will not make it in the commercial sector.
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The first step in breeding outbreeding populations is to create or identify sufficiently diverse lgeedin
population, or founder population. This could be a pre-existing population, sucltogecselections
involving collections of wild material, or it can be refinement of existing vasieBeme 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 usedéaedig

populations. Hand crosses can be used effectively, but flowers are generally a lot smallirethare in

the grain legumes and sufficient numbers need to be made to create a population that is not prone to
inbreeding depression.

/ve § %}oo]v §}Ee v e (( 8]A oCU o03Z}uPZ 8Z C[E oVYySSAXEC
top crossing approach can be very effective. A mother plant of population A can be surroundadyoy m
pollen donors of population B in an insect proof isolation chamber. Pollinaisegts are introduced and
allowed to freely pollinate. Only seed from the mother plant is collected and all seed edlleit

theoretically be F1s crossed between the two populations with self incompatibility prevessifigg.

Balanced bulks of multiple reciprocal top crosses can then be polycrossed one or more tsndsaiteles

into Hardy Weinberg equilibrium.
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Selection of spaced plants from nurseries is problematic to some degree as their growing certiitioot

perfectly imitate growing conditions in a ley. It is however still the most efficient waphémotype at a

large scale and breeding is a numbers game. To achieve a selection intensity that is high ecb@ve

sufficient genetic gain while avoiding inbreeding depression and achieving reasonable unjftrenity

population that is being selected from needs to be large. If the aim is to select 30 plantsstcréglire to

maintain heterozygosity, at a 1% selection intensity, the starting point needs to be 30@8.pt is

Iv ((] ] vS %Z v}S8C% vpu @&E-* }( $Z]e u Pv]Su alpo warlr medtioling that %0 v S e X
most DUS testing is done on spaced plants, so there is a valid reason to select for comditioe the

plants are actually assessed.

The process is often started with plants growing in pots. Depending on how uniform thépoipulation is
expected to be an initial selection is made from perhaps two or three times the number of pidms t
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 consideaegt and
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 tenddtmydowithout
vernalisation. In the second year, following the first winter, more data is collected nthidés growth
habit, whether the plants are erect or prostrate, flowering dates, leaf colour, leaf size and shadesipdsnt
and vigour, height, stem thickness, etc. Subpopulations are made that combine sufficientityifeith
performance and ideally several subpopulations will be made that diverge, for example, for fiigwere.
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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.

Mass selection is one of the oldest forms of selection used within plant breeding. Tdnisiagsuses the

same principles as natural selection. The breeding population is subjected to stresses that are thegoreticall
controlled by the breeder. These can be abiotic, subjecting the population for, say, lower saalrpid th
optimal, or for low nutrient availabilities. This approach has been used successfully for example foleexam
for increasing phosphorous use efficiency in white Clover. Mass selection can be used to improvedoleran
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 inteasity be

made. If the selection pressure is too small there is insufficient selection intensity and ifitharsh

insufficient plants are available to produce a viable population.
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Recurrent selection is a commonly used approach for a population improvement. This can usasprevi
described, conventional selection methods, whether mass selection or phenotypic selectiotioBelae

made and the best plants from the breeding population polycrossed to form an improved populgktiis

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 harsticsel

intensity gives the best genetic gain in a single generation but loss of genetic diversity will cause
improvement to plateau in subsequent generations.
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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. Ghessing

genotypes that appear to be the best pheotypically is often not the most effective approachl. Visua
appearance does not guarantee how well a group of plants will combine in a crdssibHaimilies 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 areedeitife
assumption is that the best performing half sib families are from mother plants that have theflibst o
best combining ability with other genotypes. The elite mother plants are then polycrossed to pro@uce th
new variety. This is a very effective approach to producing outcrossing populativaics.

