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INTRODUCTION: Maize genetic diversity was shaped by domestication, expansion and 
adaptation to ≠ environments

Tenaillon and Manicacci 2011 
Tenaillon and Charcosset 2011

Domestication 9000 years ago in Mexico => Expansion => 
Recent introductions to Europe

Landraces were well adapted to different local agro-climatic conditions 
=> Original and promising alleles for breeding to face climatic change / low input agriculture?

From Gerrish
(1982) 

SOUTHWESTERN
FLINT & FLOUR

NORTHERN
FLINT

- 7000

-1000

1000

- 3000

800 GDD

650 GDD

1000 GDD short days
1300 GDD  long days

700 GDD

Varieties thermal requirement
for flowering:

Southwards and northwards migration accompanied by 
drastic change in phenology

PRO-GRACE/EMPHASIS SYMPOSIUM
27-28 June 2024



Few landraces contributed to modern breeding germplasm and recurrent 
selection erode progressively genetic diversity 

=> Loss of allelic diversity
=>  Untapped source of genetic diversity for prebreeding and new traits 

required for low-input agriculture an for facing climate change?

INTRODUCTION: Genetic diversity of current elite germplasm was shaped by the 
transition from the landraces (OPV) to F1 hybrids and modern breeding

Landraces = Open 
Pollinated Varieties

~1930 (USA) / ~1950 (EUR)

First Cycle inbred 
lines and F1 

hybrids

Elite breeding 
germplasm

Reciprocal recurent selection
Lancaster Surecrop derived lines 

(Gerdes et Tracy, 1993)



Quel est l’impact de la transition des populations vers les hybrides 
sur la diversité génétique?

But limited use in breeding program and by farmers due to 
lack of characterization, gap in performance, and large 

within genetic diversity for landraces

=> Need low cost approach (genotyping, NIRs) for 
characterizing landraces (and inbred lines) for traits 
including seeds composition in genetic resources for 

addressing challenge of low input agriculture, new uses and 
climate change

Landraces = Open 
Pollinated 
Varieties

~1930 (USA) / ~1950 (EUR)

First inbred 
lines and F1 

hybrids

Elite breeding 
germplasm

Reciprocal recurent selection

CIMMYT USDA INRAE World

Landraces 26.956 14.400 1.600*
>135.000

Inbred lines 643 2.780 3.000**
* CRB Gamet, Montpellier (resp. M. Vincent)
** CRB lignées Saint Martin de Hinx (resp. C. Palaffre) 

Large number of landraces (and inbred lines) maintained ex-
situ in genebank (seeds) and in-situ (farmers):

INTRODUCTION: Fortunatly, “Genetic Resources” collections have been put in 
place in parallel to the replacement of landraces



How to retrieve at low cost the genetic
values of maize landraces for different

traits including seed composition in 
different environnements?



Part I: Predict traits of landraces in 
genebank with genomic selection



⮚ Kinship estimated with genotyping data (allelic frequency)
⮚ Allows predicting new individuals (unphenotyped)

Heffner et al. 2009

11

Adj. means of
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Part I: Predict traits of landraces in genebank with genomic selection
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Development of a DNA bulk method based on 50K array to 
genotype landraces (allelic frequencies) because large 
within genetic diversity and identify promising source of 
diversity (Arca et al., 2021, Arca et al., 2023, Diaw et al., 

2021, Balconi, Galaretto et al., 2024)

Development of a genomic selection approach 
based  to predict traits in landraces (Ben 

Sadoun, Galaretto et al., in prep)

1,623 landraces currently genotyped with 50K using DNA bulk => 
Database to identify promising sources of genetic diversity



Combine landraces phenotypic with genotypic data to predict traits in landraces

The training set of the 
GBLUP model

171 landraces from Europe (129) 
and America (42) evaluated in 

1998 at two locations for flowering 
time (Moulon, Mauguio) with 2 

replicates 
Genotyped with 50K

(Rebourg et al., 2001)

Genomic prediction on 
1047 temperate

landraces genotyped
with 50K using GBPLUP 

Days to Male 
Observed
Predicted
55-60
60-65
65-70
70-75
75-80
80-85
85-90
90-95
95-100
100-105

Map variation of flowering time variation 
accros Europe
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Part I: Predict traits of landraces in genebank with genomic selection

How to predict seeds composition of landrace
accessions in genebank ? 



