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    Chapter 6   
 The Omics of Cold Stress Responses in Plants 

             Somya     Sinha    ,     Bharti     Kukreja    ,     Priyanka     Arora    ,     Manisha     Sharma    , 
    Girdhar     K.     Pandey    ,     Manu     Agarwal     , and     Viswanathan     Chinnusamy    

    Abstract     Low temperature (LT) is a major threat that limits growth, development, 
and distribution leading to plant damage and crop losses. Plants respond to cold 
stress through a phenomenon known as cold acclimation, which is a complex pro-
cess involving changes at multiple levels that include physiological and biochemi-
cal modifi cations, alterations in gene expression, and changes in concentrations of 
proteins and metabolites. Perception of cold stress by the cell membranes results in 
activation of cold-responsive genes and transcription factors that help in combating 
cold stress. Transcriptional responses to cold are guided by both ABA-dependent 
and -independent pathways that induce the expression of cold- regulated ( COR ) 
genes, thereby changing protein and metabolite homeostasis. Recent advances in 
the fi eld of genomics, proteomics, and metabolomics has led to new discoveries, 
which has augmented our understanding of this intricate phenomenon. Here, we 
discuss the various aspects of cold stress responses in plants to develop a holistic 
understanding in the fi eld of stress-mediated signaling.  

  Keywords     Cold acclimation   •   Low temperature stress   •   C-repeat binding factor   • 
  Signal transduction     

6.1      Introduction 

 Abiotic stresses adversely affect growth, productivity and survival of the plants, and 
hence are considered as key determinants of the crop losses worldwide. The human 
population is expected to touch 9.6 billion by 2050. To meet the food demand of this 
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rapidly growing population, the agricultural production needs to be double by 2050. 
However, a continuous increase in the intensity, duration and unpredictability of abi-
otic stresses impose major limitation to achieve the required food production. Low 
temperature is one of the most intimidating abiotic stresses that affect the plant growth 
and development, thereby limiting the distribution of crop species. Based on its inten-
sity, cold stress can be broadly classifi ed into chilling and freezing stresses. Exposure 
to temperatures below 0 °C results in freezing stress, whereas chilling stress occurs at 
temperatures ranging from 0 to 20 °C. Plants such as rice, maize, and tomato that 
grow in tropical and subtropical regions are chilling sensitive whereas the plants from 
temperate region are chilling tolerant (Chinnusamy et al.  2007 ; Solanke and Sharma 
 2008 ). However, plants have the ability to acquire tolerance to chilling and freezing 
conditions if they are pre-exposed to non-freezing temperatures, a process known as 
cold acclimation (Levitt  1980 ). Cold acclimation helps plants to fi ne tune their metab-
olism and improve freezing tolerance by  initiating signaling cascades that leads to 
several biochemical and physiological changes including modifi cation of membrane 
lipid composition and changes in gene expression (Shinozaki and Yamaguchi-
Shinozaki  1996 ; Thomashow  1998 ; Gilmour et al.  2000 ; Chinnusamy et al.  2003 ). 
The altered gene expression leads to accumulation of several protective proteins such 
as antifreeze proteins (AFPs) (Griffi th et al.  1997 ), late embryogenesis abundant 
(LEA) proteins (Antikainen and Griffi th  1997 ), heat shock proteins (HSP) (Wisniewski 
et al.  1996 ), cold-regulated (COR) proteins, and various metabolites such as amino 
acids, soluble sugars, organic acids, pigments (Krause et al.  1999 ), polyamines 
(Bouchereau et al.  1999 ), and antioxidants (Hausman et al.  2000 ). These metabolites 
and proteins help in protecting plant membranes and prevent cell disruption during 
cold stress by stabilizing the membrane lipids, proteins, maintaining the hydrophobic 
interactions, ion homeostasis and scavenging the reactive oxygen species (ROS) 
(Hare et al.  1998 ; Gusta et al.  2004 ; Chen and Murata  2008 ; Janska et al.  2010 ). In this 
chapter, we focus on the various aspects of cold acclimation such as physiological and 
biochemical effects of cold stress, cold sensing and signal transduction, cold- 
responsive pathway and role of various cold-responsive genes and transcription fac-
tors. We have discussed the progress in proteomic, metabolomics, and transcriptomic 
approaches that have been used to unravel the various biochemical pathways, cellular 
responses and complex gene interactions during low temperature stress in plants. 
These system approaches can give a deeper insight into the network of genes, pro-
teins, and metabolites underlying the stress responses (Cramer et al.  2011 ).   

6.2     Physiological Changes During Cold Stress 

 Plants respond variably to stress condition depending largely upon their phenologi-
cal stages and the severity of cold they are subjected to. The various symptoms of 
chilling injury includes poor germination, stunted seedlings, surface lesions, water 
soaked appearance, desiccation, discoloration, tissue breakdown, and accelerated 
senescence among others (Sharma et al.  2005 ). Cold stress negatively infl uences 
reproductive development of plants resulting in fl ower sterility, as observed in rice 
at the time of anthesis (fl ower opening) (Jiang et al.  2002 ). 
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 Freezing injury in most plants causes membrane damage due to severe cellular 
dehydration caused by ice formation in inter- and intracellular spaces. Since the chemi-
cal potential of ice is less than that of liquid water, extracellular ice formation leads to 
decrease in water potential outside the cell. Consequently, unfrozen water from inside 
the cell moves to the intercellular spaces resulting in cellular dehydration. This can 
potentially result in physical disruption of cells and tissues. Further, the magnitude of 
injury to the membrane also varies with the freezing temperature and the level of cel-
lular dehydration (Steponkus et al.  1993 ). At temperatures between −2 to −4 °C, the 
major injury observed in non-acclimated plants is expansion- induced lysis caused by 
osmotic contraction and expansion. At lower temperatures of around −4 to −10 °C, the 
predominant form of injury in  non- acclimated plants is freezing-induced lamellar-to-
hexagonal-II phase transitions. Another form of injury is the fracture jump lesion that 
occurs at temperature below −10 °C between the plasma membrane and closely 
appressed cytoplasmic membrane (Webb and Steponkus  1993 ). Extreme cold also 
results in protein denaturation and solutes precipitation due to freezing-induced dehy-
dration in plants (Uemura et al.  1995 ; Thomashow  1998 ; Salinas  2002 ). The lipid com-
position of plasma membrane is also altered signifi cantly under cold stress (Steponkus 
et al.  1993 ; Uemura et al.  1995 ). Chilling stress also decreases the membrane fl uidity 
by causing fatty acid unsaturation, altering lipid composition and ratio of lipids to pro-
teins in cell membrane (Wang et al.  2006 ). An increase in the proportion of phospho-
lipids during cold acclimation has been observed in various plant species (Uemura and 
Yoshida  1984 ; Uemura and Steponkus  1994 ; Ishikawa and Yoshida  1985 ; Uemura 
et al.  1995 ). In response to low temperature, the relative proportion of di-unsaturated 
phosphatidylcholine and phosphatidylethanolamine increases and that of mono-unsat-
urated phospholipids, cerebrosides and free sterols decreases in  Arabidopsis  (Uemura 
et al.  1995 ). Molecules of 16:0/16:0 phosphatidyl choline, phosphatidyl glycerol or 
cerebrosides undergo phase transition from a highly fl uid liquid crystalline phase to the 
more rigid gel phase. The gel phase interferes with normal functioning of integral 
membrane protein in maintaining an effi cient permeability barrier. These lead to ion 
leakage across the membrane and eventually cell dysfunction. Role of lipid unsatura-
tion in cold tolerance was confi rmed using transgenic tobacco plants expressing acyl-
ACP:glycerol-3-phosphate acyl transferase (GPAT) from chilling-sensitive squash and 
chilling-tolerant  Arabidopsis . Transgenic tobacco carrying GPAT from squash had 
higher levels of saturated phosphotidyl glycerol, while those with enzyme from 
 Arabidopsis  had decreased levels of saturated lipids (Murata et al.  1992 ). Transgenic 
tobacco expressing  Arabidopsis  ω-3 fatty acid desaturase (FAD7) resulted in higher 
levels of trienoic fatty acids and enhanced freezing tolerance (Kodama et al.  1994 ). 
Knockdown mutants of  fad2, fad5,  and  fad6  in  Arabidopsis  resulted in growth defect 
and chlorotic plants at low temperature (Hugly and Somerville  1992 ; Miquel et al. 
 1993 ). Mutation in acyllipid desaturase leads to increased sensitivity to chilling and 
freezing temperatures in  Arabidopsis  (Chen and Thelen  2013 ). Cold stress causes inac-
tivation of H + -ATPase in plasma membrane of chilling-sensitive plants (Yoshida  1991 ; 
Kasamo  1988 ). It is evident that an increase in membrane lipid unsaturation and bilayer 
fl uidity are important adaptations for effective cold acclimation (Steponkus et al.  1993 ). 
The accumulation of sucrose, simple sugars, osmolytes, and LEA proteins during cold 
acclimation contributes to stabilization of membranes (Thomashow  1999 ).  
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6.3     Cold Sensing and Signaling 

