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Chapter 9
Breeding Cold-Tolerant Crops

Elisabetta Frascaroli

9.1  �Introduction

Low-temperature stress is considered as the major abiotic constraint limiting plants’ 
growth and the exploitation of the potential land cultivation (Jha et al. 2017). Crops 
evolved, through domestication, generally from warm areas of the planet (Feldman 
and Levy 2009), thanks to acclimation and adaptation mechanisms that made it pos-
sible for them to survive at higher latitudes. As adaptation to cold was undertaken 
by most of the crop plants, the traits that allow a satisfactory yield are shared among 
different species and present functional conservation among them. These common 
tolerance traits can be the effect of convergent evolution via independent paths to a 
similar outcome or of monophyletic origin if they all descend from a common 
ancestor (Mickelbart et al. 2015). Indeed, several specific adaptations are involved 
in the maximal exploitation of yield potential of a crop (Huner et al. 2014). Among 
them, we name the modulation of the amount of energy that can reach the plant, the 
light interception efficiency, the energy conversion efficiency, and the partitioning 
efficiency of products into commercial yield. All those steps can be limited by less 
than optimal temperature. In addition, to adapt to new, cooler environments, plants 
need to modify a number of traits, like photoperiod sensitivity, as in case of wheat 
(Guo et al. 2018), maize, and potato, or vernalization, e.g., for wheat, barley, and 
carrots (Mickelbart et al. 2015).

Crop adaptation to limiting low temperature still is an important breeding objec-
tive, as observed by Bradshaw (2017) who also noticed that “breeders still need to 
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apply appropriate breeding methods to the right germplasm for the right objec-
tives”. The objective of breeding is determined by the characteristics of the new and 
more efficient farming systems and of the innovative uses of crops, in turn devised 
to face the increased need of food and energy expected in the near future. When 
environmental conditions deviate from the optimal temperature, growth is limited, 
and there is risk of tissue damage or even of impaired survival ability (Korner 2016). 
In general, conditions with temperatures lower than optimum can be found at high 
elevation or at high latitude, but there are cold periods in temperate zones, too. 
Genotypes able to survive in extreme environments, like in case of alpine trees 
(Korner et al. 2016), are able to actively grow during the period with acceptable 
temperature. Plants can adapt to temperatures that become low only seasonally by 
means of modification of phenology and morphology. In higher latitudes, plants can 
basically develop only by using the warmest periods, and thus they need to grow 
faster to take advantage of the otherwise short season. Morphological modifications 
concern usually plant size, in that smaller plants are generally less susceptible than 
taller ones.

Abiotic stresses impose negative deviations from the maximum yield potential, 
and thus they are important factors determining crop yield stability (Mickelbart 
et al. 2015). Traditionally, increased yield stability has been attained through selec-
tive breeding, and selection has been successful in changing allelic frequencies of 
favorable alleles, although taking a long time to accomplish the change. However, 
since abiotic stresses, including cold stress, are somehow unpredictable in the field, 
sometimes it is more advisable to select genotypes with high potential per se and 
wide adaptability and stability, instead of trying to develop varieties designed for a 
narrow agroecological region and a specific stress (Arief et al. 2015; Bennett et al. 
2012; Stojakovic et al. 2015).

