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A B S T R A C T   

Cold stress (CS) affects the survivability, geographical distribution, and yield stability of crops. Suitable man-
agement and agronomic practices can minimize the crop losses associated with cooler environments. However, 
agronomic practices alone can’t support plants adequately to withstand the harsh cold. Therefore, exploring 
plants cold stress-responsive factors such as genetic, epigenetic, physiological, and cellular is crucial. This report 
discusses on cold stress effect, signal perception, signal transduction, gene expression, and associated molecular 
phenomena in plants. Three cold acclimation response pathways: Ca2+ mediated ICE1- CBF/ DREB1, hormonal, 
and reactive oxygen species (ROS), are elucidated. Also, this report summarizes the latest research work on 
genetics and genomics of forage species from the perspectives of cold tolerance improvement. In several in-
stances, our hypotheses have been supported by a recent research output from our genetic analysis experiment on 
alfalfa (Medicago sativa L.) cold tolerance. We further review the importance of high-throughput genomics and 
phenomics for cold tolerance improvement in forage species and recommended implementing widely recognized 
techniques such as genomic selection (GS) and genome-wide association studies (GWAS) to develop climate- 
resilient cultivars. The transgenics and genome-edited cold-tolerant forage cultivars with low or no yield pen-
alty must be the goals of future research.   

1. Introduction 

Low and non-freezing temperatures can injure and kill crop species 
affecting their productivity, survival, and ecological distribution (San-
ghera et al., 2011). As sessile organisms, plants are obligated to endure 
such unfavorable environmental conditions by developing effective 
survival strategies (Pareek et al., 2017). The phenomenon by which 
plants acquire tolerance to such adverse low temperatures is called cold 
acclimation. Temperatures that can affect the growth of plants are not 
always the same for all species or populations. For instance, a cooler 
temperature (<15 ̊ C) is sufficient to develop cold injuries in several 
plants of tropical and sub-tropical origins whereas the Antarctic algae 
may get heat stress signs above 5 ̊C (Hincha and Zuther, 2014). 

Cold tolerance is the ability of plants to endure seasonal low but non- 

freezing temperatures (0–15 ̊C) while freezing tolerance indicates the 
ability of plants to survive at subzero (< 0 ̊C) temperatures. Nonetheless, 
several past studies have described both cold and freezing tolerance as a 
nearly common phenomenon and investigated these traits together 
(Hincha and Zuther, 2014). When temperature drops in autumn, 
freezing tolerant plants undergo acclimation and they de-acclimatize in 
late winter or early spring following temperature increases (Vyse et al., 
2019). When frost reoccurs in late winter or early spring, only the 
freezing tolerant plants undergo re-acclimation and the sensitive plants 
fail to re-acclimatize and eventually suffer from the chilling effects 
(Vyse et al., 2019). Very limited information is available on the genetic 
and genomic basis of de-acclimation and re-acclimation of plants, while 
the re-acclimation process has become a major concern due to the 
constantly changing global climate. 

Abbreviations: ABA, abscisic acid; CS, cold stress; CT, cold tolerance; GA, gibberellic acid; GEBV, genomic estimated breeding values; GS, genomic selection; 
GWAS, genome-wide association study; MAS, marker-assisted selection; QTL, quantitative trait loci; ROS, reactive oxygen species; SA, salicylic acid. 
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To date, several CS-related studies have been reported in crops like 
wheat, maize, rice, barley, oat, potato, vines, berries, and woody forest 
trees. However, limited research has been done on the molecular 
mechanisms of CS on forage species that are often polyploids and pe-
rennials. Cold tolerance (CT) plays a key role in the determination of 
stand longevity, production, and quality of perennial forage legumes 
like alfalfa and clovers (Annicchiarico et al., 2015; Brouwer et al., 2000) 
in northern climates. CT has been associated with various physiological 
and morphological traits in white clover (Inostroza et al., 2018). Cold 
stress is one of the most challenging issues in improving temperate 
perennial forage crops (Annicchiarico et al., 2015). Several indoor 
screening methods have been developed to screen plants freezing 
tolerance, some of them include a walk-in growth chamber (Adhikari 
et al., 2021), electrolyte leakage test, chlorophyll fluorescence assays, 
and multiplication and multi-year field trials (Hincha and Zuther, 2014). 
Recent advancements in high-throughput genotyping and phenotyping 
in combinations with transgenics as well as CRISPR-Cas9 based 
biotechnology methods can overcome the existing limitations for 
improving forages against cold stress. 

1.1. Plant morphological and cellular changes 

Major morphological symptoms of CS include chlorosis, stunted 
seedlings, surface lesions on certain parts, leaves curling, discoloration, 
tissue damage (Goering et al., 2021), stem cracking, poor or no germi-
nation, lack of vigor, metabolites leakage, leaf wilting (Fig. 1), necrosis, 
and delay in regeneration and inhibition of growth of vegetatively 
propagated clones (e.g. alfalfa) (Adhikari et al., 2021). Cold symptoms 
develop more rapidly on the species that are non-native to temperate 
climates, perhaps due to adaptation issues. 

Cold sensitive plants suffer from severe cold damage when frost oc-
curs during de-acclimatization (Fig. 2). We witnessed such damage in 
alfalfa (Figs. 1 and 2) when late-winter frost occurred on the first week 
of March in 2017. In Georgia, the winter (2016-2017) was mild and we 
observed sufficient regrowth of alfalfa even after the autumn cut 
(Adhikari et al., 2018). When encountered a low temperature during the 
de-acclimatization phase, the plants responded with variable injuries 
depending on their ability to withstand cold stress (Figs. 1 and 2). We 
visually rated the alfalfa winter injuries with scores from 0 (no visible 
signs) to 5 (severe cold winter damage). We found that alfalfa standard 
cultivars such as Maverick, ZG9830, 3010 had very low winter injuries 
as compared to other cultivars like UC-1465 and UC-1887 (Fig. 2). We 

observed severe winter damages on cold-sensitive alfalfa that were 
released for U.S. southern climates and were non-dormant types (Fig. 2) 
whereas the northern climate cultivars exhibited no or little CS signs 
(Fig. 2). 

Cold stress damages cell membranes in plants by altering membrane 
fluidity (Fig. 3), low water potential, lipid composition, reduced ATP 
supply, accumulation of toxic compounds, imbalanced ion supply, and 
solute leakage (Theocharis et al., 2012). Lipid composition alternation 
and lipid metabolism during cold stress determine the degree of cold 
damage in plants as well as other species. Increased unsaturated fatty 
acids content in the plasma membrane of the acclimated plants possesses 
more fluidity for stabilization of the membranes. Using fatty acid 
desaturase (fad2) mutants, it was shown that polyunsaturated lipids 
were required for cold temperature survival in Arabidopsis (Miquel et al., 
1993). The di-unsaturated molecular species such as phosphatidylcho-
line and phosphatidylethanolamine was found to elevate in the plasma 
membrane of cold-acclimated rye (Secale cereale L.) (Lynch and Ste-
ponkus, 1987). 

