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i Unit 4.1: Genome Wide Association and its potential for understanding the genetic
basis of complex traits
* 9:00-11:00 - UPV (Neus Ortega Albero)

e 11:00-11:30 Break

i Unit 4.2: Genomic Selection and its potential in organic breeding
e 11:30-13:00 - FiBL (Michael Schneider)

e 13:00-14:30 Lunch Break

i Unit 4.3: Application of molecular marker-based selection in practical breeding
* 14:30-16:00 - KIS (Barbara Pipan) + FiBL (Lupins; Teresa Lazzaro)

” LiveSeeding

e 16:00-16:30 Break %

i Unit 4.4: Overview on Experimental populations (e.g. NiLs, RILs, introgression families,
MAGIC) and their role in molecular breeding approaches
¢ 16:30-18:00 - UPV (Neus Ortega-Albero, Adrian Rodriguez-Burruezo) + KIS (Vladimir Meglic)




MODULE 3 - UNIT 3 - Marker Assisted Selection

Agenda
Intro to MAS (14.35 — 14.50)

*  Application case: bean breeding program in Slovenia (14.50 — 15.20)

*  Application case: organic white lupin breeding program in Switzerland (15.20-15.40)

*  Quiz (15.40-15.45)
* Discussion & Home work assignment (15.45-16.00)

HLlive



How familiar are you with MAS?

www.menti.com

CODE 2251 7590

HLlive


http://www.menti.com/

Marker Assisted Selection

* (DNA) markers to select for desired traits without directly measuring the
trait itself

* can be used in combination with traditional phenotypic selection to enhance
breeding outcomes

L
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Type of markers

* dominant/binary markers
>>They typically show the presence or absence of a specific DNA

fragment, but cannot reveal if an individual carries one or two copies of

the marker.

* Co-dominant markers
>>can distinguish between homozygous and heterozygous state

HLlive



MAS vs phenotyping

* generally more efficient for traits with low heritability,
>> as heritability increases, the advantage over phenotypic
selection decreases
* the higher the proportion of genetic variance explained by
markers, the more effective relative to phenotypic selection

HLlive
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MAS vs GS

* Effective for major genes: MAS is most efficient for traits controlled by a small number of
genes with large effects

* GS is Effective for complex traits: GS considers all markers distributed throughout the
genome, making it suitable for traits controlled by many genes with small effects

HLlive



From marker-trait association to validated marker for MAS
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Deployment in MAS
>> Use the validated marker(s) routinely in the breeding
program to accelerate the development of improved

u Live varieties.




Example

Theoretical and Applied Genetics ~ (2025) 138:52
https://doi.org/10.1007/500122-024-04794-8

ORIGINAL ARTICLE "j

Check for
updates

Identification by GWAS of marker haplotypes relevant to breed potato
for Globodera pallida resistance

J. Leuenberger'( . F. Esnault'® - P. L. Lebas’ - 5. Fournet® - M. P. Cann’ - 5. Marhadour™* . C. Prodhomme®*
M. L. Pilet-Nayel*© - M. C. Kerlan'

HLlive



CROP: Potato TRAIT: resistance to cyst nematodes
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Leuenberger et al., 2025



Marker Assisted Selection in Organic Plant Breeding

Position paper of European Consortium for Organic Plant Breeding (ECO-PB) 2013
Ethical criteria

e Genome and cell is respected as indivisible entity, no technical/physical intervention
(e.g. isolated DNA, GMO, NGTs)

e Maintain reproducibility in species specific manner

e No legal or technical barriers to restrict breeders’ privilege

e Natural crossing barriers are respected

. . Y CCO. ]
>>diagnostics only v ECO:-I

(=
IJf_J

Breeding strategies
* All steps in organic conditions. Selection in organic fields to account for
plant-environment interaction

>> complementary tool only (does not substitute
the field selection)

HLlive




Module 4: Development and application of molecular
methods in organic breeding

Unit 4.3: Application of marker-based
selection in practical breeding
Common bean example

Authors: Barbara Pipan (KIS)
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Common bean (Phaseolus vulgaris L.)

#

#

#

Is one of the most important edible legumes for direct human
consumption in the world, as it is a valuable source of protein,
carbohydrates, fibre and is a rich source of other components with
nutritional and health benefits.

For the Slovenian production area, common bean (CB) is known as a
vegetable of increasing agronomic interest.