 The plasma membrane appears to be the primary site for the perception of tempera-
ture change (Sangwan et al.  2002 ; Uemura et al.  2006 ; Vaultier et al.  2006 ; Wang 
et al.  2006 ), as low temperature can quickly induce membrane rigidifi cation 
(Vaultier et al.  2006 ). Membrane rigidifi cation is caused by the expression of a 
DMSO (dimethyl sulfoxide)-induced membrane rigidifi er protein  COR , even at 
normal growth temperatures, while benzyl alcohol, by negatively regulating the 
expression of  COR  gene at low temperatures confers membrane fl uidity in alfalfa 
and  Brassica napus  (Orvar et al.  2000 ; Sangwan et al.  2001 ). Membrane rigidifi ca-
tion probably leads to rearrangement of cytoskeletal microtubules and actin fi la-
ments, which then may activate mechanosensitive calcium channels to modulate 
Ca 2+  signature (Nick  2000 ; Orvar et al.  2000 ; Sangwan et al.  2001 ). 

 A transient increase in cytosolic Ca 2+  levels is observed as an early response to cold 
(Knight et al.  1991 ). Transgenics of  Arabidopsis  and tobacco expressing the calcium-
sensitive luminescent protein aequorin demonstrated a rise in cytosolic Ca 2+  concentra-
tion in response to low temperature (Knight et al.  1991 ). Cytosolic Ca 2+  is an important 
second messenger in plant cells involved in cold signal transduction. A positive correla-
tion was observed between cold-induced Ca 2+  infl ux and accumulation of cold-induced 
transcripts in alfalfa (Monroy and Dhindsa  1995 ; Reddy and Reddy  2004 ) and 
 Arabidopsis  (Henriksson and Trewavas  2003 ). Use of various chelators and channel 
blockers also supported the role of cytosolic Ca 2+  infl ux as second messenger in 
response to cold in alfalfa (Monroy et al.  1993 ; Knight et al.  1996 ) and  Arabidopsis  
(Tahtiharju et al.  1997 ). The elevation in cytosolic Ca 2+  is sensed by Ca 2+  sensor pro-
teins, which bind to Ca 2+  and undergo conformational changes. The major Ca 2+  sensors 
in plants are calmodulin (CaM), calcium-dependent protein kinases (CDPKs), calci-
neurin B-like proteins (CBLs), and CBL-interacting protein kinases (CIPKs) (Luan 
et al.  2002 ; Pandey  2008 ; Tuteja and Mahajan  2007 ). Different Ca 2+  binding proteins 
distinguishes different Ca 2+  signatures and protein kinases and decoding of these sig-
nals causes changes in gene expression leading to appropriate physiological responses 
(Yang and Poovaiah  2003 ; Sathyanarayanan and Poovaiah  2004 ; Pandey  2008 ). 

 CaM is one of the most conserved Ca 2+  binding proteins in eukaryotes mediating 
various signaling responses against both developmental and environmental stimuli 
(Kim et al.  2009 ; Das and Pandey  2010 ). Studies with alfalfa cells (Monroy et al. 
 1993 ) and  Arabidopsis  (Tahtiharju et al.  1997 ) have shown that CaM antagonist 
prevents cold acclimation and reduces expression of cold-regulated genes, indicat-
ing a positive role of CaM in low temperature stress signaling. However, overex-
pression of CaM in  Arabidopsis  resulted in reduced expression of cold-responsive 
genes, implying it might also function as negative regulator of cold acclimation 
(Townley and Knight  2002 ). 

 Similarly, CDPKs are important sensors in abiotic stress signaling including cold 
stress (Cheng et al.  2002 ; Chinnusamy et al.  2004 ). Studies have shown that, in 
alfalfa cold induce the expression of CDPKs signifi cantly (Monroy and Dhindsa 
 1995 ). Likewise, in rice, the expression of  OsCPK4 ,  OsCPK5 , and  OsCPK13  
( OsCDPK7 ) was found to be upregulated in response to cold (Ray et al.  2007 ). The 
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overexpression of  OsCDPK7  in rice confers enhanced tolerance toward cold as well 
as salt and drought stresses (Saijo et al.  2001 ). Overexpression of  OsCDPK13  and 
calreticulin interacting protein (CRTintP1) also conferred cold tolerance in rice 
(Komatsu et al.  2007 ). 