In recent decades, crops had to face changing environmental conditions, with a 
general increase in the mean temperature and especially a higher temperature fluc-
tuation (Xu et  al. 2018). Even though, at first glance, the global warming might 
seem to reduce frost damage in crops (Cattivelli 2011), the fluctuation of winter 
temperatures, with warm periods, has a strong impact on the frost tolerance both in 
crops and natural plant species. In fact, warm days during the winter can strongly 
interfere with dormancy and vernalization, so plants start an active growth and lose 
most of their freezing tolerance. In addition, with warmer winters, temperate tree 
species tend to show earlier flowering, with increased risk of damage during the 
spring frost (Eccel et al. 2009). Modification in the cultivation practices to cope with 
new environmental conditions have already been observed, with significant changes 
in tillage techniques and in the timing of cultivation toward earlier sowing, to avoid 
dry periods during the summer and to use as much as possible of the winter and 
spring precipitations (Olesen et al. 2011, 2012; Trnka et al. 2011). Indeed, tempera-
ture changes will trigger the need for optimization of the crop growth phases, to 
minimize the stress and to maximize the productivity of the agronomic resources 
employed. New tillage practices are focused on soil–water conservation and protec-
tion against soil erosion, as these issues are believed to become increasingly impor-
tant (Falloon and Betts 2010). These practices, however, leave the soil colder than 
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the traditional ones for the sowing of spring crops, and thus genotypes tolerant to 
low temperature at germination will better suit the new practices. As for the timing 
of cultivation, a study regarding the major trends in Europe (Olesen et al. 2012) 
pointed out that “climate change will affect the timing of cereal crop development, 
but exact changes will also depend on changes in varieties as affected by plant 
breeding and variety choices”. The modification of the timing of crop growth and of 
the agronomic practices can be made possible through plant breeding by selecting 
for different traits, such as the response to photoperiod or the response to tempera-
ture critical for each growth phase. Genotypes selected for tolerance to suboptimal 
temperature are also particularly useful when cultivation is addressed to the low 
input agriculture or for high elevated lands (Sthapit and Witcombe 1998). This is the 
case of both the low input climate-smart agriculture and the highly efficient sustain-
able intensification (Campbell et al. 2014; Garnett et al. 2013; Nemali et al. 2015; 
Thakur and Uphoff 2017). Agronomic models have been developed to describe the 
growth phases of major crops under different climate conditions (Waha et al. 2012) 
and for the characterization of breeding needs in more adapted varieties through the 
identification of an appropriate ideotype (Olesen et al. 2012; Semenov et al. 2014; 
Semenov 2009).

This chapter will review (1) how cold tolerance can be the key of the crop adapta-
tion to low input and highly efficient agricultural techniques and (2) how plant 
breeding can integrate classical and molecular methods to select genotypes maxi-
mizing crop performance in cold environments.

9.2  �Cold Tolerance in Adaptation to Environment

Selection of alleles for adaptation to favorable and unfavorable environments 
already led to a general improvement of crops yield. This achievement was accom-
plished through effective stress adaptation, namely, to low and subfreezing tempera-
tures, high temperature, flooding, drought, salinity, ion toxicity, ion deficiency, and 
ozone (Mickelbart et al. 2015). Adaptation of plants to abiotic stresses, character-
izing diverse and variable environments, involves a variety of plasticity mechanisms 
and provides plants with increased yield stability. In case the suboptimal condition 
occurs when the plant is growing slowly, the effect may be not as great as if it occurs 
during plant  fast growing (Dolferus 2014; Mansouri-Far et  al. 2010). Moreover, 
stresses often occur in combinations (i.e., high temperature and drought, low tem-
perature and flooding), so yield adaptation usually implies enhancement of multiple-
stress tolerances. Oftentimes, constraints imposed by one stress are the same as 
another. With reference to cold, it can involve membrane damage as in case of high 
temperature (Bita and Gerats 2013; Dhillon et  al. 2010), so the maintenance of 
membrane function is crucial to achieve the tolerance to both. Accordingly, a large 
overlapping among adaptive responses to cold and drought have been reported 
(Hussain et al. 2018). As an example, maintenance of water potential is a factor 
enhancing tolerance to cold, and such a mechanism is shared with other stresses 
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such as drought and salinity. The response to all those environmental factors has 
been studied and proved to involve cross talk between various stress signaling meta-
bolic pathways (Cramer et  al. 2011; Nakashima et  al. 2014; Seki et  al. 2003). 
Tolerance or susceptibility to these stresses are complex traits, as stress may affect 
multiple stages of plant development, and often several stresses concurrently affect 
the plants (Chinnusamy et al. 2004; Li et al. 2014). Moreover, it has been reported 
in a number of studies that the same genes can be responsible for reaction to mul-
tiple stresses (Bai et  al. 2018; Banerjee and Roychoudhury 2018; Dubois et  al. 
2018; Hossain et al. 2018; Mustafavi et al. 2018).