Our recently developed varieties are coming from targeted hand-cross
pollination to introduce the genes which are associated with most
important traits of interest regarding breeding objectives (dwarf and
climbing bean for both dry bean and fresh pod consumption).

It is a self-pollinating annual plant with a relatively small genome of 587
Mbp (2n=22).

Reference genome is available!

i LiveSeeding B Agricultural Institute of Slovenia |(C)4avna sluzba v vrtnarstvu




Breeding objectives

# Tolerant to biotic (BMMV/BCMNYV, CBB, Anthracnose, bruchid) and abiotic
(high T, water) stresses.

# Earliness (flowering before high temperatures occur and induce flower
shedding).

# Tending to develop new ,, maslenec” type of varieties-> forms yellow/green.
long, flat and stringless pods (for climbing types).

# The favourable position of the pods on the plant (for dwarf types).

==

# High-yielding varieties.
# Favourable nutritional composition (Iproteins, Fe, Zn...; 1phytic acid).

Identify/select the loci in the CB genome associated
with traits of interest!

‘ ’ ’ . - . )
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P o Mo BN Py Butingy

e prbere- BMC Plant Biology

Selection of the DNA markers o —"

Diversification and genetic structure of the @
western-to-eastern progression of European
Phaseolus vulgaris L. germplasm

#  Within project activities of SI national applicative project L4-7520 ,,Utilization of common bean aenetic
resources for sustainable crop improvement and healthy food| Y | sxeinebitiy e

Morpho-Agronomic Characterisation of Runner Bean |
(Phaseolus coccineus L.) from South-Eastern Europe

‘ REPUBLIKA SLOVENUA
& MINISTRSTVO ZA KMETIJSTVO,

| ~ GOZDARSTVO IN PREHRANO

The markers were identified/selected via literature survey considering the main following issues:

Lovro Sinkovit '*0, Barbara Pipan 'O, Mirjana Vasit 20, Marina Anti¢ *0, Vida Todorovid *,
Sonja Ivanovska ¢, Creols Brezeanu *, Jelka Subtar-Vorlid ! and Viadimir Meglit !

Species-specific (CB genome);

OO0 #

Covering the traits of interest regarding breeding objectives and with background information about the
trait inheritance relations and specificity (quantitative, qualitative, dominant/recessive, level of

heritability,...); +#- cogent - . "~ prme— =
. . Comparison of six genomic DNA extraction methods for molecular downstream : 3 . .
Proven to be highly polymorphic; omssom o s e s Yoo . QT Mapping for Drought Responsive Agronomic
_ and Yield in an Andean Intra-Gene Pool Common
Equally distributed among CB genome; Bean Population

Adet Sedlar ', Mateds Zupin ', Marko Maras ', Jobs Ravinger 70, Jethn Subtar Voulit ',
Barbars Pigan 'O and Viedimis Meght '+

Highly applicable in terms of repeatability, reliability, to be quick and cost-effective for in-house use.

* 000

The panel of selected trait-associated DNA markers was optimised, tested and validated on the core
collection of CB (77 genotypes)-> to screen and cover highly diverse germplasm; the CC was established
from 782 ACCs from different 12 geographic origins following western-to-eastern line in Europe.

S b

~
#| The panel of 24 functional/trait-related DNA markers was established for routine use in common bean
breeding programme in Slovenia.

N (\{ : o " Z
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Functional/Trait-related markers in MAS

Panel of 24 functional DNA
markers for MAS in common bean
/routine use in public breeding
programme!

 different types of DNA
markers: nSSRs, CAPS, locus-
specific PCR markers, SCAR) ->
binary and codominant

genotyping

F & ¢ . . . >
S5 Agricultural Institute of Slovenia | (2)Javna shizba v vrtnarstvu
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Trait association

gene pool
determination

BCMV_BCMNV
resistance +
earliness+yield

bean rust
resistance

ALS (angular leaf
spot)

Fe+Zn+yield
related markers

drought stress
tolerance

[ALS-angular leaf spot (navacna pegavost
fizol

[Nietsche et a., 2000 *Mikias,

(28
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Breeding workflow_when apply MAS?

FINAL SELECTION
SELF POLLINATION OF THE ELITE
AND SELECTION BREEDING LINES + REGISTRATI
(PHENOTYPIC)-6 IN VITRO ON
CYCLES TESTS+OPEN FIELD
EVALUATIONS

SELF POLLINATION

AND SELECTION
(PHENOTYPIC)+
MAS (F2)

HAND-
)
PARENT POLLINATION/TARGETED
@  SELECTION
CROSSINGS

- -

o*0
e

Va4 . N . "
33 Agricultural Institute of Slovenia |- () Javna sluzba v vrtnarstvu
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MAS workflow

L Sampling the leaf tissue (60-100mg) from F2 phenotypically (pre)
selected plants/breeding lines.