 CBLs were fi rst identifi ed in  Arabidopsis. AtCBL1  was identifi ed as a highly 
induced protein under cold and drought stress conditions (Kudla et al.  1999 ). 
Overexpression of  AtCBL1  causes freezing sensitivity and alteration of expression 
of  CBF/DREB  transcription factor, while mutation in this gene resulted in freezing 
tolerance and changes in the expression of COR genes (Cheong et al.  2003 ; 
Albrecht et al.  2003 ). CIPKs act downstream of Ca 2+  signal but upstream of 
 transcription factors regulating cold stress (Kim et al.  2003 ; Pandey  2008 ). CBLs 
relay the Ca 2+  signal by interacting with and regulating the family of CIPKs. The 
role of  CIPK3  in cold signaling was shown via changes in expression pattern of 
 RD29A  ( Responsive to desiccation 29A ),  KIN1  ( cold-inducible1 ), and  KIN2  ( cold-
inducible2 ) genes in  Arabidopsis  (Kim et al.  2003 ). In rice, overexpression of 
 OsCIPK03 ,  OsCIPK12 , and  OsCIPK15 cause  increased tolerance toward cold, 
drought, and salt stress (Xiang et al.  2007 ). Another study suggested that chilling 
hypersensitivity of  cbl1  mutant (Cheong et al.  2003 ) indicates its role in the regula-
tion of cold response by interacting with CIPK7 (Huang et al.  2011 ). 

 Protein phosphatases also act as Ca 2+  sensors. The  Arabidopsis  protein phospha-
tase 2C,  AtPP2CA , is cold inducible, and attains maximum expression within 12 h 
and thereafter remain high (Tähtiharju and Palva  2001 ). Monroy et al. ( 1998 ) 
showed that cold-induced inactivation of protein phosphatase 2A (PP2A) was medi-
ated by Ca 2+  infl ux in alfalfa cells. This suggests a possible role of protein phospha-
tases in Ca 2+ -mediated cold stress signaling pathway.  

6.4     Reactive Oxygen Species 

 Both low and freezing temperatures result in the oxidative stress due to generation 
of ROS, which includes hydrogen peroxide (H 2 O 2 ), superoxide anion (O 2  − ), and 
hydroxyl radical (HO·) (Halliwell  2007 ). ROS accumulates in cells exposed to abi-
otic stresses and mediate signaling and gene expression even at moderate level 
(Chinnusamy et al.  2007 ; Renaut et al.  2008 ). ROS signals can induce the activation 
of redox-responsive proteins, such as transcription factors and protein kinases 
(Hung et al.  2005 ; Chinnusamy et al.  2007 ). ROS is also known to be involved in 
the regulation of Ca 2+  channels (McAinsh and Pittman  2009 ), mitogen-activated 
protein kinase (MAPK) cascade (Knight and Knight  2001 ; Mittler et al.  2004 ; 
Hung et al.  2005 ; Colcombet and Hirt  2008 ), and activation of ZAT12 TF (Dat et al. 
 2000 ; Mittler et al.  2004 ; Davletova et al.  2005 ). The  Arabidopsis  MPK1, MPK2, 
MPK3, MPK4, MPK6, and MPK7 are induced by H 2 O 2  (Kovtun et al.  2000 ; 
Nakagami et al.  2006 ; Doczi et al.  2007 ; Ortiz-Masia et al.  2007 ). MAP kinase 
activity has been shown to be enhanced by cold in alfalfa (Jonak et al.  1996 ; 
Sangwan et al.  2002 ) and  Arabidopsis  (Ichimura et al.  2000 ).  Arabidopsis  MPK4 
and MPK6 were found to be phosphorylated by MKK2 (MAP kinase kinase2) 
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when exposed to cold stress. Overexpression of MKK2 exhibited upregulation of 
 CBF/DREB1s  and cold tolerance (Teige et al.  2004 ). The cold activation of SAMK, 
an alfalfa MPK, was inhibited by blocking the infl ux of extracellular Ca 2+  and an 
antagonist of CDPKs, suggesting that Ca 2+  fl uxes and CDPKs are essential for the 
activation of MPK cascades in alfalfa (Sangwan et al.  2002 ). 

 Excessive accumulation of ROS leads to cellular injury, which ultimately leads 
to death of the plant due to damage of photosystem II reaction center and membrane 
lipids (Prasad et al.  1994 ; Suzuki and Mittler  2006 ). The  Arabidopsis fro1  
(frostbite1) mutant, which constitutively accumulates high levels of ROS, exhibited 
impaired expression of  COR  genes and hypersensitivity to chilling and freezing. 
 FRO1  encodes the Fe–S subunit of complex I (NADH dehydrogenase) of the respi-
ratory electron transfer chain in mitochondria, and its disruption leads to high levels 
of ROS generation (Lee et al.  2002a ,  b ; Chinnusamy et al.  2007 ). Another 
 Arabidopsis  mutant,  chy1 , which is defective in a peroxisomal β-hydroxyisobutyryl- 
CoA hydrolase involved in fatty acid β-oxidation and valine catabolism, also accu-
mulates high levels of ROS. The  chy1  mutant showed a reduced cold induction of 
 CBF  genes, and is defective in chilling and freezing tolerance (Zhu et al.  2007 ). 
 Arabidopsis  AtHAP5A (heme-associated protein HAPs, also known as NUCLEAR 
FACTOR Y subunit A/B/C) binds to AtXTH21, and these proteins inhibit cold 
stress-induced ROS accumulation and modulate freezing stress resistance via CBF- 
independent pathway (Shi et al.  2014 ).  

6.5     Regulation of Gene Expression During Cold Stress 

6.5.1     ABA-Independent Cold Signaling Pathway 

6.5.1.1     CBF/DREB-Responsive Pathway 

 Several COR genes such as  Arabidopsis COR15A  (Baker et al.  1994 ), COR78/ RD29A  
(Yamaguchi-Shinozaki and Shinozaki  1994 ), the  Brassica napus  gene  BN115  (Jiang 
et al.  1996 ), and the wheat gene  WCS120  (Ouellet et al.  1998 ) are involved in cold 
acclimation and enhance freezing tolerance of plants in response to low tempera-
ture. Yamaguchi-Shinozaki and Shinozaki ( 1994 ) identifi ed two 9-bp  cis -acting 
DNA regulatory elements (TACCGACAT), in the promoter region of  RD29A  gene, 
which contained the conserved low-temperature DRE core sequence (CCGAC). 
DRE was named as C-repeat by Thomashow and colleagues (Baker et al.  1994 ). 
This  cis -element, also referred to as LTRE (Low temperature responsive element), 
was present in the promoter of other COR genes and was found to be crucial for low 
temperature response. While many of the changes in gene expression that occur 
during cold acclimation in response to low temperature are mediated by ABA (Bray 
 1993 ; Welin et al.  1994 ), the C-repeat/DRE appears to be mainly regulated by ABA- 
independent pathway (Yamaguchi-Shinozaki and Shinozaki  1994 ). The  CBF/
DREB1  pathway that regulate ABA-independent expression of  COR  genes was fi rst 
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identifi ed in  Arabidopsis  (Stockinger et al.  1997 ; Liu et al.  1998 ), and now it is the 
most characterized pathway involved in cold acclimation and freezing tolerance 
across evolutionarily diverse plant species. 