Intra and intercellular ice formation, freeze-induced lesions, proto-
plast shrinkage, cell deformation, and cell death are common charac-
teristics of freezing stress (Uemura et al., 1995). Below freezing 
temperature causes cell contraction by the establishment of an osmotic 
gradient between the ice-filled intercellular space and fluid-filled cell 
cytoplasm (Fig. 3) (Li and Palva, 2012; Fujikawa and Kuroda, 2000). For 
instance, in non-acclimated conditions, protoplast contraction occurred 
in rye at 0 - 5 ̊C and protoplast lysis occurred after subsequent thawing 
(Li and Palva, 2012) which was not observed in acclimated conditions. 
Other cellular effects of cold stress on plant cells are increased oxidative 
stress and reactive oxygen species (ROS) formation, slow metabolism, 
increased dehydration, low nutrient absorption, and reduced photo-
synthesis (Dreyer and Dietz, 2018a). 

1.1. Cold receptors and sensing in plants 

The plasma membrane is the primary site of temperature sensing in 
plants, where the membrane per se possesses compositional and other 
molecular changes to protect from damage (Li and Palva, 2012). Specific 
low-temperature stress receptor to initiate cold signaling has not been 
fully identified yet. In Arabidopsis, alfalfa, and Brassica napus, membrane 
rigidification is a potential cold signal sensor that induces downstream 
components (Yadav, 2010; Ritonga and Chen, 2020). Membrane-based 
proteins exhibit conformational changes in the membrane domain 

Fig. 1. (Left) clones of a cold-tolerant alfalfa genotype 
and (Right) clones of a cold-susceptible alfalfa at JPC 
research farm [Watkinsville, GA] at the University of 
Georgia, Athens, GA, USA. The alfalfa plants are the F1 
hybrids derived from a non-dormant alfalfa cultivar 
CW 1010 (male parent) and a dormant and winter- 
hardy female parent cultivar 3010. Each row was 
planted with four clones of a single genotype generated 
through stem cutting. These alfalfa genotypes suffered 
from late winter frost on the first week of March in 
2017, leaving clear frost symptoms on susceptible 
genotype.   

L. Adhikari et al.                                                                                                                                                                                                                                



Plant Stress 4 (2022) 100081

3

after cold stress. Actin filament cytoskeletal reorganization (AFCR) is 
another cellular change for cold stress recognition. AFCR alters 
cold-induced CA2+ influx into the cytosol and upregulates the expression 
of Cas30 genes in alfalfa (Solanke and Sharma, 2008) (Örvar et al., 

2000). The elevated cytosolic Ca2+ acts as the second messenger of cold 
stress (Chinnusamy et al., 2010) and diffuses signals through Ca2+

regulated proteins such as calmodulin (CaM), mitogen-activated protein 
kinases (MAPKs), and CaM domain-protein kinase (CDPKs) (Solanke and 
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Sharma, 2008). Plants also use glutamate receptors (GLRs), which 
mediate Ca2+ fluxes across membranes, to create a variety of external 
and endogenous signals. AtGLR3.4 is a glutamate receptor channel-like 
gene that is sensitive to cold and expresses in a calcium-dependent 
fashion (Meyerhoff et al., 2005; Qiu et al., 2020). 

Several essential receptors are thought to be involved in stress 
sensing. Each sensor might detect a distinct aspect of the stress and take 
part in a different phase of the cold signaling cascade. Biological 
signaling networks determine a plant’s cold tolerance. The under-
standing of plant cold-signaling perception and transmission has lately 
progressed significantly (Ding et al., 2015; Ma et al., 2015; Guo et al., 
2017; Wei et al., 2021) Recently, Sakamoto and Kimura (2018) sum-
marized the most important temperature sensors identified by far; 
including phytochrome B (phyB), heat shock transcription factorA1s 
(HSFA1s), floral repressor locus such as FLC, and a histone variant H2A. 
Z (Sakamoto and Kimura, 2018). The phyB is the primary photoreceptor 
that governs plant growth in Arabidopsis seedlings exposed to varying 
shadow situations (Casal, 2013). PhyB develops temperature-dependent 
direct connections with the promoters of important target genes (Jung 
et al., 2016). Inactivation of PhyB due to dark is proportional to tem-
perature, so phytochromes can operate as thermal timers, incorporating 

temperature data throughout the night (Jung et al., 2016). PhyB is 
associated with temperature sensing by temperature-dependent rever-
sion from the active PFR to the inactive PR state (Legris et al., 2016). 

1.2. . Signal transduction and cold acclimation 

Signal transduction proceeds through cytosolic Ca2+ which activates 
Ca2+ dependent protein kinases. The kinases and phospholipases further 
convey signals to downstream elements to alter gene expressions. The 
genes expressed due to cold signals take part in generating required 
biomolecules (proteins, soluble sugars, osmoprotectants) for cold 
acclimation (Fig. 4). On the other hand, cold-sensitive plants may lack 
the signaling molecules or associated genes or regulatory molecules 
either by loss of function mutation or by gene inactivation (Solanke and 
Sharma, 2008). Three major cold acclimation responses include ICE--
CBF/DREB1 mediated by Ca2+, phytohormone regulated network, and 
reactive oxygen species (ROS) pathway (Fig. 4). Apart from the nucleus, 
cellular compartments such as chloroplast and mitochondria are also 
important organelles with regard to the cold acclimation process (Liu 
et al., 2018). 

Fig. 4. Schematic diagram showing how a plant cell perceives and transduces cold stress signals and regulates gene expression to achieve cold tolerance. Three 
regulatory pathways: i) CBF/DREB-dependent, ii) hormonal and iii) reactive oxygen species (ROS) signaling are highlighted. The transcription factors given in the 
diagram are well-recognized proteins whose extended forms are available everywhere. Encircled ‘U’ refers to ubiquitination and ‘P’ to phosphorylation, where 
ubiquitination leads to degradation of protein and phosphorylation leads to activation. The pointed arrowhead refers to positive regulation and lines ending with bar 
indicate negative regulation. This figure is a synthesis of various past reports that have presented cold-sensing pathways in plants (Shi et al., 2014b), (Guo et al., 
2018), and (Ritonga and Chen, 2020). 
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1.2.1. ICE-CBF/DREB1 pathway 
The CBF/DREB1 (C-repeat binding factor/dehydration-responsive 

element-binding factor 1) genes encode transcriptional activators 
which further regulate some cold-responsive (COR) genes, also known as 
CBF regulon (Ritonga and Chen, 2020). CBF genes were reported in 
several crops and vegetables and the CBF/DREB1 regulatory network is 
the most extensively investigated cold response pathway (Sanghera 
et al., 2011). The network begins with the transmission of cold signals 
through elevated cytosolic Ca2+ and induced receptor kinases to the 
transcription cascades of CBF regulon (Fig. 4). For instance, 
cold-responsive protein kinase 1 (CRPK1) acts on the CBF pathway and 
regulates excessive cold responses (Liu et al., 2017b; Baumann, 2017; 
Guo et al., 2018). CRPK1 phosphorylates 14-3-3 proteins during freezing 
and promotes their nuclear translocation, destabilizing CBF transcrip-
tion factors and preventing excessive cold-stress responses. It’s probable 

that CRPK1 forms a complex with a cold-stimulated receptor-like kinase 
(RLK) to sense the cold signal, but this hypothesis yet to be tested. 