9.2.1  �Cold Limits Crop Growth in Less than Optimal 
Environments

The ability of crops to grow in different environment/climates is one of more power-
ful tools enabling farmer to satisfy the growing demand of food and the changing 
needs of industrial crops. Plant breeding is a key process in the achievement of 
plants adapted to different climates (Atlin et al. 2017). Breeding for resilient crops, 
therefore, is one of the major strategies to cope with the increasing challenges in 
world agriculture (Obata et al. 2015). It is important to note that abiotic stresses 
inherent with the environment adversely interfere with growth and with agronomic 
performance through modifications regarding morphological, physiological, and 
molecular adjustments (Sanghera et al. 2011). Different environmental constraint 
exacerbates the need of cropping systems continually updated. As already noted, 
although it may seem counterintuitive, even the effects of increase of temperature 
can be overcome by means of cold tolerance. In fact, one way to cope with high 
temperatures and shortage of water is either to change the sowing date or to move to 
higher latitudes. Moreover, the rise of temperatures can affect cold acclimation and 
thus even impair plant overwintering survival (Arora 2018; Rapacz et  al. 2014). 
Widespread efforts to identify major genes controlling tolerance to stress lead to the 
identification of some alleles with large effects for tolerance (Thoen et al. 2017). On 
the contrary, traits controlling stress responses are more often controlled by many 
genes with small effects (Haak et al. 2017).

Understanding tolerance to stress should take into account “deciphering the envi-
ronmental impact on plants” (Bloomfield et  al. 2014; Xu 2016). With the new 
appealing term envirotyping, the fine study of the genotype-by-environment inter-
action (GEI) has been proposed as a tool useful to the modeling of crop and to phe-
notype prediction (Xu 2016). The characterization of the crop target environment 
can be seen as a third “typing” technology, complementing with genotyping and 
phenotyping to study abiotic stress and to accomplish selection. Environmental 
information can be collected through multiple environmental trials, geographic and 
soil information systems, measurement of soil and canopy properties, and evalua-

E. Frascaroli



163

tion of companion organisms. All the elements of envirotyping are represented in 
Fig.  9.1. Envirotyping contributes to crop modeling and phenotype prediction 
through its functional components, including GEI (Cooper et al. 2014). Envirotyping 
is driven by information and support systems; it has a wide range of applications, 
including environmental characterization, GEI analysis, phenotype prediction, 
near-iso-environment construction, agronomic genomics, precision agriculture and 
breeding. Envirotyping contributes to the development of a four-dimensional profile 
of the crops, involving genotype, phenotype, envirotype, and time, considered as 
developmental stage (Xu 2016). The reaction of a trait to different environments, or 
reaction norm, is also referred as phenotypic plasticity, and its genotypic variation 
can parallel GEI, as reviewed by Marais et al. (2013). Advances in the area of inte-
grate analysis of environment profiling already led to the development of environ-
mental indexes, to be integrated in comprehensive crop models (Li et al. 2018a).

Fig. 9.1  Envirotyping. Advances in the area of integrate analysis of environment profiling contrib-
utes to crop modeling and phenotype prediction through its functional components. Envirotyping 
is the result of integration of environmental data by means of information and support systems. 
Factors to be considered include geographical and meteorological data, soil properties, data from 
living organisms characterizing the environment, crop management, and status of the crop, each 
containing several subgroups describing factors affecting plant growth and development (Xu 
2016). 
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9.2.2  �Genetic Control of Tolerance to Low Temperature

The review of Takeda and Matsuoka (2008) focused on the promising genetic tools 
available for crop improvements to cope with environmental stress and to maintain 
yield to feed a growing human population. In this context, the study of cold toler-
ance genetic control is the basis for implementing modern breeding programs and 
thus for improving the adaptation of plants to limiting environments. As pointed out 
by Revilla et al. (2005), low temperature can affect plant growth in different ways, 
according to the range of temperature experienced. In fact, tolerance to cold and 
chilling (0–15 °C) or to freezing (<0 °C) temperature is very different from a genetic 
and physiological perspective. Usually, cold tolerance is typical of annual warm-
season crops, while freezing tolerance is found in annual cold-season or perennial 
crops. Most plants do not suffer chilling injury when temperatures are above 10 °C, 
although some important crops, such as rice, can be damaged even at 15 °C. Other 
than differences among species, there is also seasonal variation of cold tolerance as 
in the case of a woody plant, the coastal Douglas-fir, where factors controlling frost 
tolerance in the autumn are different from those controlling frost tolerance in the 
spring (Jermstad et al. 2001).