 C-repeat binding factors (CBFs) or dehydration-responsive element binding fac-
tor 1 (DREB1) are the transcription factors belonging to ethylene-responsive ele-
ment binding protein/APETALA2 (EREBP/AP2) family (Stockinger et al.  1997 ; Liu 
et al.  1998 ) and DREB subfamily (Chen et al.  2009 ). DREB subfamily is further 
subdivided into six groups A-1 to A-6.  DREB1/CBF -like genes belong to the A-1 
subgroup and are responsive to low temperature. The  CBF/DREB1  were fi rst  isolated 
and characterized in  Arabidopsis  (Stockinger et al.  1997 ; Liu et al  1998 ). In 
 Arabidopsis , three cold inducible  CBF/DREB1  genes are known, which are present 
in tandem on chromosome 4 in the order:  DREB1B/CBF1, DREB1A/CBF3 , and 
 DREB1C/CBF2  (Medina et al.  1999 ). The CBFs have two signature sequences, 
PKK/RPAGRxKFxETRHP and DSAWR, located immediately upstream and down-
stream of AP2 domain, respectively (Canella et al.  2010 ). These sequences are highly 
conserved in the CBF proteins from different plant species. They have recognition 
sites for protein kinase C and casein kinase II. All the three  CBF  genes are induced 
within 15 min of plants exposure to cold, and they induce transcription of  CBF/DRE -
regulated  COR  genes accumulated within 2 h of exposure to cold stress (Gilmour 
et al.  1998 ). The absence of CRT sequence (CCGAC) in the promoters of  CBF  genes 
and negligible effect of overexpression of  CBF1  on  CBF3  transcript levels suggested 
that the  CBF  gene family does not involve auto-regulation (Gilmour et al.  1998 ), 
rather it is controlled by a set of interacting transcription factors (Vogel et al.  2005 ; 
Chinnusamy et al.  2003 ,  2010 ; Agarwal et al.  2006 ; Doherty et al.  2009 ). Ectopic 
expression of  CBFs  in transgenic  Arabidopsis  plants activated the expression of 
 COR  genes and enhanced freezing tolerance without a prerequisite low temperature 
acclimation (Jaglo-Ottosen et al.  1998 ; Liu et al.  1998 ; Kasuga et al.  1999 ). 
Microarray analysis of  CBF -overexpressing transgenic plants revealed several CBF 
target genes involved in various pathways such as signaling, transcription, osmolyte 
biosynthesis, ROS detoxifi cation, membrane transport, hormone metabolism, and 
stress response (Fowler and Thomashow  2002 ; Maruyama et al.  2004 ). Overexpression 
of  AtCBF 1/3 has increased cold, drought, and salt stress tolerance in  Brassica  spe-
cies (Jaglo et al.  2001 ), wheat (Pellegrineschi et al.  2004 ), tomato (Hsieh et al.  2002 ), 
tobacco (Kasuga et al.  2004 ), and rice (Oh et al.  2005 ). However, the constitutive 
overexpression of  CBFs  under the transcriptional control of the 35S caulifl ower 
mosaic virus promoter in transgenic plants resulted in severe growth retardation 
under normal growth conditions in diverse plant species such as  Arabidopsis ,  B. 
napus , tomato, potato, and rice. This negative impact on the plant growth was 
reduced by expressing the  CBF  genes under the control of stress inducible  RD29A  
promoter instead of the constitutive CaMV 35S promoter (Kasuga et al.  1999 ). 

 Molecular analysis with a  cbf2  null mutant of  Arabidopsis  showed that  cbf2  null 
mutation conferred enhanced expression of  DREB1B/CBF1  and  DREB1A/CBF3  and 
leads to freezing tolerance. This suggested that DREB1C/CBF2 is a negative regula-
tor of  DREB1B/CBF1  and  DREB1A/CBF3  (Novillo et al.  2004 ). Studies on  CBF1-
RNAi  and  CBF3 -RNAi lines demonstrated that these are involved in the regulation 

6 The Omics of Cold Stress Responses in Plants



150

of other  CBF/DREB1s  genes and they induce cold acclimation by activating same set 
of  CBF/DREB1  regulon genes. The functions of CBF1 and CBF3 appear to be dif-
ferent from that of CBF2 (Novillo et al.  2007 ). CBF3 appears to be a  negative regula-
tor of CBF2 (Chinnusamy et al.  2003 ,  2006 ). Whole transcriptome analysis of 
transgenic  Arabidopsis  plant overexpressing  CBF  have shown that only 12 % of the 
COR genes are controlled by the  CBF  regulon, indicating that other regulatory path-
ways are also activated in response to low temperature. Transcription factors such as 
AP2/ERF factors RAP2.1 and RAP2.6, and the C2H2-type zinc fi nger STZ/ZAT10 
belong to the CBF regulon (Fowler and Thomashow  2002 ; Vogel et al.  2005 ). 

 The homologs of  Arabidopsis  CBF have cloned and characterized from several 
species such as  Brassica napus  (Jaglo et al.  2001 ; Gao et al.  2002 ), barley (Xue 
 2003 ), rice (Dubouzet et al.  2003 ), wheat (Shen et al.  2003 ), corn (Qin et al.  2004 ), 
tomato (Zhang et al.  2004 ), sweet cherry (Kitashiba et al.  2004 ), alfalfa (Pennycooke 
et al.  2008a ,  b ), potato (Pennycooke et al.  2008a ,  b ), etc.. Overexpression of these 
genes in  Arabidopsis  and other plants conferred enhanced tolerance to multiple abi-
otic stresses. Overexpression of  OsDREB1A  (Dubouzet et al.  2003 ), maize  DREB1  
(Qin et al.  2004 ), a modifi ed AP2/ERF transcription factor from  Brassica napus  
(Xiong et al.  2013 ),  Vaccinium myrtillus CBF/DREB1  (Oakenfull et al.  2013 ) in 
transgenic  Arabidopsis  plants resulted in enhanced freezing tolerance. Transgenic 
barley lines overexpressing  TaCBF14  and  TaCBF15  exhibited enhanced freezing 
tolerance (Soltesz et al.  2013 ).   

