
Considerations on breeding for local 
adaptation



Experimental agriculture is a 

process based on development

of products
Innovation is to be directed to improvement of farming

for the benefit of farmers, consumers, and environment

When thinking of a new variety or a new farming

practice, the target users are farmers

Product profiling 
(i.e. design) is a 
key issue to 
achieve impact

• Identify a need

• Consider who will 
use the product and 
why

• Is it clear how to 
use it?

• Is it engaging?



Credit: CGIAR

• Crop breeding is tasked with developiong producs – varieties – originating 

from new genetic combinations. A neverending quest for yield, resistance, 

quality…

• Modern crop breeding is largely a legacy of the Green Revolution

Friedli et al (2019)



Smallholder farming: heterogeneous, 
low-input, low-tech

«Conventional» farming: uniform 
environment, high-input, high-tech

Globally, about 570M smallholder farmers support the 
livelihoods of 2B people; small farms produce 1/3 of global 
food



• Good looking and 
high performing

• Requires lots of 
inputs

• Operable in narrow
specification, 
requires skilled
user

• Average
performance

• Somewhat input 
efficient

• Operable in broad
specifications

A high-input modern
variety

A resilient local variety
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Identification and manipulation of genetic factors

to speed up the production of new varieties for:

1. High yield potential (+ yield stability) under 

low inputs

2. Potential for adaptation to current and future 

climate

3. High nutritional value and cultural heritage

Molecular breeding for local 

adaptation

GeneticsGenomicsAgrobiodive

rsity



• Agrobiodiversity is nature + 

culture; biodiversity that

has been shaped by human 

ingenuity

• Agrobiodiversity is the raw 
material that breeders shape 

into new and improved 

varieties

• The green revolution is

really the most recent step 

of a process started in the 

Vavilov centers

Norman Borlaugh

Nobel laureate

Cherinet’s mother, serving coffe

Bahir Dar Ethiopia

First pillar: agrobiodiversity

No diversity? No 

improvement!



Untapped genetic agrobiodiversity

can be sourced from seed banks and 

farmer fields

Current varieties are the result of 

thousands of years of selection, which 

limits the amount of diversity in current 

fields



Second pillar: genomics

• Once you have diversity, you need the 

tools to characterize it

• Genomic technology evolved rapidily in 

the last 20+ years; DNA sequencing is

an everyday task



It is now easy and cheap to 
produce tons of genomic data, 
and the future is bright!



Third pillar: genetics
Once you can read DNA, the 

challenge is to understand

what it is doing



Reverse genetics

Forward genetics

Gene(s)

Trait(s)

Gene(s)

Trait(s)

Is variation of 

a trait 

associated with 

genotypic 

variation?

What trait 

arises from the 

perturbation of 

a DNA sequence?

Agamous



• It is becoming increasingly clear that
traits are controlled by manifold, 
small effect loci

• Quantitative genetic mapping studies 
are tipically underpowered to 
capture small effects (few cases, 
many variables)

• Large human studies (e.g. UK 
BioBank) are filling in the gap



Predictive genomics

• It is possible to 
leverage big data to 
build simple models 
predicting outcomes
(phenotypes) given a 
set of starting
conditions (genotypes)

• Genomic selection / 
genomic prediction is
usually based on:

• Training set: in which
individuals are 
genotyped AND 
phenotyped and a model 
is build to relate 
these quantities

• Test set: in which 
individuals are 

Training set: SNP data and trait data 

Test set: SNP data only, trait data masked

Estimate alelle
effects in a rrBLUP

Estimate phenotypes

Predictive ability: correlation between
estimated trait values and true values



• In whole-genome
predictions, each SNP 
value is associated with 
an estimated
(infinitesimal) effect on 
the phenotype

• It’s a black box 
strategy: we don’t care 
about where genes are, 
what they do, what is the 
molecular basis of traits 
-> we just care about the 
numerical association
between alleles and 
phenotypes

• The effectiveness of 
predictions is tipically
assessed via cross 



From phenotypic selection to molecular selection to 

biotech

Selection based on 

traits

Selection based on 

markers

Genomic selection

Modifying genes



How to better align 

breeding innovation to 

end user needs?