About the Author

Dr David Lloyd is head of Forage Breeding for Germinal Holdings. Before taking tmdti€<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 EUGk#iGe workshop on the application of
cutting-edge genomic technologies in the breeding of legume spedeld on the 30th September and'l
October 2021

Recording link to the presentatiohttps://youtu.be/fe-KFER7gRM
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9. Genomics assisted breeding in alfalfa

Bernadette Julier

Research Director at INRAE, Unité de Recherche Pluridisciplinaire Prairies et Plantes Fourragdfgs (URP3
Lusignan, France

EUCLEG alfalfa species leader
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Alfalfa, or lucerne, is a major legume species that gives the highest protein production per acreage amon
all legume species in temperate regions. It is quite drought tolerant; it has a convenient fentrigy
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 &etaytioid
species with 32 chromosomes.
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What about traditional breeding methodology? It is based on the evaluation of pheicdtgits 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 diversitstudguhis
breeding pool in a nursery of spaced plants, where you can choose individual plants on theiovalue f
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 theseigsog
are tested in a micro plot design for 3 more years. Here you can have from 100 to 26@yptesting and
depending on the value of the progeny, you go back to the mother plant and polycrosssthe!drets

during the following year. You can have 20 to 30 polycross a year. You then studggaeypin 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, pati tise
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 loreedin
companies the staff are already skilled to be able to do this work. The weaknesses include thatnytu can
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conditions. All this evaluation, in nursery or controlled conditions require seyesas to carry out one

cycle of selection, the cost is related to this number of years. In addition, the fixation t¥@adieles 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 headrod
into a breeding scheme. It could help with the selection of plants from genomic pradiatid it could also
help with the choice of plants used in the polycross of the best plants based alivirsity of genetic
background. We will discuss these three points.

Before describing genomic assisted breeding, | will provide an overview of diffeegkér developments.
Then | will explain a bit more about the management of genetic diversity, genome wide assosiatly
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 déveloped, bu
it was too expensive, especially when you want to study a population represented by at leass@0

plants. The array was not that big with only 10K SNPs. More recently, genotygeepiigncing (GBS) was
developed in heterozygous species, and it was interesting to see that it was quite good éospleeses. 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 redus @ference
genome. The number of the loci is here represented as a function of the number of reads. We have seen i
2 cases, Pstl-ApeK1l 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 isskngfdata.

We have chosen Pstl-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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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.

At the end, we were able to sequence more than 1000 accessions, we obtained more than 30 800 loci
at each loaswe 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 newdthreshol
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 foigelfalfizs.

> §[+ u}A e®jarsagement 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 theftrace o
its introduction in Western Europe and North Africa. Alfalfesaiivasubspecies origin, followed the
migrations with Greeks, Romans and it hybridized Watbata 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.

7KLY SURMHFW KDV UHFHLYHG |X@&RQJ
Horizon 2020 Programme for Research & Innovation under grant
agreement n°727312.

143



In the past, we had quite a nice overview of among and within-accession diversity. Arfasgg accession
diversity was evidenced for phenotypic traits and molecular markers, but a huge within accessiotydiversi
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.
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With the results from EUCLEG we have obtained a revision of genetic diversity. We have stadlied mo
extensively 400 accessions, landraces and cultivars. The dormancies are from type 3ty . 7Most of

the accessions come from Europe, but we also have accessions from North and South AmericdneChina, t
Middle East and 1 accession from Japan.

We have obtained GBS genotypes for all these accessions and after PCA with these markers, we have
identified several groupings as seen above. The first group represented with only 2 accessions is close to
the subspeciefalcata. 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 America3@®@iittup
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 calculatedFliversity index, among

groups, and you can see that therbverall are quite low. The group giving the highesiggroup 6 with
the accessions of China.
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For most people in charge of alfalfa breeding, autumn dormancy is a very important tlattgines a

strong structure to the breeding programmes because breeders are usually working within a certai
autumn dormancy. Here if you look at the image where we put a dormancy score o€ #pl6t, you can
see that dormancy is not a way for sorting the varieties. Thus diversity structure is not linked to tmerautu

dormancy score and these are quite new results.
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With this project, we have revised the overview of genetic diversity. We have a divar€ityria which is
quite different to the diversity which is present in Europe and America. Also the diver&ityépe and

America is different even if most American accessions originate from Europe. The structure igétbityd
is not associated with autumn dormancy.

Now | will discuss the genome wide association study. Briefly, the question is tbeash 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 i
this species, here studied at the level of a single gene, and linkage disequilibrium over 1000 bigse pair
broken with some exceptions in this gene.