Part II: Predict seed composition of 
landraces with NIRs and extend this 

characterization by genomic selection
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Part II: Predict seed composition of landraces with NIRs
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NIRs, a low cost and non destructive approach classicaly use in breeding program to  
evaluate seeds biochemical composition (or digestibility) using NIRs on seeds (or silage) 

harvested. This biochemichal characterization is based on a model trained on a set of 
seed (silage) samples that are analyzed both with NIRs and with wet lab

Training 
set

Calibrate NIRs equation with
Partial Least Square model 
(PLS, Neutral network) Y ~ 

NIR wavelength
Y = Protein content,…

Samples to 
predict

NIRs Infratec NOVA

Sample ID
Starch 

content 
(%)

Oil 
content 

(%)

Water 
Content 

(%)

Protein 
Content 

(%)
TKW (g)

1237 73,0 4,0 16,3 9,5 227,3
1109 72,6 4,6 15,4 8,6 262,3
1219 72,5 4,3 15,2 8,7 374,7
1118 71,8 4,7 15,1 9,4 311,3
1144 72,4 4,7 15,0 8,2 280,9
1222 71,4 4,8 14,9 9,4 364,1
1246 71,7 4,8 15,8 9,3 313,9
1239 71,9 4,5 15,3 9,0 331,4
1147 71,4 4,6 15,2 9,7 365,0
1152 73,6 4,5 16,3 7,6 293,4

=> DEVELOPMENT OF AUTOMATED HIGH TROUGPUT PORT 
HARVESTED DEVICES FOR NIRs, Seeds morphology (UE 

DIASCOPE, F. Meunier) / AGAP Institute (M. Ecarnot)



263 french landraces
including genotyped with

30,698 SNPs

GWAS on seed
quality traits based
on NIRs prediction

Part II: GWAS on DNA bulk identified genomic regions involved in agronomic trait and 
seed quality traits based on NIRs 

Ben Sadoun, Galaretto et 
al., in prep

NIRs evaluation of seeds of 263 
landraces harvested in two trials for 

evaluating seed composition + agronomic
traits (Flowering time, TKW…)

GWAS identified QTLs that pointed to know genes involved in seed composition as 
exemplified by Ln1 genes for linoleic oil content variation or Krn4 for kernel row number

Linoleic oil content (% DM)
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Chromosome position 

Ln1 (Zheng et al., 
2008) 

Mixed model:
Y = Xβ + Zu + e

u~Ν(0,Kσg)

Linoleic oil content (% DM)

NIRs
equation



Combine landraces phenotyped with seed composition and genotypic data to 
predict seed composition of unphenotyped landraces based on their genotyping

Part II: Predict seed composition of landraces with NIRs and extend this 
characterization by genomic selection

Thousand-kernel weight
Kernel length/width ratio

Female Flowering
Palmitic acid (%FAT)
Linoleic acid (%FAT)
Stearic acid (%DM)
Total kernel weight

% Starch / kernel weight
% Flint / kernel weight

Alanine
Asparagine

Arginine

Agro-
morphological

NIRS -
Biochemistry

NIRS -
Vitreousness

NIRS –
Amino Acid

0              0.2            0.4             0.6            0.8
Accuracy

High accuracy for predicting different agro-morphological traits and some traits related to 
grain quality using NIRs => A way to characterize landraces maintained in genebanks



Part III: Phenomic selection, a new way of 
using NIR to predict traits of accessions in 

the genebank



Heffner et al. (2009)

NIRS

Part III: Principle of phenomic selection, a low-cost and efficient alternative to genomic
selection (Rincent, Segura et al., 2018)

Estimation of a similarity
matrix based on NIRs

spectra instead of genomic
data to calibrate model and 
predict trait using HBLUP

Spectra are heritable, are under polygenic
determinisms capture a part of GxE and



Robert et al., 2022

Estimation of a similarity
matrix based on NIRs

spectra instead of genomic
data to calibrate model and 
predict trait using HBLUP

Part III: Principle of phenomic selection, a low-cost and efficient alternative to genomic
selection (Rincent, Segura et al., 2018)

In Phenomic selection, NIR spectra are not used to predict the chemical composition of the 
sample (classical use of NIRS), but to infer genetic covariance between genotypes. Unlike with 

classical use of NIRS, in PS spectra are considered at the genotypic scale.