Denakel depression (-115 m) Ras Dashen (4,533 m)Broken plateau, canyons

• Many endemisms, wide topographic

variation

• Main settlements b/w 2,000 and 

2,500 masl

• 10 ecosystems, 49 agroecologies

• 43% of GDP comes from farming

• 90% of farmers are smallholders 

(80% of the total workforce)

Ethiopia, the land of origins



Durum wheat

Triticum turgidum, tetraploid wheat (subgenomes

A, B)• Independent 

domestication in 

Ethiopia? (debated)

• Cultivated for 

traditional

preparations

• Estimated 4.2 Million 

farmers (13% of 

cereal growers)

• Low mean productivity

2.7 ton/ha 

(aggregated bread and 



Sampling Ethiopian durum

wheat diversity

• Genetic materials selected on the basis of 

passport data of ex situ collections at the 

Ethiopian Biodiversty Institute (EBI)

• Purification plot prior characterization

• Dominant types selected: accessions split at

need

• A single spike sampled and subsequently

amplified



• Genotyping with the 

illumina 90K SNP 

array

• Diversity panel 

collection:

• 298 traditional durum

wheat landraces

• 25 improved durum

wheat lines release 

for cultivation

• Mediterranean durum

wheats

Breeding materials

cultivated in Ethiopia

lack Ethiopian heritage

Mengistu et al 2016

Dejene Mengistu, PhD



Moving closer to breeding: 

the Ethiopian NAM (EtNAM)

• The Diversity of traditonal

Ethiopian wheat may be 

useful for local and 

international breeding

• A nested association

mapping (NAM) design may be 

used to recombine local

diversity with an improved

background, producing at

once:

1.Prebreeding

materials

2.A segregant

population for high 

Kidane et al 2019

Yosef Kidane, PhD



• 50 Ethiopian

durum wheat

landraces (+ 2 

italian lines) 

chosen as

female parents

• Recurrent male 

founder 

(Asassa) with 

international 

background 

selected on 

the basis of 

farmers' 

preference

Kidane et al 2019



Kidane et al 2019

12 NAM families, 100 RIL each (1,200 RILs) selected for 

initial characterization (total 6,500)

• Genotyping with the Illumina 15k SNP



Genetic materials can be used in 

a genome wide association study 

(GWAS) to identify alleles of 

breeding relevance, e.g. 

resistance to Septoria 

Kidane et al 2017

Bogale Nigir, PhD

Accession #8208 and 

#208304 were released as 

varieties in 2017

Plant materials: 400 landraces; 

1,200 RILs



• Each family-village uses its own seeds, 
selected and maintained forward according 
to their preference

• Smallholder farmers must be efficient and 
knowledgeable: their environment is not very 
resilient. Their choice of genetic materials 
must be the right choice

• Participatory varietal selection (PVS) can 
help accessing this knowledge

Bringing farmers into 

the picture

Are PVS 

traits a 

quantitative 

phenotype?

Are PVS 

traits 

related with 

metric

traits?

Do PVS traits 

have a 

genetic basis

in wheat?

see Ceccarelli et al for early works on PVS



In each, metric traits collected on 

hundreds of genotyped wheat accessions 

laid down in a replicated lattice design

Men farmers

Focus group discussions 

and survey to identify traits 

most relevant to farmers

Women farmers

Scores 1 to 5 given for overall appreciation (OA): how 

much do you like this wheat genotype?