The upstream component, MYC-like transcription factor (TF) called 
ICE1 (inducer of CBF expression 1), links the transduced signals to the 
transcription cascade (Solanke and Sharma, 2008). ICE1 has been re-
ported in multiple species and this master regulator regulates more than 
40% of the COR genes (Miura and Furumoto, 2013). The ICE1 and 
ICE1-like proteins become activated by phosphorylation (Damaris and 
Yang, 2021). The activated ICE1 further stimulates a set of CBF genes 
(regulons) and enhances the expression of the CORs (Fig. 4) (Tang et al., 
2020). It has been shown that CBF alters the expression of >100 genes 
(Park et al., 2015). The transcription factors that interact with ICE1 
include HOS1, MYB (AtMYB15), ZAT12, and SIZ1. The CBF cold 
response pathway was first identified in Arabidopsis (Thomashow, 
2001) and then recognized in other species such as Brassica napus, 

Fig. 5. Phylogenetic tree generated based on the coding sequence of CBF/DREB1. The evolutionary history was inferred using the Neighbor-Joining method. The 
optimal tree with the sum of branch length = 13.54238705 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap 
test (1000 replicates) are shown next to the branches. 
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wheat, rye, tomato and other flowering plants (Jaglo et al., 2001). The 
orthologs of CBF genes in any species can be found easily if the species 
has whole genome sequencing information or CDNA libraries. For 
instance, a cold responsive gene in Fragaria vesca was found via BLAST 
search of an homologous sequence of Arabidopsis CBF on F. vesca 
reference genome (Fattash et al., 2021). In Arabidopsis, there are three 
CBF genes: CBF1, CBF2, CBF3, where CBF2 negatively regulates the 
other two genes (Novillo et al., 2007) (Fig. 4). Cold-induced CBF genes 
yield a set of CBF proteins that interact with the promoter of CBF-re-
gulated COR genes and alters their expression. The CBF encodes a highly 
conserved transcriptional activator with AP2/ERF domain (Liu et al., 
2015). The AP2/ERF binds to the CRT/DRE (C-repeat/dehydration 
responsive element), a cis-acting element to activate gene expression 
(Liu et al., 2015). The phylogenetic tree constructed using the coding 
sequence of CBF genes showed that the components of the CBF cold 
response pathways are conserved across various plant species (Fig. 5). 

As a key player of cold acclimation, COR proteins protect cells 
against chilling stress, help the expression of other proteins and bring 
necessary biochemical changes. For instance, increased levels of proline, 
soluble sugars, raffinose, glucose, etc. support cells to avoid chilling 
damage (Theocharis et al., 2012). However, a recent paper suggests that 
levels of proline are not as important as the localization and the cytosolic 
proline is crucial for freezing tolerance of non-acclimated plants 
(Hoermiller et al., 2022). Several recent reports have indicated that the 
CBF-CRT/DRE unit contributes at least one-third of the total increase in 
freezing tolerance in most of the plants (Park et al., 2015). However, in 
addition to enhancing chilling tolerance, when CBF was constitutively 
expressed in species like Arabidopsis and potato, it induced dwarfism 
because of the accumulation of growth-inhibiting DELLA proteins (Hu 
et al., 2015). Similarly, when CBF1 was expressed in tomato, it also 
penalized crop growth, indicating that CBF genes also play roles in plant 
growth and development (Hsieh et al., 2002). Therefore, transgenics 
with stress-inducible promoter or genome-edited approaches can be 
useful to overcome this yield penalty while developing cold-tolerant 
plants. 

1.2.2. Hormonal pathway 
Phytohormones such as abscisic acid (ABA), cytokinins (CKs), auxins 

(IAA), gibberellins (GA), ethylene (ET), salicylic acid (SA), brassinos-
teroids (BRs), jasmonic acid (JA), and strigolactones are involved in 
mediating cold stress signaling and regulating transcription of some 
COR genes (Deng et al., 2018; Pottosin et al., 2014). When plants get 
cold stressed, the levels of ABA and JA are increased whereas the 
cytokinin, ethylene, and GA are decreased. The phytohormones are also 
involved in ROS scavenging, and metabolism of biomolecules like sugar 
and starch (An et al., 2012). The hormones transduce cold signals via 
secondary messengers such as H2O2 and Ca2+ (Theocharis et al., 2012). 
The ABA-dependent signaling pathway is a relatively well investigated 
molecular mechanism in response to cold and other abiotic stress, where 
the accumulated ABA changes the expression of certain genes. ABA in-
duces antioxidants defense to scavenge ROS and helps to reduce the rate 
of ROS formation (Zhang et al., 2006). Most of the plant hormones 
respond to cold stress via the CBF-independent pathway (Fig. 3) (The-
ocharis et al., 2012). In cassava, low-temperature inducible genes such 
as SAUR, AREB3, GAI, ERF2, and JAZ7 are regulated by phytohormones 
(An et al., 2012). GA and cytokinin signaling are suppressed by CS which 
stimulates the overexpression of CBF1 and CBF3 genes. The over-
expression of CBF1 and CBF3 genes increases freezing tolerance whereas 
CBF2 negatively regulates CBF1 and CBF3 expressions thereby trig-
gering plant sensitivity to freezing (Novillo et al., 2007; Thomashow, 
2001). On the other hand, the ethylene signaling pathway also nega-
tively impacts CBF regulated cold response, potentially through the 
action of ethylene-insensitive 3 (EIN3) (Robison et al., 2019). Similarly, 
ABA activates ABFs which regulates transcription of some COR genes, 
CK stimulates expression of cytokinin responsive factors (CBFs), and GA 
activates DELLA protein, a repressor of the CBF transcriptional pathway 

(Shi et al., 2014b). The JA activates the CBF transcriptional pathway by 
suppressing ICE1/2 genes, which upregulates the expression of down-
stream cold-responsive genes (Hu et al., 2017). JA also interacts with 
other hormone signaling pathways such as auxin, ethylene, and 
gibberellin and increases cold tolerance (Hu et al., 2017; Wang et al., 
2020; Yang et al., 2019). This indicates that phytohormones are an in-
tegral part of cold tolerance mechanisms that exist in plant species, 

1.2.3. Reactive oxygen species (ROS) 
Active oxygen species, such as superoxide (O2

− ), hydrogen peroxide 
(H2O2), and hydroxyl radicals (OH− ) produced due to abiotic stresses 
like cold, are toxic molecules to be scavenged (Dreyer and Dietz, 2018b). 
ROS transduces cold signals and alters the expression of cold-related 
genes. For instance, low-temperature destroys photosynthetic machin-
ery via destroying chloroplast structure and loosening the thylakoids 
(Zhang et al., 2020). As a result of photoinhibition, the ROS is generated 
in chloroplast PSII (Miura and Furumoto, 2013) (Fig. 4). Low levels of 
ROS induce protective mechanisms against stresses while elevated ROS 
levels lead to cell damage and cold injury (Gechev et al., 2006). Cold 
also induces ROS scavenging enzymes such as catalase (CAT) and su-
peroxide dismutase (SOD) (An et al., 2012). In Cassava (Manihot escu-
lenta), ROS scavenging transcripts: CAT2, peroxidase 72, and GST1 were 
up-regulated after low-temperature treatment (An et al., 2012). 

Cold-mediated redox changes induce the structural switching and 
functional activation of CBFs. To defend plant cells in response to cold 
stress, plants are equipped with several antioxidant redox proteins, such 
as superoxide dismutase, catalase, glutaredoxin, thioredoxin (Trx), Trx 
reductase, protein disulfide reductase, and other kinds of peroxidases 
(Chi et al., 2013). These proteins play important role in preventing 
harmful effects of ROS through post-translational modifications. 
Depending upon the external stimuli, these proteins act as chaperones in 
instructing the change in the molecular structure of the transcriptions 
factors such as CFBs (Lee et al., 2021), basic leucine zipper (bZIP) 
(Shaikhali et al., 2012), Rap2.4a (Shaikhali et al., 2008), transcriptional 
co-activator, and NON-EXPRESSOR OF PR1 (NPR1) (Tada et al., 2008; 
Mou et al., 2003). All these transcription factors and activators exist in 
an inactive form of oligomers that are connected by intermolecular di-
sulfide bond in the cytosol (high molecular weight- HMW) (Astier et al., 
2012; Moore et al., 2011). However, upon stress stimuli and release of 
antioxidants, the disulfide bonds are broken to form active monomers or 
dimers (low molecular weight- LMW) in the nuclei. These active LMW 
then activate stress-tolerant genes conferring stress tolerance. 