With this short linkage disequilibrium and low throughput genotyping, ardgndidate gene approach
could be acceptable for an association study. It can work, as shown here in a Constans-like gene and the
association of this gene to a phenotypic trait, stem height.
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In EUCLEG, we have found again a very short linkage disequilibrium over the whohe g&fier 500 base
pair, there is no more linkage disequilibrium, a very short linkage disequilibsur@ected in the
allogamous species. It means that, because we have set up the GBS methodology thamgisidnarkers,
genome wide association studies are now possible. The candidate gene approach is of couradadiith av
for association studies.

We have done extensive phenotyping during EUCLEG, we have studied yield agpdigaatibed 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 48§i@tsen 3
locations across 2 years. We have also studied germination, diseased resistance, drought taledance
phosphorous tolerance and interaction between drought &uarium
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In EUCLEG, we were able to detect major QTLs in these accessigrasnsiti locus mixed model
(MLMM).

The results here show an example on protein content for which we were able to identify sormevifiTa
strong effect and a significant p-value.
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If we look at the specific QTL amongst this data for protein content, we were able to see gigiée a
explanation of variation, here with an explanation of 12.5% of variation for proteireatribepending 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 populatibich
we have both genotype and phenotype. First, you establish a prediction model, you tesitthisoss
validation. Then the plants obtained after crossing - that are candidates for selection, are gendtgped.
apply your prediction model on this genotyping data and, from the predicted values, you thedgatants

you prefer.

Before EUCLEG, some attempts were published on genomic selection. The number of SNPsozgmo
and the number of individuals used was not very high, but provided some promising reshltbavi
predictive ability averaging 30%.

In EUCLEG, based on our 400 accessions and more than 200 000 markers, we carried out GBL&P predicti
and we obtained quite a good predicting ability, between 0.5 and 0.8 for the p-value, shown hdrg for
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matter yield, ADF content (fibre content) and protein content. The predicting ability was bettprdtein
content than for the two other traits.

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

genome with low missing datahib will be useful to analyse genetic diversity and genetic determinism of
breeding traits.

These markers can be used to manage genetic diversity. We have evidenced some specialization of the

breeding pools in the EU, America, and China. We can also use these markers to decide on the imtroductio
of new genetic diversity in the breeding pool.

We have seen that GS models provide high predictive ability, with even higher predictability when we

include the QTL effects. These models are ready to be used to select promising indimibusdsling
pools.
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What do we still have to do? We need to extend the analysis of alfalfa diversity from dormarioytt87
whole species complex, including wild populations if possible. We must impostefficiency of
genotyping, we need to see if we can reduce the cost to be applied in a breeding progrévenaéso 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 selédirerding
programmes to go from the theoretical to the practical aspect.
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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 stargsowing

seeds in the greenhouse and as soon as possible collect leaflets on each seedling, extract DNAnand obtai
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. Emolytnoss 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 modeesgs with genotyping

than with phenotyping, moving from 5000 to 15000 plants depending on the cost.
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Whatare 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, finstlyatg

no prediction for some traits, you are not able to select for this trait, and secondly, is#hestaiff having

to be trained to develop new skills to adopt these new breeding programme. The question is nows what i
the genetic gain and the cost efficiency?
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The next step will be to imagine the updating of GS equations, because up to now wanheygation, but
we need to make it living, including new genetic resources and new phenotyping data. Thergissisow

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
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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 extracgsn@wérything apart
from staff time

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

In our caseA e § (JETC E&eXt ] vVv[§ pue 8Z § (E}u 8§82 (JE-S C C&E.
(Q3) How often do you have to renew the prediction model?
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guality) of the predictions, depending on the accessions you are studying. | have shownrsapseadf

accessions, we have to test if a prediction model is valid for all types of accessions orsnigttfenfirst

part of the answer. Once you start using the prediction model, you select plants so the dpaseticof the

material may change; of course we have to check this and to learn from experience. Mytidgariaybe
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again in field trials. Maybe we could use this first set of information and then add new informadiming

from new trials and new accessions. It is not simple at a mathematical level and we also haveuto find
organisation to do that.

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

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 gieidal

We are able to also predict the traits in each environment. We have obtained a better evaluaimioibk

at the average value of the populations over all the sites that were available.