It is not completely clear which genes or biochemical processes are essential to 
the achievement of freezing tolerance and which ones affect responses to the low, 
non-freezing, temperatures but are not involved in freezing tolerance. For example, 
the loci involved in  signal cascades mediating most aspects of cold acclimation, 
such as increases in abscisic acid, synthesis of compatible osmolytes, and changes 
in membrane lipid composition, are mostly unknown, besides for the induction of 
some COR genes (Xin and Browse 2000). Plants respond and adapt to survive under 
cold stress conditions by adjusting at the molecular and cellular levels, as well as at 
the physiological and biochemical levels (Sanghera et al. 2011). However, complex-
ity of the response in terms of gene expression has been demonstrated to be widely 
variable in different genetic backgrounds. In other words, the response to the stress 
is different depending on the genotype, because the factor limiting tolerance can be 
different in each background (Canas et al. 2017). The role of phenotypic plasticity 
in adaptation to nonoptimal environments and its genetic control has been debated 
for long time (Josephs 2018; Marais et al. 2013; Via et al. 1995). Estimates of phe-
notypic plasticity were used to identify loci associated with GEI or to stress toler-
ance. The results obtained so far indicate that traits per se and plasticity may be 
controlled by different sets of genes (Kusmec et al. 2017). On the other hand, can-
didate genes for stress tolerance, like those involved in phytohormone-mediated 
processes, were proved to be involved in multiple stress responses (Kusmec et al. 
2017). Some of them showed contrasting effects with different stresses (adaptive 
genes), while other showed consistent effects across different stress conditions 
(constitutive genes) (Thoen et al. 2017).

Several studies suggest that in some cases cold tolerance may be under quite 
simple genetic control. Stone et al. (1993) found that freezing tolerance and accli-
mation capacity are under control of relatively few genes in populations derived 
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from interspecific crosses between Solanum commersonii and Solanum cardiophyl-
lum. Extensive examples of cold tolerance genetic control is reported by Revilla 
et al. (2005), who pointed out that tolerance at different growth stages are definitely 
under the control of different gene sets. Since low temperature resistance in plants 
seems to be most of the times a very complex trait, involving many different meta-
bolic pathways and cell compartments, physiological breeding has been suggested 
as a possible way to bring together different components of tolerance, starting with 
crosses of genotypes with complementary traits (Reynolds and Langridge 2016). To 
assess the predictive value of those physiological traits for yield and its components, 
correlation studies and network analyses have been performed (Obata et al. 2015).

9.3  �Cold Tolerance in Plant Breeding

As already mentioned in the previous chapters, plant breeding is the key process for 
the achievement of plants adapted to different climates. Conventional breeding 
methods have met limited success in improving the cold tolerance of important crop 
plants based on interspecific or intergeneric hybridization (Jha et  al. 2017). The 
conventional breeding approaches are limited by the complexity of stress tolerance 
traits, low genetic variance of yield, low heritability of yield components under 
stress conditions, and lack of efficient selection criteria (Sanghera et  al. 2011). 
However, ample genetic reservoir for cold tolerance can be available in well-adapted 
breeding populations. Moreover, germplasm collected from high-altitude and low-
temperature areas, cold-tolerant mutant, somaclonal variants, and wild species can 
be exploited for breeding improved cold-tolerant genotypes (Sanghera et al. 2011).