Evaluation given to 

each unlabeled 

plot, groups 

entering from 

random entry 

points, scoring 

system devised to 

avoid bias

Different wheat agroecologies



Scoring system

• Genetic 
materials 
never seen 
before

• Evaluations 
given 
eyeballing 
the field

• Individual 
scores 
recorded

• 400 landraces 
in 1200 plots 
(Geregera, 
Hagreselam)

• 1200 EtNAM
RILs in 7200 

Chiara Mancini, PhD



Farmer scores and 

metric traits are 

related

Farmer scores are 

repeatible across genders 

and across locations

Mancini et al 2017
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Farmer evaluations of wheat performance are heritable over year, location, 
gender: they have a genetic basis in wheat

Gesesse et al 2023
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PVS farmer 

scores can 

identify QTL 

that partially 

overlap with 

those deriving 

from metric 

traits (e.g., 

kernel size, 

phenology)

Some PVS QTL are 

consistent 

across 

germplasm, 

location, and 

Gesesse et al 2023
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In a pre-breeding perspective:

• Several RILs were outperforming both EtNAM

parental lines and improved genotypes checks

• The performance/preference for specific allelic

combinations is location and gender-specific



Training set: SNP data and 

trait data

Validation set: SNP data only, 

trait data masked

Estimate alelle

effects

Accuracy: correlation between estimated 

trait values and true values

• Landraces, 1600 plots

• EtNAM RILs, 7200 plots 

• rrBLUP to perform genomic 
selection for yield (GY) and 
farmer appreciation(OA)

• Selection conducted on BLUPs 
measured across years and 
locations, accuracy monitored

Towards a quantitative 

integration of farmers’ 

knowledge in genomic 

selection breeding
Cherinet 

Alem, PhD

Bogale Nigir, 

PhD



Training set Test set

DNA markers

Phentoypes

DNA markers

y = Xb + Zu + e 

Model training

• No QTL mapping

• No testing for 

marker 

significance

• No effort to 

localize genes

Predict and select

m x

Best genotypes

are chosen on the 

basis of GEBV and 

advanced in the 

breeding pipeline



Overall appreciation (OA) by 

PVS provides better accuracy 

in predicting grain yiled

(GY) than GY itself

• Note that farmer groups providing 
evaluations are different and never seen 
the genetic materials before

• Are farmers able to capture the 
*expected* yield in local growing 
conditions?

Gesesse et al 2023

Training: 

landraces

Testing: 

NAM RILs

OA, GY GY



• Selection moves to 
1000+ farmer fields 

• Varieties are grown 
in true farm 

condition and farmers 

are asked to rank 

varieties according 

to their preference

• The resulting 
accuracy for varietal 

development and 

recommendation is 

increased

Towards a decentralized 

breeding paradigm

de Sousa et al 2022

Many genotypes in each of few locations

Few genotypes in each of many

locations



The decentralized evaluation of 

varieties is based on the tricot 

approach; incomplete ranking at each 

farmer field can be combined into a 

measure of worthiness – i.e., the 

tendency in outperforming other 

varieties

Image courtesy of Kaue de 

Sousa

For tricot work and 

conceptualization see van 

Etten et al 2019, 2020, 2021



The ranking 

derived from 

decentralized 

farms in 

combination with 

climate and 

genomic diversity 

predicts both GY 

and OA in 

untested 

environments with 

twice the 

accuracy of 

“conventional” 

genomic selection



A decentralized model captures 

environmental variation at farm 

sites, capturing GxE

interactions

How comes?

• Farmers evaluate yield and yield 

components, increasing the 

heritability of the predicted 

trait

• Can farmers evaluate genotype 

stability across seasons?



Wrapping up

• The innovation process flows both ways from 
researchers to end users;

• There is value in engaging in a conversation and 
open a space for everybody involved to bring their 

knowledge to the table;

• The challenge is to integrate genes, phenotypes, 
environment, and social sciences to tailor 

varieties for local adaptation to achieve 

sustainable intensification of local agriculture; 

• Smallholder agriculture and traditional knowledge 
are not at odds with modern research; they may be 

a resource for breeding - a complement to current 

breeding strategies
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Shortcomings of genomic

prediction

• The genetic basis of some traits is still too 
complex or too feeble to be efficiently 

predicted (+ ethical considerations in 

medicine)

• Very little number of traits for which a single 
gene can be meaningful in predicticing outcomes

• The value of predictions depend on the 

representativeness of the training data

• Difficult to drive deterministic conclusions: Y 

= G + E + G x E

• Good in capturing the mean, bad in capturing 
outliers



Molecular biology

does magic
• It has been shown 

that modification 

of relatively 

simple molecular 

targets can improve 

yields from 10% to 

68%

• Photosyntesis is 

one of the target 

of these 

modifications



Aren’t

breeders

carried

away by 

the 

magic?