In Arabidopsis, overexpression of thioredoxin h2 (Trx-h2) in asso-
ciation with CFBs confer resistance to cold stress through structural 
changes (Lee et al., 2021; Dreyer and Dietz, 2018a). Trx- h2 is a cytosolic 
disulfide reductase with two active sites- cysteine (Cys) and N-terminal 
extension peptide containing a fatty acid acylation site. Plants over-
expressing Trx-h2 in the trx-h2 mutant background (Trx-h2OE/trx-h2) 
were cold tolerant compared with wild type (Col-0) and trx-h2 mutant 
plants. Interestingly, variants of Trx-h2OE with Cys residue substituted 
by serine (Trx-h2(C/S)OE) showed high cold sensitivity, similar to wild 
type. Similarly, cold-responsive (COR) genes were highly up-regulated 
in Trx-h2OE/trx-h2 plants but not in trx-h2 and Trx-h2(C/S)OE/trx-h2 
plants under cold conditions (Park et al., 2021) suggesting the role of 
Trx-h2 in conferring cold tolerance. CBFs proteins were produced in 
wild-type Arabidopsis (Col-0) upon exposure to cold temperature but 
not in cbfs mutants. Thus, this tolerance was supposed to be induced 
upon exposure to cold through the reduction of CBFs proteins in the 
nucleus. The reduction of CFBs was further evidenced by the presence of 
low molecular weights proteins (monomer and dimer) bands in 
non-reducing gel upon prolonged exposure of Col-0 Arabidopsis to cold 
(4 ◦C) and the amount of protein increased with an increase in the 
exposure time (Lee et al., 2021). 
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2. Other Key Elements to CS Response 

In addition to the ABA, GA and CK signaling pathways which are 
considered as the CBF-independent pathways, there are other cold 
regulated proteins that are independent of CBF pathway (Shi et al., 
2014b). For instance, Arabidopsis genes ESK1, GIGANTEA (GI) and 
HOS9 provide freezing tolerance without mediating through CBF 
pathway (Shi et al., 2014b). Two Arabidopsis genes AtHAP5A and 
AtXTH21 also induce freezing tolerance independent of the 
CBF-regulated pathway (Shi et al., 2014a). Some other proteins associ-
ated with lipid transfer are also responsible for freezing temperature 
stress. For instance, lipid transfer protein 3 (LTP3) when overexpressed 
in Arabidopsis, enhanced freeze tolerance without alternating 
CBF-regulated COR genes (Guo et al., 2013). The LTP3 was positively 
regulated by a DNA binding TF called MYB96. Park et al. (2018b) re-
ported that several CBF regulon genes in Arabidopsis ecotypes SW and IT 
were also co-regulated by CBF-independent pathway. Li et al. (2017b) 
reported a transcription factor BZR1 that positively regulate freezing 
tolerance via both CBF-dependent and CBF-independent pathways. The 
genes such as PYL6, WRKY6, SAG21, SOC1, JMT, and ESM1 are regu-
lated by BZR1. 

Some genes are down regulated due to freezing tolerance and are 
induced via both CBF-dependent and CBF-independent pathways. In 
maize, the genes downregulated by a cold stress comprise the genes 
involved in the DNA replication, translation and photosynthesis (Avila 
et al., 2018). Calzadilla et al. (2016) conducted RNA sequencing on Lotus 
japonicus after 24 h of cold stress and observed 713 up-regulated and 364 
down-regulated genes. The down-regulated genes were mainly associ-
ated with photosynthesis and chloroplast development while the 
up-regulated genes were associated with lipid, cell wall, sugar, phenyl-
propanoid and proline metabolisms. The cold stress also down regulates 
the expression of some microRNAs such as miR389a.1 (Chinnusamy 
et al., 2007). 

Additionally, several other genes, molecules and chemical com-
pounds are involved to regulated cold stress mechanisms in plant. In 
Arabidopsis, accumulation of cold shock domain proteins (AtCSP3) was 
found to be involved in freezing tolerance (Kim et al., 2009). In major 
temperate cereals such as wheat and barley, the low-temperature 
tolerance is also regulated by VERNALIZATION1 (VRN1) (Mickelbart 
et al., 2015). Similarly, chemical compounds like exogenous melatonin 
bequeath cold tolerance to plants through enhancing antioxidant ability 
(Li et al., 2017a). In maize, effects of the chemicals such as potassium 
chloride (KCL), gibberellin (GA), and 2-diethylaminoethyl-3,4-dichloro-
phenylether (DCPTA) on cold tolerance during germination were tested 
(Wang et al., 2018). The authors suggested the combined applications of 
all three chemicals performed best in tolerating cold stress in maize. 

Cold stress also impacts plant-microbe activities. For instance, low- 
temperature stress reduces the chance of fungal infections by accumu-
lating antifreeze proteins which also act as antifungal compounds 
(Weldon et al., 2020). Low-temperature stress tolerance also provides 
more resistance to grapevine powdery mildew (Moyer et al., 2016). The 
cold tolerance ability of temperate plants may also determine the colo-
nization and survival of microorganisms like fungi and bacteria. On the 
other hand, some endophyte bacteria provide tolerance to abiotic 
stresses like cold (Miura and Furumoto, 2013). The endophytes associ-
ated with the endosphere, epiphytes associated with the rhizosphere, 
epiphytes associated with the phyllosphere, and the genomes of these 
microbiotas together constitute the plant microbiome (Juurakko and 
Walker, 2021). Endophytes provide fitness, nutrient supply, and stress 
tolerance for the host plants and hence they have often been used as 
sustainable means to manage abiotic stresses such as cold in the field 
(Verma et al., 2021). The facultative fungal endophytes have been found 
effective in improving plant agronomic traits and conferring resistance 
to environmental stresses including cold (Sword, 2017). 

In recent years, several studies have described the crosstalk between 
abiotic stresses (Mishra et al., 2016). Several molecules, such as kinases, 

TFs, enzymes, and hormones play roles in more than one stress. For 
instance, in alfalfa, two cold-inducible K3 dehydrin genes were identi-
fied as associated with desiccation (Dubé et al., 2013). The DREBs 
(dehydration responsive element binding) transcription factors regulate 
several stresses such as cold, drought, salinity and mostly works in an 
ABA-independent manner (Lata and Prasad, 2011). Chu et al. (2014) 
investigated expression pattern and molecular evolution of two cold 
induced DREB1 genes (PnDREB68 and PnDREB69) in black poplar 
(Populus nigra) and showed the variable expressions of those genes in 
dehydration stress. Taşgín et al. (2003) observed that salicylic acid 
treatments can have similar effects as that of the cold acclimation i.e., 
the reduction in freezing injury of winter wheat leaves compared to the 
control. In a study on freezing tolerance in Arabidopsis, glycine betaine 
was observed to induce freezing tolerance during cold acclimation, 
exogenous abscisic acid (ABA) application, and water stress (Xing and 
Rajashekar, 2001). Enhancement of cold protectant chemicals such as 
salicylic acid and glycine betain in the plant can be one of the alternative 
approaches to combat cold stress. 