9.3.1  �Genetic Variability

In order to successfully apply any breeding program, what is needed first is a suit-
able genetic diversity, but it is also crucial to develop a deep understanding of the 
trait(s) to select for. So, according to Dwivedi et al. (2017), assessing the proper 
functional diversity determining yield in less than optimal environment implies to 
decide what are the targets of selection and what are the best methods to use. As the 
first step is to find genetic variability, genetic resources can be considered to access 
favorable alleles available in the germplasm collections. As pointed out by Revilla 
et al. (2005), genes for cold tolerance can be transferred from a source to a recipient 
genotype more easily in case the genetic distance between the two is not very high. 
The most common way to include a donor genotype in a breeding program is to 
cross a tolerant accession and a susceptible élite genotype and to select within the 
segregating population. For example, Zhang et al. (2014) were able to obtain a sig-
nificant response to selection for cold tolerance in rice from crosses of susceptible 
by resistant parents. Recurrent selection programs (Frascaroli and Landi 2013; 
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Zhang et al. 2014) already obtained appreciable responses in the segregating popu-
lations developed from a cross between two inbreds of different origin, one elite and 
one locally adapted, both with an average tolerance to cold. In that case, the response 
to selection was due to the recovery of transgressive individuals originating from 
recombination. In other cases, favorable alleles were transferred within the same 
species, from one maize type (i.e., field maize) to another specialty maize (i.e., 
sweet maize) (Revilla et  al. 1998) or from winter to spring wheat (Braun et  al. 
1996). Exploitation of natural variation for tolerance to abiotic stresses can also rely 
on the use of landraces (Dwivedi et al. 2013, 2016).

To improve the chances of a successful breeding, stress adaptation loci involved 
in yield stability and in field performances under environmental extremes were 
investigated. In particular, for quantitative traits, quantitative traits loci (QTL) 
involved in the control of adaptation to cold can be identified through linkage map-
ping based on a mapping population or through genome-wide association studies 
(GWAS) on genetic panels with genotypes of different origin. According to Thoen 
et al. (2017), investigation on plant QTL controlling tolerance to stress brings some 
inherent difficulties due to the complexity of the response. In fact, different stresses 
are often present simultaneously, as in case of cold and drought, anoxia, and so on. 
Moreover, phenotype expression in response to two biotic stresses could not be 
predicted on the basis of existing information regarding interactions between under-
lying signaling pathways. In addition, cross talk among the responses to various 
stress complicate further the picture. In spite of those limitations, the study and the 
dissection of the genetic control of cold tolerance have been pursued for different 
species. Several studies on QTL analysis for cold tolerance have been already 
reported by Revilla et al. (2005). In more recent days, thanks to the advancements 
of the knowledge and to the lowering of genotyping costs, studies gained higher 
impact, counting on the size of mapping populations. A wide review of the literature 
is reported by Jha et  al. (2017). For barley, QTL analysis in the “Nure” (win-
ter) × “Tremois” (spring) cross (Francia et al. 2004) and the fine mapping on more 
than 1800 recombinants was carried out (Francia et al. 2007) for the two major low-
temperature tolerance QTL, i.e., Fr-H1 and Fr-H2. In case of winter wheat, Zhao 
et  al. (2013) analyzed a large mapping population of 1739 genotypes. In maize 
some work was focused on the variation in response to cold for chlorophyll content 
or photosynthesis (Fracheboud et al. 2004; Hund et al. 2005; Rodriguez et al. 2014; 
Strigens et al. 2013). Given the complexity of the trait, QTL mapping must take 
advantage of large and complex populations. In maize, for example, 720 double 
haploids were investigated for adaptation to chilling conditions to map genome 
regions involved in tolerance (Presterl et al. 2007). In rice almost 2000 lines were 
considered for fine mapping (Andaya and Mackill 2003). Complex mapping popu-
lations, like connected populations, have been used for mapping QTL for tolerance 
to cold, as in case of maize at germination phase (Li et al. 2018b) where 650 fami-
lies allowed to map up to 43 QTL, that reduced to three after a meta-analysis of the 
three connected populations.

