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INTRODUCTION 

Lack of winter of alfalfa is largely attributable to insufficient freezing tolerance which greatly reduces the 

persistence of this forage legume in northern climates. The development of winter hardy cul-tivars has been 

historically hardiness based on selection of genotypes that survived winters within field nurseries. Cultivars 

(Apica, AC Caribou, AC Viva, AC Brador, AC Mélodie, Manitou, Totem, Maska, Calypso and AAC Nikon) 

released by our group during the last 30 years were developed using traditional breeding approaches (Michaud 

and Richard. 1992; Michaud et al. 1983). However, this is a long, costly and highly unpredictable process that 

often requires the assessment of plants at multiple sites over many years in order to identify genotypes with 

superior potential (Limin and Fowler, 1991). Furthermore, improvement of freezing tolerance using conventional 

breeding approaches is limited by its quantitative inheritance and large G x E interactions (Miklas et al. 2006). 

Thus, faster and more repeatable approaches are required to incorporate freezing tolerance into cultivars with 

high agronomic value.   

Recurrent selection performed under controlled conditions 

To address this issue, we developed and applied a recurrent selection protocol entirely performed under 

controlled conditions to produce alfalfa populations selectively improved for their tolerance to freezing 

(Castonguay et al. 2009 and Fig. 1). To avoid selecting highly-dormant alfalfa genotypes with low yield potential, 

a 4-wk regrowth phase under a 12h-photoperiod allowing identification and selection of low-dormant genotypes 

was included after the freezing test (Bertrand et al. 2018). Several cycles of recurrent phenotypic selection have 

been performed in various genetic backgrounds and new synthetic populations have been produced by 

intercrossing elite genotypes (Castonguay et al. 2006). We obtained significant increases in freezing tolerance 

in advanced cycles of selection (Fig. 2) which translated into superior winter survival and spring regrowth in the 

field (Castonguay et al. 2009). 

Plant responses to recurrent selection for superior freezing tolerance were characterized. We observed 

differences in concentration of cold-induced metabolites, including increase in the concentration of 

cryoprotective sugars, and changes in amino acids concentrations (proline, asparagine, arginine), and of 

transcript levels of cold-regulated genes (Bertrand et al. 2017, Castonguay et al. 2011a) between initial cultivars 

and advanced cycles of selection. Extensive proteomic changes associated with cold acclimation and/or 

freezing tolerance were also observed in recurrently selected red clover populations (Bertrand et al. 2016). 
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Figure 1. Recurrent procedure used for the selection of freezing-tolerant and low-dormant populations. 

 

Figure 2. Plants of alfalfa cultivar Apica and of population Apica-TF7 issued from seven cycles of recurrent 

selection for freezing tolerance within Apica after exposure to subfreezing temperatures followed by three-week 

of regrowth.  Control plants (C) were exposed to -2oC. Five (5) pots of 10 plants were tested at each 

temperature. 

SNPs under selection pressure 

At the genomic level, we observed changes in allele frequency in response to selection pressure when using 

SRAP (Sequence-Related Amplified Polymorphism) markers (Castonguay et al. 2012). This observation of 

allele enrichment linked with the observation of large phenotypic differences in freezing tolerance between initial 
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and selected populations prompted us to combine recurrent selection and polymorphism discovery toward 

marker-assisted selection to accelerate the selection process.  

For this purpose, we undertook genome wide characterisation of DNA variations in recurrently-selected 

populations of tetraploid alfalfa, using a high throughput genotyping approach (Genotyping By Sequencing, 

GBS) (Rocher et al. 2015). The analysis of these GBS data was performed with UNEAK (Glaubitz et al. 2014), a 

pipeline specifically designed for species lacking reference genome like alfalfa. Although several SNP under 

selection pressure were identified (>100 unlinked SNP), this study was not designed to detect QTL associated 

with freezing tolerance. First, the phenotypic test used to evaluate freezing tolerance is destructive and based 

on population response to stress. As such, it does not allow phenotypic evaluation of individual genotypes, 

which prevents the identification of markers associated with freezing tolerance using conventional quantitative 

genetic approaches. Also the lack of tetraploid reference genome of M. sativa is a major limitation, as UNEAK 

pipeline delivers only bi-allelic SNP markers with insufficient coverage to infer allele dosage, which prevents to 

fully exploit the extensive allelic variation that exists in heterozygous tetraploid populations. Solutions to face 

these issues are currently being addressed by our team through the development of single-genotype based 

phenotyping methods to complete freezing tolerance evaluations and the utilisation of analysis methods based 

on population genetics approaches to identify candidate genes linked with superior freezing tolerance.                          

On the other hand, SNPs loci under strong selection pressure identified between an initial alfalfa population 

(Apica) and recurrently selected populations with superior freezing tolerance (Apica-TF6) were mostly located in 

genes involved in a limited number of functional categories, including signal transduction, regulatory network 

and molecule transport (Fig. 3).  

                                               

Figure 3. Number of candidate genes containing SNP loci under selection pressure in alfalfa populations under 

recurrent selection for superior freezing tolerance distributed within functional categories. 

CONCLUSION 

Taken together, our results suggest that recurrent selection for superior freezing tolerance in alfalfa 

populations has a major impact on alfalfa biology, from genome organisation to physiological pathways. Not 

only will the use of molecular genetic tools help us unravel molecular determinism of this complex trait but it will 

also be added to the tools available to breed cold-tolerant alfalfa. These resources might be used to accelerate 

the development of enhanced alfalfa cultivars and to implement alfalfa breeding strategies. 
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