3. Cold Tolerance in Forage and Grass species 

Genetic variability and the mechanism by which plants become cold- 
tolerant is very important to improve winter survivability of cold- 
sensitive and non-native tropical crops. Some cold-tolerant cultivars of 
forage and grass species have been developed in the last few decades 
using traditional breeding, marker-assisted breeding, genomics and 
transgenics approaches. 

3.1. Traditional plant breeding for forages and grasses CT 

Alfalfa superior freeze-tolerant cultivars like Apica (ATF0) and a 
derived population (ATF5) were developed using recurrent selection 
breeding for five cycles (Dubé et al., 2013). Alfalfa genome domain that 
contains functionally similar co-inherited dehydrin genes (K3-A and 
Y2K4) were recurrently selected to achieve superior freezing tolerance. 
In red clover (Trifolium pratense L.), the recurrent selection up to four 
cycles increased 2 to 3 ◦C of the LT50 (Bertrand et al., 2016). The four 
cycles of recurrent selection also enhanced freezing tolerance in 
Perennial ryegrass (Lolium perenne L.) and was evident by changing 
levels of carbohydrates and amino acids in crowns of selected plants 
(Iraba et al., 2013). Although the recurrent selection method is a slow 
process and based on phenotypic selection, still it is a popular method of 
forage breeding and improvement. 

3.2. . QTL and maker-assisted breeding for cold tolerance in forages and 
grasses 

3.2.1. Forage legumes 
With the advent of high-throughput sequencing methods, the ge-

netics and genomics analysis of complex traits like CT has become much 
more efficient and applied (Paudel et al., 2020). A limited number of 
QTL mapping investigations have been reported on forage legumes for 
cold tolerance. In polyploid species, dissecting the genetic basis for 
complex traits such as cold tolerance is challenging because of their 
complicated genome compositions and the unavailability of adequate 
genomic tools. The diploid model legume species M. tranculata has been 
studied extensively compared to other forage species for several crucial 
agronomic traits Freezing tolerance QTL in M. truncatula were identified 
on LG1, LG4, and LG6, where the most valuable QTL explained up to 
38% of phenotypic variation (Avia et al., 2013). The stable QTL for 
freezing temperature tolerance in M. truncatula that were co-localized 
when identified through various phenotypic approaches such as elec-
trolyte leakage, leaf area index, number of leaves, and chlorophyll 
content index were the most potential candidate for marker-assisted 
selection (MAS). The MAS used DNA markers as a criterion to select 
desirable traits. There were several studies in non-forage species that 
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used MAS for cold tolerance improvement, such as in sorghum (Knoll 
and Ejeta, 2008). Several QTL for winter survival of cultivated alfalfa 
were identified based on a field study at the U.S. state of Georgia 
(Adhikari et al., 2018). Some stable QTL identified consistently for 
multiple seasons and multi-locations can either directly be used in 
marker-assisted breeding for alfalfa cold-hardy cultivars or considered 
as the candidate regions for further genomic scrutiny. With the same 
mapping population, Adhikari et al. (2021) conducted an indoor 
freezing tolerance test and identified nine cold tolerance QTL in which 
some of them were overlapping QTL from previous field studies. 
Brouwer et al. (2000) also identified QTL for alfalfa freezing tolerance, 
winterhardiness and fall regrowth. In white clover (Trifolium repens L.), 
seventeen QTL and four candidate genes for cold tolerance-related traits 
were discovered using temperature gradient locations and the GWAS 
approach (Inostroza et al., 2018). 

Several studies ended with cold tolerance QTL identifications and 
lacked utilization of those valuable chromosomal regions to improve 
cultivars. Therefore, future research must focus on the validation of QTL 
in multiple environments and populations, and the utilization of the 
validated QTL to improve crops. Most importantly, the colocalized and 
stage-specific QTL are crucial to developing cold-tolerant plants (Najeeb 
et al., 2021). 

3.2.2. Forage grasses 
A QTL study conducted in meadow fescue (Festuca pratensis Huds.) 

identified frost tolerance QTL on chromosome 5F which corresponded to 
the frost-related loci on wheat homoeologous chromosome 5A (Alm 
et al., 2011). In another QTL study, Sandve et al. (2011) identified frost 
tolerance QTL on chromosomes 4 and 5 of Lolium and Festuca species, 
whereas the QTL they observed were most likely the orthologs of CBF 
and vernalization genes of the triticeae tribe. Poudel et al. (2019b) re-
ported freezing tolerance QTL derived using a mapping population 
developed by lowland x upland switchgrass parents. Xiong et al. (2007) 
identified about 40 QTL for winter hardiness in an interspecific popu-
lation derived from annual x perennial ryegrass, where some of those 
QTL were consistently expressed over seasons and have the potential to 
be used in marker-assisted selection (MAS). In Sorghum [Sorghum bicolor 
(L.) Moench], marker assisted-selection and early-season cold-tolerance 
QTL validation for different environments were successful (Knoll and 
Ejeta, 2008). New frost tolerance alleles were identified through QTL 
analysis in a biparental population of winter rye, where three stable QTL 
expressing across environments were reported (Erath et al., 2017). 
Brown et al. (2021) conducted acclimation and freezing tests of Zoy-
siagrasses (Zoysia spp.) in a controlled environment and performed QTL 
mapping, where they mapped a total of 39 QTL for post-freezing survival 
and regrowth. After sequence analysis, they found that the identified 
QTL region harbored several orthologous genes related to cell wall 
modification and defense signals. 

Finding orthologues of an already cloned gene in different grass 
species indicated that the regulatory and structural genes in grasses were 
evolutionarily conserved. Thus, a comparative genomic study in grass 
species for cold tolerance has higher significance because we can 
leverage information from studies in highly valued agronomic crops like 
rice and wheat that have a plethora of genomics tools and are widely 
characterized for several traits. 

3.3. GWAS and GS for cold tolerance trait in forages 

Advances in next-generation sequencing (NGS) technologies have 
enabled the discovery of a large number of single nucleotide poly-
morphisms (SNP) to genotype populations rapidly and at lower costs 
(Elshire et al., 2011; Wetterstrand, 2013). Thus far, some studies have 
reported a large number of markers (Kaur et al., 2012) in the polyploid 
forages and conducted a genome-wide association study (GWAS) suc-
cessfully (Inostroza et al., 2018). The GWAS has been regarded as a 
powerful tool widely used in breeding programs because of its ability to 

dissect complex traits under varied environmental conditions. The 
GWAS identified 17 loci for CT of white clover (Inostroza et al., 2018). In 
this population, QTL detection was improved by genomic tetraploid 
parameterization. An association study conducted on a panel of 76 
diverse genotypes of perennial ryegrass (Lolium perenne L.) identified a 
LpIRI1 gene coding antifreeze proteins (AFPs) playing a remarkable role 
in enhancing freezing tolerance (Aleliūnas et al., 2015). Kovi et al. 
(2015) performed transcriptome sequencing and carried out population 
structure, genetic variation, and linkage disequilibrium studies on 
perennial ryegrass selected for freezing tolerance (Kovi et al., 2015). 
Since the vernalization pathway is related to plants’ exposure to cold, 
cloning and characterization of an orthologue of wheat vernalization 
gene (VRN1) is useful in cold stress improvement. Cabrera et al. (2020) 
characterized VRN-A1, a gene encoding MADS-box transcription factor, 
in perennial wheatgrass (Agropyron cristatum) (Cabrera et al., 2020) 