New techniques aimed at the identification of specific genes for cold tolerance 
can be pursued by using transcriptomic and proteomic approaches and/or QTL 
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validation and cloning (Marla et al. 2017; Salvi and Tuberosa 2015; Sheng et al. 
2017). A rich analysis of the plethora of results obtained with those methods can be 
found in dedicated chapters. However, an important effort is needed to integrate all 
genomics information of crop and model species into databases to make it possible 
the comparative analysis of genomes, also in response to stress conditions (Naithani 
et al. 2017; Tello-Ruiz et al. 2018).

9.3.2  �Breeding Programs

The objective of breeding is to obtain new varieties that are improved for their toler-
ance or resistance to different stresses (Trachsel et al. 2017).The definition of selec-
tion criteria is an essential step in any breeding program and particularly so when 
trying to improve cold tolerance (Paleari et al. 2017). In turn, to choose those crite-
ria, plant breeders made effort to model and understand GEI (Crespo-Herrera et al. 
2017; Lado et al. 2016) in order to well define mega-environments, in the attempt to 
select for the tolerance to the more frequent stresses limiting adaptation to a particu-
lar region.

Successful strategies must be devised to improve the élite varieties, depending on 
the genetic control of the trait. In case tolerance is due to just one locus, the good 
allele, usually found in a non-élite genotype, can be introgressed into the élite one. 
Introgression is carried out by repeated backcrosses aimed at transferring a genetic 
determinant (allele) from the donor to the recipient genotype. Introgression can be 
accelerated by the use of molecular markers for the donor chromosomal region, as 
well as of markers surrounding that region and the other chromosomes of the recipi-
ent genotype. Altogether, backcross breeding is the most common strategy to 
improve single-target traits, particularly the high heritable ones (Bernardo 2016b). 
This method proved to be successful to improve yield and cold tolerance together in 
rice (Meng et al. 2013; Zhang et al. 2014) and to select for cold tolerance even in 
case of complex genetic control (Zhang et al. 2014).

Breeding for stress tolerance or avoidance, and especially for cold tolerance, has 
proved to be challenging, at least partly because tolerance mechanisms are often 
environment-specific, and screening methods that integrate the multiple spatial and 
temporal variations relevant to this stress are difficult to establish. For the need to 
adapt to all these multiple spatial and temporal variations characterizing cold envi-
ronment, tolerance is often controlled by many loci, whose small effects combined 
confer tolerance to stress. This complex control implies that breeding for tolerant 
genotypes cannot be pursued as for the monogenic traits. Moreover, the small effect 
of each quantitative locus is usually subjected to a relevant genotype-by-environment 
interaction, thus reducing the effectiveness of multiple loci detection when analyzed 
in multiple environments (Makumburage et  al. 2013). Selection can be effective 
both for high and low tolerance, as in case of Landi et al. (1992) who obtained sig-
nificant responses in divergent full-sib recurrent selection for the difference between 
germination at low and at optimal temperature, i.e., for the reaction norm, in maize. 
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Response to selection was appreciable in cold conditions both in controlled environ-
ment and in the field (Frascaroli and Landi 2013) but not when the selected geno-
types were compared at warm temperature. Later studies evaluated the same 
populations focusing on associated changes in mitochondrial properties and found 
a correlated response concerning the interaction between membrane lipids and 
cytochrome-c-oxidase content (De Santis et al. 1999; Tampieri et al. 2011).

Breeding for cold tolerance can be limited by major bias due to environmental 
conditions during the evaluation of the trait. In fact, field-breeding programs suffer 
environmental variations that limit selection progress (Ly et al. 2018), while pro-
grams carried out under controlled conditions in the laboratory are limited by the 
correlation between field and laboratory performance. An accurate, consistent tech-
nique would therefore be very helpful. There are examples where reliable methods 
or indexes can be used as indicators of tolerance in crops under selection (Thapa 
et al. 2008). Cold chambers are often used for selecting for cold tolerance and for 
integrating evaluations made in the field (Frascaroli and Landi 2013; Revilla et al. 
2014, 2016). The evaluation of reaction to cold during selection can also be impaired 
by large experimental errors, often a side effect of the stressful condition itself, in 
addition to the experimental error due to the methodologies and the interaction with 
unpredictable environmental variation. To overcome this drawback, high-throughput 
phenotyping systems can be considered, once the experimental procedures are ade-
quately optimized (Junker et al. 2015; Tschiersch et al. 2017).