In breeders’ hands, a 

yield increase of 1%-5% 

over generation is 

considered a 

breakthrough

• E.g. Corteva tested 

the effect of 1,671 

genes, taken from 47 

species, on complex 

traits in maize. Only 

1% of these genes 

increased yield enough 

to warrant more 

investigation

• In subsequent rounds 

of testing, only zmm28

(a TF) was validated 

for a 2% yield 

increase and this 

required the creation 

of 48 types of hybrids 



Heritabili
ty: the 
proportion
of 
phenotypic
variance
that is
explained
by 
genotypic
variance

Fact: a sizable portion of 

phenotypic diversity can not be 

traced back to genetic factors



• Numerical: an issue with numbers, 

related with inadequacy in 

observational data (e.g. 

experiment size)

• Predictive: an issue with 

something that we cannot measure

or that we are not measuring well

enough

• Mechanicistic: an issue with our

fundamental lack of understanding

of the determinants of complex

traits



The Numerical issue
• Complex traits are complex, and the contribution of each individual locus is small and hard to 

detect

• High-effect alleles are typically rare and may be missed when the size of the experiment is too 

small

• Small effect loci can escape detection if the statistical power of mapping is not sufficient



2015 – 11,670 Han Chinese women; 6.2M SNPs; 2 

associations

2018 – 480,359 Europeans; 9.6M SNPs; 44 

associations

2022 – 1,815,091 individuals from different

cohorts; 22M+ SNPs and TWAS; 300+ associations





The Predictive issue

Complexity of determination of phenotypes

In crops: although single genes can affect complex traits, such genes typically operate in conjunction with 

soil and fertilizer management regimes, the hundreds of other genes involved in crop domestication and 

adaptation, and so on. Moreover, measurements of phenotypes are noisy

G x E x M

Accuracy of 

phenotypes



202 fully sequenced rice lines with RNA seq available

• GWAS finds association with salt resistance

• Additional associations are unveiled by the use of 

transcriptomic data (TWAS)

• Pangenome data enables the defintion of multiple 

alleles and haplotypes



The Mechanicistic issue

Non-

additive 

effects

Epistasis

Heterosis

Epigenetics / post-

transcriptional

regulation

There are different mechanisms of contribution to traits, and many are still 

poorly understood and/or hard to model



80 epistatic combinations, 19 more-than-
additive

• Validated a single  epistatic  
interaction  involving  S.  pennellii
QTLs  on  chromosomes 1 and 7, that 
independently did not affect yield, 
increased fruit yield by 20 to 50% in 
the double introgression hybrid grown in 
irrigated and dry fields over a period 
of 4 y

Non-additive variance can be easily detected in 
experimental conditions (e.g. hybrid
generation), however it is hard to estimate 
correctly in colletions of unrelated
individuals

• UK biobank data, 1M SNPs and 250K 
individuals, different traits

• Additive variance has a clear contribution, 
not so much dominance and epistasis



Acknowledging

complexity – the 

breeders’ way
It doesn’t really matter which

gene does what; based on 

large observational datasets it

is possible to model the 

relation between genome-wide 

diversity and phenotypic

outputs (and predict traits)

• Depending on the trait, the 

data, and the model, you

may end up with different

prediction accuracies



GS models do a fairly good 

job capturing the complexity

of the trait, and adding prior

information (e.g. GWAS hits) 

makes a little difference

• However, GS models are 

sensitive to the 

representativeness of the 

training of the model (and 

bound to the allelic

diversity and LD captured

in the process)



Acknowledging complexity –
the molecular geneticist 
way

There’s a finite number of molecular targets 

that can significantly impact yield, should

there be allelic variation



Nowadays, genome

editing enables

simultaneous

targeting of multiple 

loci – the bottleneck

being knowledge of 

what to edit