6.5.2     Regulation of CBF/DREB1 Transcription Factors 

6.5.2.1     Inducer of CBF Expression (ICE1) 

 A systematic genetic analysis of transgenic  Arabidopsis  plant expressing the fi refl y 
luciferase gene under the control of  CBF3  promoter led to the identifi cation of a 
constitutively expressed and nuclear-localized transcription factor,  Inducer of CBF 
expression 1  ( ICE1 ). It encodes an MYC-type basic helix-loop-helix transcription 
factor that binds to the MYC recognition elements (CANNTG), known as ICE box, 
present in the promoter of  CBF3  gene, which in turn regulates the expression of 
downstream genes during cold acclimation leading to freezing tolerance 
(Chinnusamy et al.  2003 ; Chen et al.  2009 ). The  ice1  mutant is highly sensitive to 
both chilling and freezing temperature and induction of  CBF3  gene was impaired in 
the mutant. Constitutive overexpression of  ICE1  in transgenic  Arabidopsis  con-
ferred enhanced expression of  CBF3 ,  CBF2 , and downstream  COR  genes resulting 
in freezing tolerance Figure  6.1  (Chinnusamy et al.  2003 ). 

 Transcriptome analysis of  Arabidopsis  genome in response to cold revealed that 
about 40 % of cold-regulated genes, in particular 46 % of cold-regulated transcrip-
tion factor genes are impaired in dominant  ice1  mutant (Lee et al.  2005a ,  b ). 
Therefore, ICE1 is considered as a master regulator of CBFs and many other cold- 
responsive regulons.  ICE1  is functionally conserved in higher plants. During ambient 
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temperature ICE1 remains in an inactive state at warm temperatures and is activated 
upon exposure to cold, inducing CBF gene expression.  ICE1  mainly affects the 
expression of CBF3 /DREB1A  whereas overexpression analysis showed that  ICE2  
(At1g12860, a homolog of ICE1) induces the expression of  CBF1/DREB1B  and 
confers increased freezing tolerance in  Arabidopsis  after cold acclimation (Fursova 
et al.  2009 ). 
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  Fig. 6.1    Schematic diagram of regulatory networks involved in low temperature responses. Plants 
sense low temperature through membrane rigidifi cation and cellular changes that induce calcium 
signaling and activate protein kinases. Constitutively expressed ICE1 is activated by cold stress via 
sumoylation and phosphorylation. SIZ1, a SUMO E3 ligase causes sumoylation of ICE1 at K393, 
which is critical for ICE1 activation of transcription of CBFs and repression of MYB15. HOS1, a 
RING fi nger ubiquitin E3 ligase, mediates the ubiquitination and proteosomal degradation of ICE1 
and, thus, negatively regulates CBF regulons. CBFs regulate the expression of COR genes that 
confer freezing tolerance. The expression of CBFs is negatively regulated by MYB15 and ZAT12. 
CBFs induce the expression of ZAT10, which downregulate the expression of COR genes. Cold- 
upregulated LOS2 represses the transcription of ZAT10. ZAT10 and ZAT12 are two C2H2 zinc 
fi nger transcription factors. Broken arrows indicate negative regulation; purple arrows indicate 
post-translational regulation; activation solid arrows indicate activation, the ( …. ) indicate unknown 
 cis -elements. Abbreviations: CBF, C-repeat binding factor (an AP2-type transcription factor); 
CRT, C-repeat elements; DRE, dehydration-responsive elements; HOS1, high expression of 
osmotically responsive genes1; ICE1, inducer of CBF expression 1 (an MYC-type bHLH tran-
scription factor); LOS2, low expression of osmotically responsive genes 2; MYB, myeloblastosis; 
MYBR/MYCR, MYB/MYC transcription factor recognition sequence; SIZ1, SAP and MiZ1 (a 
SUMO E3 ligase); ROS, Reactive oxygen species; Phosphorylation SUMO protein Ubiquitin          
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  ICE1  homologs have been identifi ed in barley (Skinner et al.  2006 ; Tondelli et al. 
 2006 ), wheat (Badawi et al.  2008 ), maize (Hu et al.  2011 ), rice (Nakamura et al.  2011 ), 
tomato (Miura et al.  2012 ; Feng et al.  2013 ), tea (Wang et al.  2012 ), banana (Zhao 
et al.  2013 ), wild grapes (Dong et al.  2013 ; Xu et al.  2014 ), orchid (Peng et al.  2014 ), 
etc. Overexpression of  Arabidopsis ICE1  enhanced proline accumulation and 
improved chilling tolerance in rice (Xiang et al.  2008 ) and cucumber (Liu et al.  2010 ). 
As in case of  Arabidopsis , the ICE1 homologs of wheat  TaICE141  and  TaICE187  are 
constitutively expressed and induce the expression of the wheat group IV CBFs, 
which are associated with freezing tolerance. Overexpression of  TaICE141  and 
 TaICE187  increased the  CBF/DREB1 -dependent  COR  gene expression and freezing 
tolerance in  Arabidopsis  (Badawi et al.  2008 ). Overexpression of  SlICE1  enhances 
chilling tolerance in tomato through increased accumulation of antioxidants, free 
amino acids, amines and sugars in red tomato fruits of  SlICE1 - overexpressing  plants 
(Miura et al.  2012 ). Cold stress upregulates  OsICE1  and  OsICE2  and  OsDREB1B , 
 OsHsfA3  (rice heat shock factor A3), and  OsTPP1  (rice trehalose 6-phosphate phos-
phatase) in rice (Nakamura et al.  2011 ). Overexpression of  ICE1  or  CBFs  enhanced 
cold and other abiotic stress tolerance in different species suggesting evolutionarily 
conserved role of ICE1–CBF pathway in cold tolerance (Table  6.1 ).

   Transcriptome analyses revealed that ICE1 regulates several families of TFs in 
addition to CBF family (Chinnusamy et al.  2003 ; Lee et al.  2005a ,  b ). The results from 
transgenic overexpression in  Arabidopsis  and other plants support this, as ICE1 over-
expression conferred tolerance to cold and other abiotic stresses in these transgenic 
plants through diverse mechanisms (Table  6.1 ). In addition to the vegetative tissues, 
ICE1–CBF pathway also regulates cold tolerance of fruits. Banana ripening-induced 
MaNAC1, an NAC (NAM, ATAF1/2, and CUC2) transcription factor (TF) gene is 
involved in cold tolerance of banana fruits. MaICE1 binds to the promoter of MaNAC1 
and induces the expression of MaNAC1. Interestingly, MaNAC1 interacted with 
MaCBF1 in yeast two-hybrid (Y2H) and bimolecular fl uorescence complementation 
(BiFC) analyses. These results suggest that the cold induction of MaNAC1 in banana 
fruits is mediated by ICE1–CBF cold signaling pathway (Shan et al.  2014 ). 