The concept of genomic selection (GS) was derived as an alternative 
breeding approach to marker-assisted selection (MAS) (Meuwissen 
et al., 2001). The GS uses a dense panel of genome-wide molecular 
markers to predict genomic estimated breeding values (GEBV). The GS 
pipeline involves the development of a training population (TP), for 
which available genotypic and phenotypic data is fitted to build a pre-
diction model that is used to calculate GEBV of selection candidates in a 
validation population (VP). The VP is composed of individuals who are 
genotyped but not phenotyped, and they represent the selected candi-
dates. One of the advantages of implementing GS is the shorter breeding 
cycle, as it is no longer necessary to phenotype selection candidates 
(Meuwissen et al., 2001). The shorter breeding cycle that is achieved 
with GS allows greater genetic gain per unit time, providing high se-
lection accuracy with GS and assuming equal selection intensity and 
genetic variance for both GS and phenotypic selection. Given the 
importance of making accurate predictions, it is expected that accuracy 
will vary greatly depending upon multiple considerations, such as mo-
lecular marker type (Poland et al., 2012) and density (Habier et al., 
2009), linkage disequilibrium (LD) between markers and QTL’s (de Los 
Campos et al., 2013), trait architecture (Daetwyler et al., 2010) and 
heritability (Simeão Resende et al., 2014; Pérez-Cabal et al., 2012), and 
TP size (Daetwyler et al., 2010; VanRaden et al., 2009), structure 
(Habier et al., 2010) and genetic relationship between individuals in the 
TP and individuals in the VP (Habier et al., 2007; Meuwissen, 2009; 
Pérez-Cabal et al., 2012). In general, high accuracies were achieved with 
large TP’s and when individuals in the TP were highly related to the 
individuals in the VP because the level of LD should be similar in both 
populations. 

Additionally, higher heritability and marker density generally lead 
to higher GS accuracy (Lin et al., 2014). Genomic selection became 
widely applied in animal breeding (VanRaden et al., 2009), while the 
application of GS in plant species lagged behind animals due to the lack 
of accurate pedigree records, the wide range of variation in life cycles, 
mating systems, and ploidy levels found in plants (Hough et al., 2013). 
All these plant characteristics are key factors affecting accuracy due to 
their influence on effective population size (Ne), population structure, 
and LD (Lin et al., 2014). GS has been investigated in major crop species 
for which dense marker panels were available and the cost of imple-
menting GS could be affordable, such as maize (Massman et al., 2013; 
Combs and Bernardo, 2013), wheat (Poland et al., 2012), and trees 
(Resende et al., 2012; Kumar et al., 2012). In switchgrass, GS has been 
used for morphological and biomass quality traits (Lipka et al., 2014). 
Poudel et al. (2019a) reported GS enhanced prediction accuracies and 
increased genetic gain for winter survival of lowland switchgrass 
(Poudel et al., 2019a). Incorporating QTL and GWAS-selected loci in-
formation into genomic selection (GS) methods enhanced the genetic 
gain of cold susceptible forage crops (Poudel et al., 2019a). All these 
initial results of utilizing GS for cold tolerance of forages are appealing 
over the traditional recurrent selection and have greater scope for future 
forage improvement. 

High-throughput phenotyping (HTP), especially the image-based 
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phenotyping for measuring traits values has become popular in plant 
breeding in the last decade. Several past studies reported that these HTP 
platforms markedly enhanced the prediction accuracy of genomic se-
lection across populations and cycles (Sun et al., 2019). Some of these 
platforms include ground-vehicle sensor, ultrasonic sensor, Kinect 
camera, unmanned aerial vehicle (UAV) with digital camera, DSLR 
camera and so on (Persa et al., 2021). Although, utilizing intense HTP 
data in genomic selections is limited to some major cereals such as wheat 
(Singh et al., 2019), few researchers successfully utilized HTP in forage 
breeding and selection (Jayasinghe et al., 2021). Therefore, combining 
HTP with high-throughput genotyping based approaches such as GS and 
GWAS would be an ideal next step to improve complex traits like CT in 
forages. 

3.4. Transgenics 

In recent years, genetic engineering is becoming a potential alter-
native tool to improve crops for freeze tolerance with a minimum yield 
penalty. The first transgenic forage-type of tall fescue was obtained by 
direct gene transfer to protoplast in 1992 (Wang et al., 1992). The 
‘Roundup Ready’ alfalfa, a transgenic cultivar tolerant to the herbicide 
glyphosate, was deregulated in 2004 (Wang and Brummer, 2012) and 
released in 2005. In white clover, the drought tolerance was improved 
by transgenic expression of a WXP1 gene (Jiang et al., 2010). A CBF 
gene, PpCBF3, isolated from a cold-tolerant Kentucky bluegrass (Poa 
pratensis L.) when transformed in Arabidopsis significant improvement 
in freezing (-20◦C) tolerance was observed (Zhuang et al., 2015). Also, 
the Caucasian Clover (Trifolium ambiguum M. Bieb.) gene TaMYC2 when 
cloned and overexpressed in tobacco plants, it responded to abiotic 
stress such as cold and improved tolerance by increasing the activity of 
stress-responsive genes and antioxidant enzymes (Zhao et al., 2022). A 
novel cold-responsive transcription factor LcFIN1 from sheep grass 
(Leymus chinensis (Trin.) Tzvel) when overexpressed in Arabidopsis, 
increased low-temperature tolerance (Gao et al., 2016). Although there 
are many progressions in transgenics approaches in the last few decades, 
still, the regulatory approval of these transgenics is a slow and tedious 
process. 

4. Epigenetic Factors Associated with Cold Tolerance in Crops 

Studies of cold stress-related epigenetic modification in alfalfa are 
not available to our information. However, the information on epige-
netic modification in alfalfa or other crops in response to abiotic stresses 
can be useful to understand cold stress tolerance in alfalfa. Zong et al. 
(2013) studied the association of histone H3 lysine4 trimethylation 
(H3K4me3) and genome expression in rice under drought stress. They 
observed the positive correlation between the H3K4me3 modification 
levels and the expression level changes of a subset of the 
drought-responsive genes in rice. Similarly, (Wang et al., 2011) 
observed about 12.1 % of total site-specific methylation differences in 
the rice genome were due to the drought-induced genome-wide DNA 
methylation changes. Cen et al. (2020) reported the overexpression of 
the N-acetyl serotonin methyltransferase (MsASMT1) gene was 
responsible for the inhibition of flavonoids biosynthesis and the pro-
motion of plant growth in transgenic alfalfa. In another alfalfa study 
based on DNA methylation analysis by the Methylation Sensitive 
Amplification Polymorphism (MSAP) method, Ventouris et al. (2020) 
observed the decrease in total methylation percentage in variety Lamia 
in response to drought stress. The same study also showed the decrease 
in the dry weights of shoot and root in response to drought stress indi-
cating a potential role of DNA methylation. A similar study in response 
to cold stress can be beneficial in understanding the cold resilience of 
alfalfa. 