O Homogenization of the plant sample.

O Extraction of gDNA (optimised method; automatable magnetic bead-
based sample preparation technology using MagMax).

L DNA QC (qualitative on agarose-gel electrophoresis; quanitative using
Qubit/Nanodrop)->prepare DNA templates and controls.

O (fast) PCR performance under optimised PCR reaction mixtures and
temperature conditions/requirements for specific DNA marker (panel of
24).

] Visualisation of the results:

->binary scoring for dominant markers (HR agarose gel electrophoresis
/QlAxcel):

->codominant scoring/allelic matrix for (EST) SSR (fragment reaction +
fragment analysis): Sequencer/Genetic analyser (fluorescent detection)->
electropherograms

| 30001 "
O Analysis of the molecular data/genotyping results. ] 2000+ ,
O Highlight the most promising genotypes with the best geneticf .. . - _ Wt | ;
background according to the traits of interest. fo . ,m«,_A_.;L_ B
E . . . 000 5000 fmin]
L' veS eed' ng = Agricultural Institute of Slovenia | (©)Javna sluzba v vrtnarstvu W’WWW



MAS workflow_Analysis of the results

O Binary scoring of the gel for dominant markers:
presence/absence of the band is associated with the
presence/absence of the band at the specific locus -> FEEEEEEEEEEE

to identify the genotypes with the presence of the
alleles/multiple alleles/genes associated with the
traits of interest.

L For the results of dominant and codominant
genotyping -> Population genetics software (e.g. :
genAlEx, Structure, SH, Genetix, Arlequin, Populations, -

Global unbiased

uency
X heter
acces

at

ozyqosity of
sians

FreeTree, TreeView,... all in combination with theR = = = = = = =~ T o
programming environment using different software - -~ & oo ol Bt B omeam
packages) used to evaluate genetic diversity, o o m e e
variability, genetic structure and clustering, marker == - o - i o
informativeness, genetic distances and level of e S e o
genetic distinguishing, including varietal - S : e e
authenticity,... using various population genetics | 000 0500
p aram et ers. Percentages of Molecular Variance — EEE | I I } I } Y~ I | I | U | | 2::}22 i a0
& Agricultural Institute of Slovenia | (5)Javna sluzba v vrtnarstvu E §$3 | | | “I | | Eiﬂz % %5"
=L THhY = &
. e L IRIRIRIEERIRILBIRIR ™ \
ﬂ L' ve 0500 10 ol Il Il L . I

3515
4939

5788

6061
6273
5909
5091
5121
5152

0626
0783
0794
0815
0815
0816
0791
0.746
0797
0816

Principle Mean polymorphic
coordinate information conten
analysis (first three  among all loci
axes) (%)
677 0569
710 0746
693 0724
685 0815
0761
636 0761
682 0683
628 0725
735 0769
690 0788
660 0715
637 073




...and finally we are about to choose...

[ Select the most promising F2 breeding lines with respect to
the best genetic background according to the results of the
genetic analysis.

1 Continue phenotypic selection during subsequent
generations of selfing to make the traits stable in

homogenous... l

1 Allow us to breed more effectively during the process,
maintaining the best breeding lines only with a favourable
genetic background for the traits of interest.

i N S o
LI VeS eed n g S Agricultural Institute of Slovenia | (5)Javna sluzba v vrtnarstvu



...learn more about the research behind discovering trait-related markers...

composite population

Genomic regions and their effects
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[ WGS identified 8.6 million SNPs, with chromosomes 4
and 1

having the highest SNP density (11% each), while

chromosomes 3 and 6 had the lowest.

O Selective sweep analysis with XP-CLR and XP-EHH
identified 118 significant regions associated with
seed coat color change, with most regions located on
chromosomes 4, 9, 10 and 11.

O Phosphatidylinositol signaling pathways were highly
enriched in candidate regions, indicating that cellular
transport mechanisms play a critical role in seed coat
pigmentation.

1 The identification of key genomic regions and
pathways associated with seed pigmentation
improves our understanding of the complex genetic
interactions underlying this trait.