(Q5) Were the predictions accuracies that you showed crossdailon 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 onlinestapon the application of
cutting-edge genomic technologies in the breeding of legume spsdield on the 30th September and'l
October 2021

Recording link to the presentatiohttps://youtu.be/lEQEXn5UhdO
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10. Genomics assisted breeding in red clover
Roland Kolliker
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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 fmaocémn
species, which then can lead to transgressive overyielding. Red clover is also a very importanecompon
crop rotations to improve soil fertility and is especially valued in organic agriculture.

Yield, quality, persistence, disease resistance and seed yield constitute the most important braggkits) t
in red clover.
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Red clover breeding is based on population breeding and the resulting cultivars are basadyon m

different genotypes. Consequently, we have very complex pedigreébsweiny parents, illustrated on the

right here on the diagram. This makes the fixation of traits very difficult. Also, red dowvg@iuri-annual

crop, and for some traits such as for example persistence improvement is quite slow, because it takes man
seasons of phenotyping. In addition, changing requirements, such as emerging pathogeatipopualr

emerging pathogen species, or a general change in environmental conditions, pose a big challenge to red
clover 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 Bo(E [« <u]S 1P P v %o
that can actually be drawn upon when breeding red clover. We have quite efficient breedamgeshnd a
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increasing availability of genomic resources and also the appropriate statistical concepisistantly

being developed.

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

7KLY SURMHFW KDV UHFHLYHG |X@&RQJ
Horizon 2020 Programme for Research & Innovation under grant
agreement n°727312.

163



The EUCLEG red clover germplasm finally consisted of 397 accessions that were deni2&ddifferent
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 oeldgs e
distributed among the countries coloured in blue on this map. The germ plasit bewlivided into

different categories: breeding materials, cultivars, landraces and ecotypes.

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

Most of the land races we have in this set were derived from Switzerland and they all nicedy iolosie
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 ecoty@sgcyom
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southern Europe.

We have a nice set of accessions genotyped with a large number of SNPs and we saw sogenetear
structure among these accessions, mainly based on the regions where they were collected.

We set out to do a large scale phenotypic characterization of these accessions and establidhed$igit
five different locations: in Switzerland, in the Czech Republic, in Wales, in Serbia and in Norway.
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The phenotyping was conducted on the entire set of the 395 accessions in Swidzanidm the Czech
Republic. 200 accessions were phenotyped in a further three locations as well @=26ians 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 regrowsisanal

Principle component analysis based on BLUESs 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 ocadirartm
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the origin of the accessions and probably the most remarkable grouping is the one of the accessions fr
the northern European countries. You can also see some structure from Eastern Europe, Switzerland and

central European countries.

If you compare this to the genetic data on the right, you can see a little bit of congrbenceaybe not
completely. You can clearly see that the genetic structure detected with SNPs is also to sorme exten

reflected in the phenotypic diversity observed, based on traits evaluated in the field.

On the X axis are the five different sites. You can see for all three traits, we have quite a strong effect o
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 inteifgto
look at the combined analysis across all five sites.

First, if we only look at the 20 accessions which were grown at all five locagamisline here is one
accession) you can compare the phenotypic data for the five different sites. On g 0fidhe left is
Graminor in Norway, in the middle is Switzerland (WBF), and IKB in Serbia, is on the far right. ififpter exa
we look at the Nordic accessions, you can see that these accessions do fairly well in, [dothay
Graminor site, but they performed quite poorly at all the other locations, which can of course be egplain
by the adaptation to northern climates. Conversely, if you look at the accessionsSfndtzerland, 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 breedingxed ahder

}v 181}ve AZ & 13[+ 3pu 0o0C ]Jv3 v 5} pHe o0 8 & }vU v 8§Z]e Je *}u
accounted for in any prediction models for genomic selection.

So we observed a significant effect of accession at all the locations and we had sigmitession by
location interactions.

7KLY SURMHFW KDV UHFHLYHG |1X3@QG&RQJI"
Horizon 2020 Programme for Research & Innovation under grant
agreement n°727312.

170



Prior to EUCLEG, where there had not been many studies on GWAS or genomic selesti@tover, but
this dataset would allow for the development of a platform for predictive breeding in red clover.

