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Ancient Romans’ world map (40 AD) 



Annicchiarico et al. (2015) 

BMC Genomics 16:1020 

Alfalfa biomass yield is controlled by many loci … 

Yi  =  breeding value for individual i   

xij  =  genotypic value for SNP marker j of individual i 

βj  =  effect of SNP marker j 

ei  =  residual (unknown) effects 

Yi = ∑ xij βj + ei  

Selection model developed from a phenotyped sample (training set) representing a 

genetic base (reference population) 

then exploited to select within a large set of new individuals 

… exploitable by genomic selection (based on linked markers) 

GWAS, Manhattan plot  

(based on M. truncatula-aligned 

GBS-generated SNP  markers) 



Eggen (2012) Anim. Front. 2:10-15 

www.licnz.com/genomic_selection_dna_.cfm 

Genomic selection:  

a breakthrough in cattle breeding  



Development of a Mediterranean reference population based  

on earlier testing of 12 cultivars  (FP-6 project PERMED) 

Annicchiarico et al. (2011) Field Crops Res. 120: 283-291 
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Annicchiarico et al. (2011) Field Crops Res. 120: 283-291 

Reference population: from repeated intercrossing of 3 elite cultivars 

Pair of top-yielding cultivars out of 12, based on factorial regression modelling 

as a function of site soil electrical conductivity (EC) and April-September water in 

the western Mediterranean basin  
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INTA, Santiago del Estero and Manfredi, 
joined the project activities with own 
resources in the autumn of 2015; Daniel 
Basigalup,  

Training set for genomic prediction of breeding values: 128 genotyped parents, 

phenotyping their half-sib progenies for biomass yield in various environments 
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Current preliminary data: recorded over 5 months to 2 years 



 

Identical aligned reads = tags 
 

Genotyping-by-

Sequencing (GBS) 

Annicchiarico et al. (2015) 

BMC Genomics 16: 1020 

Annicchiarico et al. (2017) 

Front. Plant Sci. 8: 679 

 128 genotypes  

 9,269 polymorphic SNPs 

  (<20% missing data) 

- ApeKI restriction enzyme 

- KAPA Taq polymerase 



Large genotype × environment interaction for biomass yield of half-sib progenies 

 Environment MS moderate 

drought 

MS 

moisture-

favourable 
 

Alger Santiago 

del Estero 

Marrakech Medénine 

MS, intense drought 0.43 * 0.37 -0.28 * -0.08 -0.11 0.09 

MS, moderate drought   0.86 * 0.07 0.29 * -0.18 0.28 * 

MS, moisture-favorable     -0.07 0.19 0.17 0.59 * 

Alger       0.00 -0.27 0.08 

Santiago del Estero         -0.19 0.09 

Marrakech           -0.33 * 

* Different from zero at P < 0.05  

Genetic correlations across managed-stress (MS) or agricultural environments 

 for biomass yield of 128 alfalfa half-sib progenies 



Large genotype × environment interaction for biomass yield of half-sib progenies 

 Nominal biomass yield of 9 top-yielding alfalfa half-sib progenies as a function 

of the first GE interaction PC component of managed-stress (MS) or agricultural 

environments in an AMMI analysis 



Genomic selection predictive ability for alfalfa breeding values for biomass yield 

in managed-stress (MS) and agricultural environments 

 Environment Total yield 1 Last harvest yield 1,2 

MS, intense drought 0.12 0.22 

MS, moderate drought 0.18 0.10 

MS, moisture-favorable 0.36 - 

Alger 0.05 0.12 

Santiago del Estero 0.19 0.23 

Medénine 0.05 0.13 

Marrakech 0.10 - 

1 As correlation of modelled and observed data averaged across 100 10-fold 

stratified cross-validations, for the best-predictive of two models (Ridge 

Regression BLUP and Support Vector Regression)  

2 Excluding environments with relatively short experiment duration 

Error CV in managed-stress environments: 27.9% for intense drought,  

21.2% for moderate drought, 13.9% for moisture-favourable 

0.16 



Predicted yield gain per year:      Phenotypic selection:   ΔGPS = (iP h s) / tP 

(assuming same selection costs) Genomic selection:       ΔGGS = (iG rA s) / tG  
    

h = square root of narrow-sense heritability 

rA = model predictive ability 

t = duration of one selection cycle (no. of years, including final intermating) 

i = standardized selection differential 

s = standard deviation of breeding values 

h2 = 0.15-0.30 (literature), hence, h = 0.39-0.55; tP = 4; tG = 1 
 

Assuming rA = 0.12, h = 0.47, and same selection costs (iP = iG): 

ΔGGS / ΔGPS = (rA / tG) / (h / tP) = (0.12 / 1) / (0.47 / 4) = 1.02  

Phenotypic vs. genomic selection of alfalfa based on predicted yield gains 

But genomic selection is currently 7-8 fold cheaper than half-sib progeny-based selection, 

allowing 7-8 fold higher number of tested individuals and iG > iP 
 

If 1400 tested genotypes in GS and 200 in PS with 20 selected parents (iG = 2.54; iP = 1.75), 

and same other parameters:   ΔGGS / ΔGPS = (iG rA / tG) / (iP h / tP) = 1.48  



For half-sib progeny selection across environments: 

- narrow-sense h2 much lower than for single sites (owing to large GE interaction)  

- the cost of phenotypic selection would be much higher (owing to more test sites) 

Genomic selection predictive ability for alfalfa breeding values for mean 

biomass yield over stress environments 
   

(all, except moisture-favorable managed stress; data standardized to relative yields) 

Prediction ability = 0.14   



Annicchiarico et al. (2017) Front. Plant Sci. 8:679  

Prediction of genotype breeding values for leaf protein content and stem NDF 

digestibility of alfalfa by five genomic selection models 

Genomic selection concurrently usable to select for key quality traits 



Conclusions (based on preliminary data) 

 Breeding for the western Mediterranean basin is hindered by outstanding GE 

interaction that limits selection for wide adaptation and can hardly be coped 

with by selecting in managed-stress environments of distant regions 
 

 Genomic selection tends to be more predictive and convenient for favorable or 

moderately favorable environments than stress-prone ones (in which, however, 

also phenotypic selection may lack accuracy because of high experiment error) 
 

 Genomic selection is particularly promising for selecting resilient varieties with 

relatively wide adaptation 



FP7-ArimNet REFORMA “Resilient, water- and energy-efficient forage and feed 

crops for Mediterranean agricultural systems” http://reforma.entecra.it/  

Thank you for your attention! 
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