& frontiers

Genomic insights into genetic
diversity and seed coat color
change in common bean
composite populations

& s
> Agricultural Institute of Slovenia (D Javna sluzba v vrtnarstvu



Wrap up: Why is MAS important in breeding?

S

0 Enhanced disease resistance: Molecular breeding and MAS allow for the precise
identification and incorporation of genes responsible for resistance to various
diseases. This leads to the development of common bean varieties that are more
resilient to, thereby reducing crop losses and improving yield stability.

0 Accelerated breeding process: Traditional breeding methods can be time-consuming
and labor-intensive. MAS significantly speeds up the breeding process by enabling
the selection of desirable traits at the seedling stage, rather than waiting for the
plants to mature. This efficiency allows breeders to develop new, improved
varieties more quickly.

O Improved trait selection: MAS facilitates the selection of complex traits that are
difficult to measure phenotypically, such as drought tolerance and nutrient use
efficiency. By using molecular markers linked to these traits, breeders can more
effectively select and combine desirable characteristics, leading to the
development of common bean varieties that are better adapted to diverse
environmental conditions.

; LiveS eedi ng X Agricultural Institute of Slovenia | ()Javna sluzba v vrtnarstv
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Module 4: Development and application of molecular
methods in organic breeding

Unit 4.3: Application of marker-based
selection in practical breeding
White lupin example

Authors: Mariateresa Lazzaro (FiBL, Switzerland)

Funded by the European Union, the Swiss State Secretariat for
Education, Research and Innovation (SERI) and UK Research

and Innovation (UKRI).
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White Lupin (Lupinus albus)

* 35 % (28% — 40%) protein content

* next best amino acid composition after
soybean

e Legume family = N fixation
* Deep roots

* Soil structure improvement,
* P mobilization

* Pollinator attracting flowers (pollen / no
nectar)

* frost tolerant summer crop
* drought tolerant

* Increasing demand:
* feed
* food: vegetarian / vegan trend

” LiveSeeding



White Lupin (Lupinus albus)

Predominantly self-pollinating (but)
>>> up to 15% cross pollination possible

>>> isolation from insects needed for
breeding

” LiveSeeding




Breeding TARGET: anthracnose resistance

* fungal agent: Colletotrichum lupini

* transmission: seed, rain splash

* under wet conditions > 25°C

* quantitative resistance

* very few resistance sources identified




Breeding TARGET: low-alkaloid in seeds

S

Quinolizidine alkaloids (QAs):
* bitter & toxic

* Wild material and landraces are bitter Alkaloid content
* 2’000-4’000mg/kg in bitter cultivars <200mg/kg

* up to 127°000mg/kg in wild material \L \L
* «Sweet» varieties 2 low-alkaloid loci

* controlled by multiple recessive loci, I

one major locus, pauper (Chrl8, causal mutation @ w ‘[r—l;
published) and several other loci reported, but

not genetically mapped) Food Feed

” LiveSeeding




White Lupin Organic Breeding

. resistant (bitter, late)
Crossings X

sweet and/or early ripening

Phenotypic
selection

ORGANIC

Direct Selection
in target environment, in organic certified fields (2 CH, 1 DE), following the farm crop rotation

i Liveseeding Breeders: Christine Arncken (FiBL) & Miriam Kamp (gzpk)



How to integrate MAS in our organic breeding programme?

- advancing molecular breeding tools for this neglected crop

- development, validation and application of molecular markers associated
to anthracnose resistance and alkaloid accumulation traits

H Live Molecular breeding : Joris Alkemade, Andras Patyi, Michael Schneider




Reference genome available

Genome size: Approximately
451-584 Mb

Chromosome number: 2n = 50
(25 pairs of chromosomes)

Total genes: ca 38k

” LiveSeeding




Quinolizidine alkaloids and their determinants

At least 5 «sweetness» sources (recessive):
* pauper :
* most market varieties
 reduction to 200-500mg/kg

 causal SNP published by Mancinotti et al. 2023 (SNP
Lalb_Chr18 12359687)

* mitis, reductus, exiguus, nutricius: reduction to £1000mg/kg
* |oci not known

HLlive




s it possible to develop lines with very low and/or stable levels in different environments by
stacking two low-alkaloids determinants?

Study

As only pauper is mapped, we needed to identify a second QTL to be able
to respond to this question.