Histone modification plays a crucial role in plant response to stress. 
Abiotic stress induced epigenetic modifications in plants mostly consists 
of DNA hypomethylations (44%), DNA hypermethylation (40%) and 

histone modification (16%) (Czajka et al., 2022). Chromatin regulators 
and histone modifications are also involved in plant stress memory 
(Verma et al., 2022). Cold stress has been shown to have a strong 
genome-wide DNA demethylation associated with regions involved in 
transposon activation, photosynthesis, cold response, and hormone 
regulations in maize seedlings (Mastan et al., 2012). Cold acclimation 
led to the upregulation of histone deacetylases (HDACs) in maize that 
resulted in the deacetylation of lysine residues on histone subunits H3 
and H4 (Hu et al., 2011). In Medicago truncatula, cold-dependent alter-
native splicing of histone demethylase gene was observed (Shen et al., 
2016). Similarly, cold stress led to an increase of H3T3ph in Arabidopsis 
which is correlated with active loci of stress-responsive genes (Wang 
et al., 2015; Bej and Basak, 2017). In potatoes, it was shown that cold 
stress induced enhanced chromatic accessibility and bivalent histone 
modifications of active genes which might help to access regulatory 
proteins that are necessary for up/down regulation of cold stress 
responsive genes (Zeng et al., 2019). Cold acclimation in Brassica rapa 
induced both up- and down-regulation of methylation, suggesting a 
complex regulation of methylation (Liu et al., 2017a). Genotype specific 
differences in methylation patterns were found in rice seedling that were 
subjected to cold stress (Guo et al., 2019). In Arabidopsis, cold tolerance 
was acquired by changes in chromatic structure that facilitated 
recruitment of C-REPEAT (CRT) BINDING FACTORS (CBFs) to the COLD 
RESPONSIVE (COR) gene promoters (Park et al., 2018a). Similarly, 
histone deacetylase gene HDA6 is transcriptionally upregulated during 
cold stress and is necessary for cold freezing tolerance in Arabidopsis (To 
et al., 2011). Early response to cold temperatures in plants can also be 
mediated by long non-coding RNAs (lncRNAs). In Arabidopsis, the 
lncRNA SVALKA fine-tuned the expression of the CBF1 gene (Kindgren 
et al., 2018). Thus, epigenetic marks like DNA methylation, DNA 
demethylation, histone methylation and acetylation, ncRNA mediated 
regulation, as well as chromatic remodeling are crucial in epigenetic 
regulation of cold stress in plants. Genome-wide association studies, 
epiallele mining, and their interactions with small RNAS during cold 
stress will help to decipher targets that can be edited in the future to 
develop resilient plants (Banerjee et al., 2017). 

5. Agronomic Practices Required to Manage Cold Stress 

Agronomic practices can be managed to develop winter hardiness in 
perennial crops. For example, fertilizer management is a key to CS 
mitigation and yield enhancement in alfalfa production. Several studies 
have reported that an adequate supply of potassium (K) is essential to 
protect alfalfa from CS because it is involved in the regulation of sto-
mata, improves photosynthesis, reduces respiration and energy losses, 
maintains turgor pressure, synthesizes carbohydrates, proteins, en-
zymes, organic compounds, and antioxidants, builds cellulose, reduces 
ROS production, and transports sugar, water, and nutrients (Oosterhuis 
et al., 2014; Kaiser, 2018; Cakmak, 2005; Wang et al., 2013; Jungers 
et al., 2019; Lissbrant et al., 2009). Optimum phosphorous (P) supply 
could also be helpful to tackle CS as an essential macronutrient partic-
ularly required for many cellular constituents including nucleic acids 
(DNA, RNA), phospholipids, ATP, and other high energy compounds 
(Lissbrant et al., 2009). The application of K and P after the last fall 
cutting allows storage of sufficient carbohydrates in the root and crown 
so that perennial crops can utilize root carbohydrates reserved to 
maintain CS-related biochemical and physiological processes (Under-
sander et al., 2011; White, 2018). 

Water management is another important agronomic practice to 
protect alfalfa from winter injury. High soil moisture levels in winter 
increase the freezing and thawing of soil and result in heaving the roots 
and crown out of the soil. This heaving effect increases the risk of winter 
kill by damaging the small roots and crown bud, exposing them to cold, 
and blocking moisture and nutrient uptake (Craig, 2013; Undersander, 
2009; Castonguay et al., 2006). Therefore, proper drainage is important 
to protect plants from heaving effect. In alfalfa, mixed cropping also 
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helped to minimize heaving effect, for example, growing alfalfa with 
grasses (Undersander, 2009; Castonguay et al., 2006; Aponte et al., 
2019; Hesterman and Durling, 1991). 

Past studies also showed that cutting time, cutting interval, and 
cutting frequency have a greater impact on regrowth, stand persistence, 
yield, and forage nutritive value of perennial herbaceous plants 
(McDonald et al., 2021). Hesterman and Durling (1991) reported that 
stored root reserves decline from initial regrowth until plants have 
produced 8-10 inches of top growth and after the full bloom stage of 
growth. Furthermore, the shorter cutting interval during the growing 
season and late fall cutting allow insufficient time to replenish the root 
reserves which causes a greater risk of winter injury (Craig, 2013). Min 
(2016) suggests that the cutting interval of 42 days between harvests 
and cutting frequency of 4 per year is optimum for improving yield and 
forage nutritive value. Many studies have suggested that the last fall 
cutting should be 4-6 weeks before the first frost killing (Bélanger et al., 
1999; Tesar and Yager, 1985; Smith, 1961). On the other hand, in 
tropical places, more than 10 harvests per year have also been reported 
(Acharya et al., 2020). Thus, proper cutting management is necessary to 
increase photosynthetic efficiency and root carbohydrate reserves which 
ultimately improve winter survival rate. 

6. Cold Tolerance and Yield Penalty 

Engineering crops for enhancing cold tolerance has been considered 
as one of the effective approaches, yet the engineered crops with better 
cold tolerance often have to compromise the net yield. A recent study 
assessed the trade-off between cold tolerance and plant fitness in Ara-
bidopsis and reported that higher acclimated freezing tolerance reduced 
1000 seed mass of the accessions (Boinot et al., 2022). With conservative 
promoters, growth retardation is common in transgenics developed 
through overexpression of DREB1/CBF e.g. Arabidopsis (Gilmour et al., 
2000; Liu et al., 1998), tomato (Hsieh et al., 2002), and tobacco (Kasuga 
et al., 2004). The yield penalty was not only due to dwarf phenotype but 
also due to fruit sizes and numbers (Hsieh et al., 2002). Even the 
non-transgenic crop varieties also showed reduced growth when they 
were stress-tolerant (Khan et al., 2019). We observed that the 
cold-tolerant alfalfa cultivar had a reduced regrowth than the sensitive 
one (Fig. 1). In switchgrass, the upland ecotypes that have better winter 
survival and grow in northern regions have relatively low biomass than 

the low-land ecotypes that exist in the southern U.S. (Adhikari et al., 
2015). The yield penalty can be minimized using stress-inducible pro-
moters (Table 1), the regulated promoters that are active in response to 
particular stress stimuli (Sanghera et al., 2011). Unlike inducible pro-
moters, the conservative promoter is active in all circumstances. Pino 
et al. (2007) compared potato tuber yield, numbers and biomass yield in 
transgenics generated using constitutive promoter 35S:AtCBF and 
stress-inducible promoter rd29A:AtCBF, where they found that 
stress-inducible promoter rescued the loss in trait values due to consti-
tutive promoter almost by 100% (Table 1). All traits measured in 
transgenics generated using stress-inducible promoters had trait values 
very near to wild types and sometimes higher than that. Panchbhai et al. 
(2017) also showed a moisture inducible promoter ALDH7 was condi-
tionally expressed during moisture stress was suppressed during irriga-
tion, indicating oblivious avoidance of any yield penalty during the 
non-stress condition. 