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

In addition, we conducted a range of experiments under controlled conditions, in ordeteéctd)TL for
some key traits, which can be used to identify candidate genes and to better understand the obntrol
these traits but also can then later be used to improve prediction models.
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Southern anthracnose, caused Byllecotrichum trifoliiis increasingly problematic due to rising
temperatures. It can cause very severe yield losses, especially in warmer climates. Currentlgit's no
problem in Nordic countries, but in Switzerland for example it has become a major thriegt ted clover
production.

We used all the accessions we had available and performed artificial inoculation, using single spore isolates
or one single spore isolate Gollecotrichum trifoliiand 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 soatitbracnose.
There were a few accessions, mainly from Switzerland and the US, which showed quite a high degree of
resistance, but a lot of the accessions showed very poor resistance to southern anthracnose.

GWAS using the panel of SNP described before identified a number of significant QTL and Beme of t
explained quite a large proportion of the variance. For example, the one on cemm@one which
explained up to 16% or the other one on linkage group 7 which explained around 9%. These arly certai
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interesting candidates for further investigations and also for the development of marker assistding
strategies.

Another important disease in red Clover is clover rot cause8dbgrotinia trifoliorummand this work was
conducted at ILVO.

Basically a similar greenhouse experiment with artificial inoculation using one single spore iolate o
Sclerotinia trifoliorumwas 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 susceptibléghe plan
were in the greenhouse. Again, there was substantial susceptibility in these accessions, but this time the
Nordic accessions seem perform better.

Again GWAS analysis identified a few interesting candidates, which we will now use for further
characterization. For example one on chromosome 3 and also some explaining a very duigih @m
variability on the not mapped scaffolds.
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Another very important trait, particularly in northern countries, is freezing tolerance, which is known to be
associated with general persistence. This is work conducted in Norway where the freezing tolgsanc
assessed under controlled conditions, by using 393 accessions subjected to different fteemagatures

in the growth chamber. LT50 was determined as the temperature where 50% of the plants perished.

GWAS analysis identified a set of eight significant SNPs, which explained around 45¢hehtitypic
variation.
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Also, we looked at the persistence, particularly in the field. The arrows indicate the different expjanator
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 mainlydiec No
varieties and one Belgium and one Swiss variety. These varieties also showe®blettetinia

resistanceand 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.

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 als8clerotiniaresistance, and freezing tolerance under the controlled conditions from the

remaining other accessions. On the other hand the other accessions were characterised by a better gro

and indicated here by a higher stand height in the first year, in autumn 2018, before they had to undergo
the severe winter conditions of Norway.

Seedling emergence, an important trait concerning the establishment rapid establishment of red clov
swards, was investigated in France at INRAE.
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The results of three important traits are highlighted. One is the time to mean germinatidhe left, so

the time in hours for 50% of the seeds to germinate. The next is the root length, which wasdesxter

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 gennapldsome
accessions can actually have a higher time to mean germination, but still be faster in emergence.

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

So we have quite a nice set of well characterised red clover accessions and we generated & datg nic
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 yater?
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 populat&amples. What is the
relationship between the precision of the allele frequency estimates ahe trait prediction accuracy?
As far as | understand the question we would have to genotype individual plants and then detdrenine
allele frequency on the basis of that and of course that is more accurate then poolingltielual
genotypes, from populations, but this would be quite an expensive genotyping exercise. t aumenih
would actually improve a lot, because the phenotyping is done on the populatfowglhand not on single
plants.

(Q3) A specific question on the seedling emergence. Was any companse for performance of

emergence in the field?

dZ 8]« 3p ooC A EC ]Jvd E *3]VP %}]vEX E}U / }v[shejdjenlleA Z A o}}
S 0]*Zu v3 ]v38Z (] 0 U ¢} 8Z &[+ iued }v C E } « EA 3]}vU us 138 A}

this with the the data from the controlled experiments.

(Q4) There was a question concerning the PCA analysis of the phpitotiata. Looking at the structure
of the population, was it based on all the recorded traits or just a sebof the traits?

I V[ veA E §Z]« <l lrothat b Btbf traits were used, but probably not all of them, but
most of the traits were used.
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