There are not many recent published reports on the results obtained with the 
most common breeding methods, probably because these applied methods are 
designed for improving varieties and not for publishing scientific articles, owing to 
the lack of systematic design or the absence of novelty. Moreover, uncontrolled 
environmental variation in breeding programs can limit genetic gains for cold toler-
ance achievable through selection. Indeed, as previously explained, selection entails 
some problems of evaluation because of the unpredictable climatic variation of field 
trials and the inconsistent correlation between controlled environment and field per-
formance. However, breeding designed to adapt maize to Northern Europe has 
resulted in the release of compact maize hybrids (Frei 2000). Similarly, in Canada 
most of the genetic yield improvement of maize is attributable to increased cold 
stress tolerance (Assefa et al. 2017; Tollenaar and Wu 1999). In tomato, Foolad and 
Lin (2001) obtained with mass selection significant improvements in germination 
under cold conditions. On the contrary, according to Hensleigh et al. (1992), con-
ventional breeding methods have not been successful in developing barley cultivars 
with adequate winter hardiness for many northern regions.

9.4  �Prospective for Breeding

Selection has been an important human activity since the domestication of crops, 
but after the advent of the genetic studies, the application of statistics and of the 
scientific method, breeding has developed its own theory, and selection programs 
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can be planned and developed successfully. The more recent ability to dissect toler-
ance loci by means of molecular genetics gave rise to a burst of speed in the under-
standing of the mechanism of tolerance, even though this knowledge is not 
immediately translatable into a useful breeding procedure when many loci are 
involved. The availability of élite cultivars and the ability to perform rapid breeding 
cycles, providing the farmer with new cultivars for specific conditions, are impor-
tant elements to adapt the cropping system to a new environment or agronomic 
technique (Atlin et al. 2017). To be ready and flexible for new environmental con-
straints, breeding programs should evaluate the potential of new cultivars in a wide 
range of climatic conditions. To reach this goal, according to the plant breeding 
theory, the main steps are (i) the improvement of base populations, (ii) the selection 
of commercial élite varieties, and (iii) the dissemination of the  new varieties. 
Recurrent selection is the breeding method of choice to enrich a population with 
favorable alleles for a polygenic trait (Bernardo 2010; Gorjanc et al. 2018; Mueller 
et al. 2018). This method has been successfully employed to improve breeding pop-
ulation for stress tolerance, as reported, for example, by Meng et al. (2013) who was 
able to obtain a large numbers of cold-tolerant lines in rice. Successful breeding 
programs were carried out in maize (Frascaroli and Landi 2016; Sezegen and Carena 
2009; Viesselmann et al. 2014), chickpea (Jha et al. 2017), ryegrass (Iraba et al. 
2013), and alfalfa (Castonguay et al. 2009). The selected genotype can also be con-
sidered useful materials for genetic, physiological, and molecular dissection of cold 
tolerance traits using DNA markers and other -omic tools (Frascaroli and Landi 
2018; Meng et al. 2013) to obtain indication on the genetic control of the trait and 
the genomic regions involved in the response to selection.