7. Future Directions 

7.1. Genetic basis of de-acclimation and re-acclimation 

Understanding the de-acclimation and re-acclimation mechanisms in 
plants has not yet been explored deeply. Nonetheless, some past studies 
have indicated that timing and speed of de-acclimation have a great 
influence on plant cold stress survival, cessation of dormancy, and 
beginning of regrowth (Vyse et al., 2019). An unstable and adverse 
climate with repeated cycles of low-high-low temperatures (acclima-
tion-de-acclimation-re-acclimation) makes plant species vulnerable to 
cold injuries (Shin et al., 2015). Understanding the genetic basis and the 
molecular pathways involved in the de-acclimation and re-acclimation 
is crucial to develop true winter-hardy crop cultivars, therefore, future 
research must focus on these areas. 

7.2. . Climate-resilient cultivars 

Constantly changing climate and unstable temperatures impose 
several changes in a plant’s regular physiology. Therefore, new cultivars 
must cope with these challenges for global food security and safety 
(Dhankher and Foyer, 2018). Past studies have shown that cold-tolerant 
crop cultivars are more resilient to cold stress after de-acclimation due to 

Table 1 
Some cold-inducible promoters used to transform cold tolerance genes in different crop species. These stress-inducible promoters help to reduce yield penalty in 
transgenics that arise due to crosstalk between stress related response and developmental networks [NA = Not available].  

Promoters Transformed Gene Promoter 
Species 

Transformed 
Species 

Source % Yield Penalty Recovered in 
Transgenics 

rd29A AtCBF, ZmDREB Arabidopsis Potato (Pino et al. 
(2007) 

>95% biomass and tuber yields, 
100% total tubers       

CbCOR15b CblCE53 and CbCBF Capsella bursa- 
pastoris 

Tobacco Lin et al. (2017) NA       

OsABA8ox1, OsMYB1R35, OsERF104, 
OsCYP19-4, and OsABCB5 

[OsABA8ox1, OsMYB1R35, OsERF104, 
OsCYP19-4, and OsABCB5] 

Rice Rice Li et al. (2018) NA       

rd29A Hva1(barley gene) Arabidopsis Mulberry Checker et al. 
(2012) 

transgenics performed better 
than non-transgenics       

AtCOR15a ipt NA Sugarcane Belintani et al. 
(2012) 

100% plant growth recovered       

HDZI-3 and HDZI-4 TaDREB3 and TaCBF5L Durum wheat Wheat and Barley Yang et al. 
(2020) 

Either no or reduced penalty       

WRKY71 and Cor39 TaDREB3 Rice and durum 
wheat 

barley Kovalchuk et al. 
(2013) 

~ 100% recovered spike-related 
traits and grain yield       

ALDH7 ALDH7 Acacia nilotica A. nilotica Panchbhai et al. 
(2017) 

NA  
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unpredictable climate conditions (Shin et al., 2015). We have also 
shown that some alfalfa cultivars were more resistant to late-winter frost 
(Fig. 2). Climate-resilient crop cultivars can be developed using smart 
breeding approaches that are based on high-throughput genomics and 
phenomics, and using other recent techniques like genome-editing 
(Bakala et al., 2020). (Kole et al., 2015) summarized how 
genomics-assisted breeding can be implemented to develop 
climate-resilient crops. In another study, Pourkheirandish et al. (2020) 
depicted that the crucial agronomic genes identified through 
genomics-assisted breeding can be further explored via genome editing 
techniques for generating better climate change resilient crops. For 
instance, cold tolerance and yield of rice significantly increased in new 
mutants derived by editing three genes: OsPIN5b, GS3, and OsMYB30 
with the CRISPR–Cas9 gene editing system (Zeng et al., 2020). The 
ospin5b mutant provided increased panicle length, gs3 mutant contrib-
uted larger grain size and the osmyb30 mutant provided cold tolerance 
(Zeng et al., 2020). Further, to identify novel genes that are useful to 
develop climate-resilient cultivars, breeders must explore the wild rel-
atives of important crops that are represented in the secondary and 
tertiary gene pools. 

7.3. . Stress-inducible promoters and transgenics 

Several candidate genes conferring cold tolerance have already been 
engineered in plant species and this approach has been regarded as a 
promising technique to improve crops. However, before engineering 
plants with genes of interest, other effects such as yield penalty must be 
taken care of through the utilization of stress-inducible promoters in 
engineered plants. Turning genes on and off in response to stress by 
using stress-inducible promoters seems ideal compared to engineering 
plants using conservative promoters. For instance, transgenic rice where 
MYBS3 was constitutively overexpressed had enhanced cold tolerance, 
and it exhibited tolerance to 4 ◦C for longer than a week in a normal field 
environment without yield penalty (Su et al., 2010). However, MYBS3 
represses the most important CBF/DREB1 cold signaling pathway 
(Fig. 3) at the transcriptional level in rice, suggesting that the MYBS3 
pathway acts differently to confer cold tolerance in rice (Su et al., 2010). 
The stress-inducible promoter such as RD29A and COR15a have been 
successfully used to curtail negative effects on yield and other traits in 
transgenics (Table 1) when stress-tolerant genes were transformed (Ben 
Saad et al., 2020). For instance, over-expression of AtDREB1A enhances 
tolerance against drought and salinity in rice when driven by a 
stress-inducible promoter rd29A (Muthurajan et al., 2021). When 
constitutively over-expressed the TaDREB3 gene in barley it enhanced 
frost tolerance but leads to stunted phenotype, which was overcome by 
using rice stress-inducible promoter OsWRKY71 (Kovalchuk et al., 
2013). There are several instances that indicate benefit of 
stress-inducible promoters. 

8. Conclusions 

Cold stress is a major abiotic stress upsetting plant growth and 
development. While plant species of tropical and subtropical origins are 
shifted to temperate climates, a huge proportion of productivity may 
likely compromise due to plants’ sensitivity to low temperatures. Un-
derstanding how the temperate flora develops cold acclimation and 
what major mechanisms control such adaptation is crucial to improve 
cold susceptible plants. Cold acclimation is a complex quantitative trait 
that is controlled by several TFs, genes, plant hormones, ROS, and other 
cellular changes. Although intensively researched, CBF cold acclimation 
pathway contributes only partly to low-temperature tolerance in plants. 
However, no other cold response pathways have been explored that can 
equally contribute to cold acclimation as does CBF. The advent of high- 
throughput genotyping and phenotyping-based breeding approaches 
such as GWAS and GS have boosted the amount of research on the 
development of cold-tolerant cultivars, which can also be efficiently 

utilized in forage species improvement. Researchers also need to pay 
attention to validating identified QTL and their implementation in 
marker-assisted selection. Transgenic crops with stress-inducible pro-
moters that allow expression of cold stress-related genes only upon stress 
occurrence can minimize yield penalty in cold-tolerant cultivars. 
Climate-resilient crop cultivars derived through combining smart ap-
proaches like genomics-assisted breeding and genome-editing would be 
an integral part of global food security. Further studies are required to 
fully understand the cellular, physiological, and biochemical mecha-
nisms of cold stress tolerance in crop species. 
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