POC of using phenomic selection based on NIRs of landraces stored genebank to 
predict trait of landraces in contrasted environments - MineLandDiv and MALANIRs
project

UE Diascope

Genebanks
(ECPGR MALANIRs, 

AGAP Institute)
NIRs of new landraces

maintained in genebank

NIRs from grain 
harvested in each plot 
for 300 landraces in 
different trials with
automated devices

Estimation of 
similarity between

NIR spectra
Train a HBLUP 

model using
phenotyping data 

from trial to 
predict trait

Traits (incuding biochemical
composition of grain)

Predict trait (including biochemical
composion of grain) of landraces
maintained in genebank based on 

their NIR spectra

Estimation of NIR 
spectra similarity of 

grain with NIR 
spectra from field trial

Low cost characterization of landraces in 
contrasted environment PRO-GRACE/EMPHASIS SYMPOSIUM

27-28 June 2024

NIRs of 
seeds from
genebank

Env 1

Env 2



CONCLUDING REMARKS

 Genomic selection allowed to predict traits of landraces from genebanks based on allelic
frequencies estimated in DNA bulk genotyped with 50K array
 A way to characterize agronomic trait of landraces in genebank based on their DANS bulk 

genotyping with 50K

 NIRs is a low cost non destructive approach are currently used for predicting biochemical
composition of seeds/silage harvested in field in the framework of maize breeding program
 GWAS on seed composition based on NIRs equation identified QTL pointed to know 

genes as Ln1 for linoleic content
 Genomic selection model trained on seed composition based on NIRs equation allowed to 

predict with good accuracy seed composition of landraces based on their genotyping with
50K

 Combining NIRs with genomic data is a way to characterize seed composition of 
landraces maintained in genebank but also genetic determinism of trait.

 Phenomic selection based on NIRs could be a way to predict agronomic trait of landraces in 
genebank based on NIRs of seed maintained in genebank (MineLandDiv and MALANIRs
project)
 Automated devices for high troughput phenotyping of seeds by NIRs
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Adapted from P. Robert

Part III: Principle of phenomic selection, a low-cost and efficient alternative to genomic
selection (Rincent, Segura et al., 2018)

In Phenomic selection, NIR spectra are not used to predict the chemical composition of the 
sample (classical use of NIRS), but to infer genetic covariance between genotypes. Unlike with 

classical use of NIRS, in PS spectra are considered at the genotypic scale.



INTRODUCTION: Development of a new pooling method based on 50K array to genotype 
landraces: A two-step approach

Step 2: Predict allelic frequencies using a 
unique logistic model for all SNP trained 
on 2 controlled pools with known allelic 

frequencies and 1000 SNPs 

Step 1: Test of landraces 
homozygosity for A and B alleles 
based on the distributions of FIR 

from AA or BB inbred lines

Fluorescent Intensity Ratio: B/(A+B) 
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Accurate estimation of allelic frequencies within landraces with mean absolute error 
of 3% / Fluorescent intensity ratio is highly reproducible between labs (r2 = 0.87)

Frequency of allele B
Landraces SNP1 SNP2 SNP3

Landrace X 20% 30% 50%

Landrace Y 70% 0% 30%

Axe 3
May 30th, 2024



INTRODUCTION: Spatial genetic structuration of genetic diversity at worldwide level (Arca et al., 
2022)

Structure analyses of 156 landraces using Admixture
identified 7 genetic groups according to Evano Criterion:

The genetic structuration highlighted clear geographical trends with latitude and longitude 
=> Structuration were driven mostly by adaptation and isolation by distance (Highly consistent with previous report)

156 landraces representing America and 
European diversity

Axe 3
May 30th, 2024



Relationship between 156 landraces and 327 CK lines (Arca et al., 2022)

While some landraces have a lot of closely related inbred lines, 
some other have not! 

Some landraces poorly contributed to inbred line panel genetic diversity

Modified Roger’s Distance distribution between 327 CK lines and each landraces 
ordered according to their gene diversity (Nei, 1973)
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INTRODUCTION: Extending 50K genotyping to european landraces to identify new sources of 
genetic diversity by comparing landraces from different genebanks (ECPGR EVA project)

1,526 landraces currently genotyped with 50K using DNA bulk => Database to identify promising 
sources of genetic diversity

Analysis of 623 European landraces from
9 European genebanks

Carlotta, Galaretto et al., 
Biology, under review
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