It has been observed that in most of the cases, the genetic improvement currently 
possible with conventional approaches does not exceed the 1% per year (Fischer 
and Edmeades 2010). For this reason different strategies for improving the selection 
efficiency were explored. As observed by Mickelbart et al. (2015), a combination of 
different approaches is advisable to accelerate the identification and characteriza-
tion of specific loci that can be moved by molecular marker-assisted selection 
(MAS) into elite varieties, minimizing yield-adverse linkages. According to 
Reynolds and Langridge (2016), physiological breeding can be the strategic tool to 
speed up the improvement in crop adaptation and, ultimately, the ability to provide 
food and other products needed for the world improving population. As already 
mentioned, the choice of the more appropriate method must be made according to 
the genetic control of the traits. Indeed, selection approaches are different for traits 
at different levels of integration and genetic complexity, as shown in Fig. 9.2, from 
Reynolds and Langridge (2016). The figure represents plant selection approaches 
that may be used for traits controlled at different levels of complexity, starting with 
simple metabolites and culminating in polygenic productivity traits such as yield 
and biomass. Current research is expected to yield (i) basic insights on cold toler-
ance, with advanced information on the affected molecular and physiological pro-
cesses, and (ii) applied tools such as the identification and the characterization of 
useful genes for improving tolerance to cold stress. This information could be use-
ful to obtain allele sequences of functionally characterized genes from which 
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functional motifs affecting plant phenotype can be identified and may be used as 
functional markers (Andersen and Lubberstedt 2003; Brenner et al. 2013). However, 
it has also been observed that QTL mapping and its application in breeding are most 
useful for traits, for example, wheat Fusarium head blight resistance or soybean cyst 
nematode resistance, which might have one or a few underlying major loci (Bernardo 
2008).

In spite of the huge effort made to understand all the components determining a 
trait, the consensus among plant breeders today is still that it is usually more effi-
cient to select for the primary trait itself, rather than to select for multiple secondary 
traits that are components of or associated with it (Bernardo 2016a). As for the use 
of single genes, so far, the transgenic approach has not been able to handle poly-
genic traits, while it may be usefully utilized in cultivars transformed with a single 
transgene (Bernardo 2016a). In the recent years, we witnessed the enhancement of 
knowledge of plant genomics, and especially of sequence technology, and the shift-
ing of plant science from “explanatory” to “predictive.” Indeed, the possibility to 
predict the optimal genotype based on genomic information would greatly enhance 
the efficiency of plant breeding programs. Dense genotyping, that provided a very 

Fig. 9.2  Traits with different levels of integration and genetic complexity are selected with differ-
ent approaches. Traits represented by simple metabolites can be followed; thanks to biochemical 
markers, simple traits controlled by major genes are conveniently selected by means of marker-
assisted selection (MAS), while selection for complex traits, such as most of the cold tolerance and 
productivity traits, must rely on comprehensive methods like genomic selection (GS). The whole 
picture takes into account also regulatory factors that may interact with the expression of traits at 
any level as they interact with the environment (epigenetics) and thus enhance the genotype-by-
environment interaction (GEI). (From Reynolds and Langridge (2016))
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large amount of SNP (Single Nucleotide Polymorphism) markers, made it possible 
to develop new promising methods for improving complex traits that are controlled 
by many QTL with small effects (Bernardo 2016a). Genomic selection (GS) is a 
breeding method that accelerate the selection of genotypes carrying favorable alleles 
at loci undetectable by means of mapping models (Meuwissen et al. 2001) and can 
be integrated into recurrent selection (Gorjanc et  al. 2018; Mueller et  al. 2018). 
Genome-wide selection is expected to be particularly efficient when phenotypic 
selection is nonexistent or ineffective. Simulation and empirical studies revealed 
that GS can even be more efficient than MAS (Bernardo and Yu 2007), especially 
for traits that are difficult to measure such as cold tolerance, particularly in the field. 
The most advanced prediction techniques (Crossa et al. 2017; Heffner et al. 2010; 
Montesinos-Lopez et al. 2018) are promising in the perspective of selection imple-
mentation for cold tolerance in combination with other agronomic traits.

In conclusion, crop adaptation is needed to increase production and stability 
under cold conditions that are getting worse with climatic change. To improve crop 
plants for complex traits, such as cold tolerance, the key will be the combination of 
classical plant breeding with the advances in genomics, crop physiology, and mod-
eling in an integrated profile involving genotype, phenotype, and envirotype. In 
particular, the most promising approach for selection will involve high-precision, 
high-throughput phenotyping in controlled growth chambers and platforms, and 
multi-environment field trials combining agronomic, morphological, physiological, 
and biochemical data. The exploitation of big data will involve updated statistical 
models for mapping genomic regions controlling cold tolerance or for predicting 
the breeding value of genotypes.
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