 In addition to chilling temperature (<10 °C)-mediated acclimation, responses to 
moderate temperature decrease at the non-extreme stress range are also regulated by 
ICE1 in  Arabidopsis . Transgenic  Arabidopsis  plants expressing CdICE1 when accli-
mated at 16 °C showed ICE1-mediated induction of miR398–CSD pathway (Chen 
and Thelen  2013 ). Shifting of  Arabidopsis  plants from 28 °C to 22 °C resulted in 
induction of several genes including the  BON1-ASSOCIATED PROTEIN1  ( BAP1 ) 
gene. BAP1 is under the transcriptional control of ICE1. The  ice1  mutant showed 
low induction of BAP1 and enhanced resistance to  Pseudomonas syringae  pv tomato 
(Zhu et al.  2011 ). Mutational analysis of 125 bp sequence of  CBF2  promoter identi-
fi ed two  cis -acting elements,  ICEr1  and  ICEr2  that function together and induce 
gene expression in response to cold.  ICEr1  contains CACATG sequence, which has 
recognition site for bHLH proteins, CANNTG. So,  ICEr1  is the potential binding 
site for ICE1 (Zarka et al.  2003 ). In the promoter of maize,  ZmDREB1 , after cold 
treatment histones H3 and H4 gets hyperacetylated and DNA  demethylation, occur 
in the ICE1-binding region, also followed by chromatin decondensation, indicating 
the role of chromatin in the regulation of  CBF/DREB1  by ICE1 (Hu et al.  2011 ).   
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6.5.3     Regulation of  ICE1  

 Ubiquitination of ICE1 is mediated by a negative regulator of CBF regulon, HOS1, 
which is a functional RING-fi nger protein having E3 ubiquitin ligase activity for 
proteasomal protein degradation (Dong et al.  2006 ). The COR genes, such as 
 RD29A ,  COR15A ,  KIN1 , and  ADH , showed enhanced expression in loss-of- function 
 hos1  mutant plants (Ishitani et al.  1998 ). It encodes a protein of 915 amino acids and 
contains a short motif near N-terminus, which is similar to RING-fi nger protein 
found in the inhibitor of apoptosis (IAP) group of animal protein (Lee et al.  2001 ). 
At normal growth temperatures, HOS1 protein resides in the cytoplasm but moves 
into nucleus upon exposure to cold (Lee et al.  2001 ). Yeast two-hybrid assays 
showed that HOS1 physically interacts with ICE1 and mediates its degradation by 
polyubiquitination both in vitro and in vivo. Once the CBF regulon is activated by 
ICE1, ICE1 protein is degraded during prolonged duration of cold stress and cold- 
induced proteolysis of ICE1 is impaired in  hos1  mutant. Overexpression of  HOS1  
in  Arabidopsis  transgenic plants lowers freezing tolerance and decreases the expres-
sion of  CBFs  and their downstream genes (Dong et al.  2006 ). The  hos1-1  mutant 
plant showed early fl owering under short day conditions, and the expression level of 
 Flowering Locus C  ( FLC ) was downregulated in the mutant plant, indicating its role 
in vernalization (Ishitani et al.  1998 ). HOS1 has also been demonstrated to cause the 
degradation of CO (CONSTANS) under cold stress and regulate  Arabidopsis  fl ow-
ering (Jung et al.  2012 ; Lazaro et al.  2012 ). The involvement of HOS1 in modulat-
ing fl owering time in  Arabidopsis  in response to low ambient temperature was later 
shown by Lee et al. ( 2012a ,  b ,  c) . Under cold stress, HOS1 binds to  FLC  chromatin, 
preventing its association with histone deacetylase 6 (HDA6) resulting in  FLC  
induction and delayed fl owering (Jung et al.  2013 ). In wheat,  Triticum durum , the 
RING-fi nger E3 ligase TdRF1 (RING-fi nger protein1) interacts with another 
 RING- fi nger E3 ligase, WVIP2 (wheat viviparus1 interacting protein2), and both of 
these genes are upregulated by cold treatment (Guerra et al.  2012 ).  HOS1  has been 
suggested to affect cold signaling partially through altered mRNA export and dis-
ruption of circadian clock (MacGregor et al.  2013 ). A novel  HOS1  gene,  VvHOS1  
from “Muscat Hamburg” grapevine ( Vitis vinifera ) has been isolated and character-
ized. Overexpression of  VvHOS1  in  Arabidopsis  reduced the tolerance of plant to 
cold, drought, and salt stress. It was also shown to negatively regulate the expres-
sion level of two stress-responsive genes,  AtRD29A  and  AtCOR47  (Li et al.  2014 ). 

 Polyubiquitination of ICE1 is blocked by SUMO (Small Ubiquitin Modifi er) E3 
ligase SIZ1 (SAP and Miz1)-mediated sumoylation of ICE1 at K393 position, 
thereby increasing ICE1 activity (Miura et al.  2007 ). The  siz1  null mutant is impaired 
in the accumulation of SUMO conjugates and result in reduced expression of  CBFs  
and COR genes, thus leads to hypersensitivity to chilling and freezing stresses. 
However, there is enhanced expression of  AtMYB15 , a negative regulator of CBF 
expression, in  siz1  mutant (Miura et al.  2007 ). A K393R substitution in ICE1 blocks 
SIZ1-mediated sumoylation. It was studied that the serine 403 residue of ICE1 pro-
tein regulates the transactivation and stability of ICE1 during cold stress. Substitution 
of serine 403 by alanine in ICE1 increased ICE1 transactivation activity in the 
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 protoplast of  Arabidopsis . Transgenic plants overexpressing  ICE1  ( S403A ) showed 
higher level of freezing tolerance and expression of COR genes as compared to  ICE1  
( WT ) in  Arabidopsis . Cold treatment did not alter the protein level of ICE1(S403A) 
whereas the level of WT ICE1 protein was signifi cantly reduced (Miura et al.  2011 ).  

6.5.4     CAMTA Transcription Factor 

 The CaM binding transcriptional activator (CAMTA) family was found to regulate 
the expression of  CBF2  gene during cold stress by binding to the CCGCGT sequence 
(CM2 motif) present in the promoter of  CBF2  gene. Mutation of c amta3  resulted in 
50 % reduction in cold-induced transcripts of  CBF2 . However, this mutation has no 
effect upon cold acclimation of the plant but the double mutant c amta1/ c amta3  
altered the freezing tolerance in the plant (Doherty et al.  2009 ).  

6.5.5     Dead Box RNA Helicase 

6.5.5.1     LOS4 (Low Expression of Osmotically Responsive Gene 4) 

  LOS4  encodes a DEAD box RNA helicase, AtNUP160, and is localized in nucleus. 
It is involved in cold-responsive gene expression and freezing tolerance (Gong et al. 
 2005 ). It is essential for the mRNA export in the plant cell. Induction of CBFs and 
the downstream target genes is impaired in  los4-1  mutants and plant is hypersensi-
tive to cold. Overexpression of  CBF3  gene in  los4-1  mutants reverses the sensitivity 
effect (Gong et al.  2002 ). Another mutant  cryophyte  ( los4-2 ) was reported to be 
more freezing tolerant than the wild type  Arabidopsis  plant due to enhanced induc-
tion of  CBF2  in the mutant (Gong et al.  2005 ).  