Determing stacked allele recombinant effect on alkaloid content

Apply in the breeding programme

HLlive



Material

* Crossing: Dieta (PPnn) x Frieda(ppNN)
* F1: PpNn

* F2 (plants) in 2023: PN Pn pN pn
PN PPNN | PPNn | PpNN | PpNn

7:9 sweet bitter |pn PPNn | PPnn | PpNn | Ppnn
PN PpNN PpNn PPNN ppNn
pn PpNn Ppnn ppPNnN ppnn

Method

Genotyping F2 for pauper

(Rough) phenotyping with Dragendorff &
Tasting = calculation of combined QA score

Bulked Segregant Analysis in F2 population

i LiveSeeding MSc thesis Miriam Kamp, WUR, 2023
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Results BSA and marker for MAS

SUCCESS>>>>> QTL on Chromosome 5

SNPs choice in the QTL (4 selected)
>>

PACE assays development
>>
validation in a diversity panel (34 accession)
>>
1 PACE marker chosen
>>use in F3 population

>> identified individuals with stacked low alkaloid alleles with very
low alkaloid content

HLlive



Next steps

S—— S —— S —

Combine the MAS for low-alkaloid
with the selection (pheno and geno) for anthracnose resistance

* quantitative resistance
* very few resistance sources identified

” LiveSeeding



Markers for anthracnose

* 3 loci from literature (Yang et al. 2010):

*  Kiev mutant x P27174 RIL

not able to design KASP assa
«  WANR1, WANR2, WANR3 e g y

(WANR1&2),
n.s. in validation panel (WANR3)

* 3 SNPs from GWAS by Alkemade et al.
2022

* Panel of 200 accessions of white lupin, 9940 SNPs, controlled '

FiBL conditions phenotyping
* Lalb_Chr05_2957601, Lalb_Chr05_ 2957940, Lalb_Chr05_ 3706534

n.s. in validation panel

Yang, H., Lin, R., Renshaw, D. et al. Development of sequence-specific PCR markers associated with a polygenic controlled trait for marker-assisted selection using a modified selective genotyping strategy: a case
study on anthracnose disease resistance in white lupin (Lupinus albus L.). Mol Breeding 25, 239-249 (2010). https://doi.org/10.1007/s11032-009-9325-4
u L N Alkemade, J. A., Nazzicari, N., Messmer, M. M., Annicchiarico, P., Ferrari, B., Voegele, R. T., Finckh, M. R., Arncken, C., & Hohmann, P. (2022). Genome-wide association study reveals white lupin candidate gene
've involved in anthracnose resistance. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik, 135(3), 1011-1024. https://doi.org/10.1007/s00122-021-04014-7



https://doi.org/10.1007/s11032-009-9325-4

Markers for anthracnhose

* SNPs from dataset by Alkemade et al. 2022
) — predictive ability dropped in validation

FiBl. (predictive accuracy up to 0.79) panel,

* 50 loci selected for marker development further validation with field data ongoing

* SNPs NEWLY identified by GWAS and GS

from data in Schwertfirm et al (2024) — few markers confirmed in validation panel,

.“ 254 accessions analysed, 24’534 SNPs further validation with field data ongoing
h‘l LfL - phenotyping in field conditions

o 16 QQplot
I © Avg-BLINK 4 BBCHG63-BLINK  x BBCH77-BLINK o —*BBCH 63 - FarmCPU
" 0 Avg-FarmCPU v BBCH 63 - FarmCPU % BBCH 77 - FarmCPU 7, Ava.: FarmCPU
BBCH 77 - F: Pl
© Avg-MLMM + BBCH63-MLMM @ BBCH77-MLMM BBCH it
BECH INK
BBCH LMM
A

Schwertfirm, G., Schneider, M., Haase, F. et

al. Genome-wide association study revealed
significant SNPs for anthracnose resistance,
seed alkaloids and protein contentin white
lupin. Theor Appl Genet 137,155 (2024).
https://doi.org/10.1007/s00122-024-
04665-2
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https://doi.org/10.1007/s00122-024-04665-2
https://doi.org/10.1007/s00122-024-04665-2

Genomic Prediction followed by marker selection

Genomic predition (based on high number of marker,
eg from WGS or GBS)

>>marker selection (to keep «good» predictive ability and
have a number of markers that is affordable to genotype, eg 96 markers
for Biomark X array)

Application of Genomic Selection based on the reduced number of markers
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http://www.menti.com/

Homework

Present an example (real from your work or potential from literature) of Marker
Assisted Selection in a crop of your interest

https://survey.fibl.org/index.php/281841?lang=en

Send answer via the link before by 11 March 2025
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https://survey.fibl.org/index.php/281841?lang=en
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