6.5.5.2     Regulator of CBF Gene Expression1 (rcf1-1) 

 A cold inducible DEAD box RNA helicase, RCF1, was identifi ed through a forward 
genetic approach where  CBF2  promoter was fused to a fi refl y  luciferase  reporter gene 
( CBF2:LUC ). It functions in maintaining proper splicing of pre-mRNAs of nuclear 
encoded genes and is important for cold-responsive gene regulation. The  rcf1-1  
mutant was found to be hypersensitive to chilling and freezing stress, while overex-
pression of  RCF1  in  Arabidopsis  increased freezing tolerance (Guan et al.  2013 ).   

6.5.6     Negative Regulators of CBF Regulon 

  MYB  transcription factor: An R2R3 type MYB transcription factor binds to the 
MYB recognition elements (MYBRS) in the promoter region of  CBF/DREB1  and 
negatively regulates its expression and thereby freezing tolerance. Increased 
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expression of  MYB15  in  ice1  mutant during cold stress revealed that ICE1 represses 
the activity of MYB15 either directly by binding to its promoter or indirectly 
through its downstream genes (Chinnusamy et al.  2003 ; Badawi et al.  2008 ). 
 AtMYB15  physically interacts with ICE1 in yeast-two hybrid and in vitro pull down 
assay (Agarwal et al.  2006 ). It binds to the promoter region of  CBF1 ,  CBF2 , and 
 CBF3  genes. Transgenic plants overexpressing  MYB15  were sensitive to freezing 
stress and there was decrease in the transcript levels of  CBF  genes. Knockout 
mutants of  MYB15  displayed increased freezing tolerance and expression of  CBF  
genes. The downstream cold-responsive genes remain unaffected by overexpres-
sion or mutation of  MYB15  in plants.  MYB15  is localized in nucleus and is present 
in low levels in all tissues. Upon exposure to cold, its expression is upregulated 
(Agarwal et al.  2006 ). In the  siz1  mutant, enhanced induction of  AtMYB15  was 
reported (Miura et al.  2007 ). Another MYB transcription factor,  AtMYB14 , was 
found to positively regulate cold tolerance in  Arabidopsis . Knockdown mutants of 
 AtMYB14  led to increased cold tolerance and enhanced expression of  CBF  and 
downstream genes (Chen and Thelen  2013 ). Similarly overexpression of a single 
repeat R3-MYB transcription factor,  MYBC1 , increased cold tolerance whereas the 
 mybc1  mutants were sensitive to freezing stress (Zhai et al.  2010 ). 

  ESK1 : The constitutively freezing tolerant  eskimo1  ( esk1 ) mutant of  Arabidopsis  
was identifi ed through a freezing tolerant genetic screening. The  esk1  plants accu-
mulated 30-fold higher levels of free proline than that in the wild type plants. 
Additionally, the expression level of  RAB18 , a cold-responsive  LEA II  gene was 
threefold higher. This suggested that  ESK1  acts as a negative regulator of cold (Xin 
et al.  1998 ).  ESK1  encodes a 56.7-kDa protein that contains plant-specifi c DUF231 
(domain of unknown function 231) domain. Transcriptome analysis of the  esk1  
mutant revealed 312 genes with altered expression, 173 genes were upregulated and 
139 were downregulated. The expression of only 12 % of the genes showed overlap 
with genes regulated by cold acclimation pathway. Other genes were found to be 
regulated by salt, osmotic and ABA treatment, suggesting that  esk1- induced freez-
ing tolerance pathway is distinct from CBF-dependent pathway (Xin et al.  2007 ). 

  ZAT12  is a C 2 H 2  zinc fi nger protein that contains an EAR motif-like sequence, 
which functions as a repressor domain. It plays a role in cold acclimation and 
 oxidative stress (Vogel et al.  2005 ). Transcriptome analysis of  ZAT12   overexpressing 
 Arabidopsis  plant, ZAT12 regulon consists of 24 COS (cold standard set) genes, nine 
of which are cold-induced and rest are cold-repressed genes (Vogel et al.  2005 ; 
Chinnusamy et al.  2007 ). Constitutive expression of  ZAT12  reduced the expression 
of  CBF  genes in response to low temperature, indicating that ZAT12 negatively reg-
ulates CBF cold-responsive pathway (Vogel et al.  2005 ; Chinnusamy et al.  2007 ). 

  ZAT10/STZ : Molecular analysis of  los2  mutant of  Arabidopsis  led to the identifi ca-
tion of another C2H2 zinc fi nger protein, ZAT10/STZ, as a negative regulator of 
COR genes. The expression of  ZAT10/STZ  is induced rapidly and transiently upon 
cold exposure in the wild type plant and there is increased induction of  ZAT10  in 
 los2  mutant. Transient expression studies of  ZAT10  in  Arabidopsis  have shown that 
ZAT10 represses the expression of  RD29A  gene (Lee et al.  2002a ,  b ).  ZAT10/STZ  
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binds to the STZ recognition site at −554 to −522 in the promoter region of  RD29A  
gene. It binds specifi cally to A(G/C)T  cis -element within the EP2 sequence of 
 RD29A  gene (Lee et al.  2002a ,  b ). 

 LOS2 is a bifunctional enolase, which negatively regulates the expression of 
 ZAT10  by binding to the MYC recognition elements present in the promoter of 
 ZAT10 . The expression of COR genes  COR / KIN / RD / LTI  is impaired in  los2  mutant, 
while there is no difference in the expression levels of  CBF  genes, indicating that 
 LOS2  has a functional role downstream of the CBF transcription factors and act as 
a positive regulator of  COR  genes (Lee et al.  2002a ,  b ). This effect was similar to 
that of  SFR6  (sensitive to freezing) gene. Mutation in  SFR6  leads to reduced expres-
sion of  COR  genes having CRT/DRE elements, while the expression of  CBF  genes 
remains unaltered, suggesting that SFR6 may be the transcriptional activator of 
 COR  genes (Knight et al.  1999 ). 

  FIERY2  ( FRY2 ): The  FRY2  locus was identifi ed in  Arabidopsis  by  P   RD29A   ::LUC  
reporter gene-based genetic screening. The  fry2  mutant exhibited an increased 
expression of COR genes such as  RD29A, COR47, COR15A  and  KIN1  as compared 
to wild type when treated with cold, salt or ABA. The transcript levels of  CBF  genes 
were also higher in  fry2  mutant suggesting that  FRY2  is a negative regulator of  CBF/
DREB1  transcription factor (Xiong et al.  2002 ). Genetic analyses of  fry2  mutant in 
 Arabidopsis  have shown that  FRY2 / CPL1  encodes a novel transcriptional repressor 
having two double-stranded RNA binding domains and a region homologous to the 
catalytic domain of RNA polymerase II C-terminal domain phosphatases found in 
yeast and in animals. This region controls transcription and mRNA processing by 
dephosphorylation of RNA polymerase II (Koiwa et al.  2004 ; Xiong et al.  2002 ).  

6.5.7     CBF-Independent Pathways 

 Cold-responsive pathways are mediated both in ABA-independent and -dependent 
manner and ABA acts synergistically with cold signaling (Xiong et al.  1999 ). The 
ABA-dependent pathway is regulated by transcription factors belonging to bZIP 
such as ABRE binding factors (AREBs), MYC and MYB families.  SCOF1  is a 
cold-inducible C2H2 zinc fi nger protein isolated from soybean. Overexpression of 
 SCOF1  in  Arabidopsis  resulted in increased  COR  gene expression and enhanced 
cold tolerance in non-acclimated plants. SCOF1 does not bind directly to the  DRE  
or  ABRE  sequences, rather facilitates the DNA binding of a cold inducible bZIP 
transcription factor, soybean G-box binding factor 1 (SGBF1) to  ABRE  and induces 
ABA-dependent cold acclimation pathway (Kim et al.  2001 ). 

 High expression of osmotically responsive genes,  HOS9  was identifi ed by 
RD29A::LUC genetic screen.  HOS9  encodes a homeodomain MYB transcription 
factor that is localized to the nucleus and is required for basal freezing tolerance 
(Zhu et al.  2004 ). Microarray analysis revealed that HOS9 controls expression of 
about 175 genes that does not belong to the  CBF  regulon. Also, 41 of these genes 
targeted by  HOS9  were reported to be cold-induced. Knockout mutants of  HOS9  
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gene resulted in reduced basal and acquired cold tolerance. The  hos9  mutation also 
resulted in the alteration of other characteristics including trichome development, 
growth rate, and fl owering time. These results suggested that  HOS9  is involved in 
plant growth and development and affects freezing tolerance in a CBF-independent 
manner (Zhu et al.  2004 ). 

 Overexpression of  OsMYB4  in  Arabidopsis  plants enhanced  COR  gene expres-
sion, increased proline content and exhibited chilling and freezing tolerance 
(Vannini et al.  2004 ; Pasquali et al.  2008 ).  OsMYBS3  and  OsMYB2  confer increased 
tolerance in response to cold in rice (Su et al.  2010 ; Yang et al.  2012 ).   

6.6     Transcriptomics Approach 

 Transcriptomics or transcript profi ling is a widely used technique to study spatial 
and temporal gene expression and their regulation by various internal or external 
stimuli. Several techniques, such as DNA microarrays, Expressed Sequence Tags 
(ESTs), Serial Analysis of Gene Expression (SAGE), Digital Gene Expression 
(DGE) profi ling, and Next-Generation Sequencing (NGS)-based tools such as RNA 
sequencing (RNA-seq) are being exploited to capture and identify the differentially 
regulated genes during stress conditions in plants (Cramer et al.  2011 ; Lister et al. 
 2009 ; Wang et al.  2013 ) (Table  6.2 ). It provides an in-depth knowledge of the global 
gene expression pattern of plant response to stress stimuli (Jung et al.  2003 ).

   Using cDNA microarrays or whole genome arrays, the expression pattern of 
genes in response to chilling stress has been analyzed in  Arabidopsis , rice, sun-
fl ower and several other plants (Seki et al.  2002 ; Rabbani et al.  2003 ; Fernandez 
et al.  2008 ). Seki and coworkers ( 2001 ) used a full-length cDNA microarray for 
1,300  Arabidopsis  genes, and identifi ed 19  COR  genes, among which the newly 
identifi ed genes were ferritin, a nodulin-like protein, LEA protein and glyoxalase. 
In a different study, Fowler and Thomashow ( 2002 ) reported 306  COR  genes using 
microarray for 8,000 genes. Of these 306 genes, 218 were upregulated and 88 were 
downregulated and 45 of these  COR  genes were found to be expressing under the 
control of CBF1. Differentially regulated genes, between two cultivars of wheat, 
during cold acclimation were identifi ed by microarray and these genes encode pro-
tein kinases, transcription factors, calcium binding proteins and proteins involved in 
photosynthesis (Gulick et al.  2005 ). A transcriptome profi ling of cassava apical 
shoots subjected to a progressive cold stress was performed using a 60-mer oligo-
nucleotide microarray representing 20,840 cassava genes, which led to the identifi -
cation of 508 transcripts as early cold-responsive genes including genes for signal 
transduction components ( MAPK4 ), transcription factors ( RAP2.11  and  AP2- 
EREBP  ), and active oxygen species scavenging enzymes (catalase 2), as well as 
photosynthesis-related genes ( PsaL ). An increase in transcripts of genes encoding 
ROS scavenging enzymes and the genes for accumulation of total soluble sugars 
(including sucrose and glucose) were also detected (An et al.  2012 ). Genome-wide 
transcriptome analysis uncovered various molecular components involved in 
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   Table 6.2    Transcriptome analysis in response to low temperature   

 System  Treatment  Method  Major result  Reference 

  Poncirus trifoliata   Progressive 
treatment at 
4 °C 

 Suppression 
subtractive 
hybridization 

 Cell wall structural 
genes, genes involved in 
synthesis of osmolytes, 
β-amylase, gene encoding 
antioxidants 

 Peng et al. 
( 2012 ) 

  Ammopiptanthus 
mongolicus  

 Progressive 
treatment at 
4 °C 

 ESTs from 
cDNA library 

 Genes involved in 
photosynthesis, 
carbohydrate metabolism, 
protein metabolism, ROS 
scavenging, signal 
transduction, TFs, 
cellular transport, defense 
response 

 Liu et al. 
( 2013 ) 

  Populus simonii   6 h stress at 
4 °C 

 Microarray 
hybridization 

 Genes involved in 
photosynthesis, calcium/
calmodulin- mediated 
signaling, TFs, hormone 
biosynthesis, antioxidants 

 Song et al. 
( 2013 ) 

  Triticum aestivum   Cold 
acclimated 
at 6 °C 

 Microarray 
hybridization 

 Genes involved in 
transport, cellular 
carbohydrate metabolism, 
transcription regulation, 
lipid metabolism, 
oxidation–reduction, 
DNA metabolism, 
chromatin organization 

 Laudencia- 
Chingcuanco 
et al. ( 2011 ) 

  Oryza sativa  ssp. 
 indica  

 1 h and 5 h 
stress at 
5 ± 1 °C 

 Microarray 
hybridization 

 Protein kinases, TFs, 
ubiquitin protein ligase, 
auxin responsive, 
metabolism related 

 Mittal et al. 
( 2012 ) 

  Vitis amurensis   8 h cold 
treatment 
(fi rst 4 h 
with 
temperature 
dropped at 
5 °C per 
hour and 
then held 
for 4 h at 
4 °C) 

 Next 
generation 
sequencing 
using 
IlluminaHiSeq 
2000 system 

 Genes involved in 
metabolism, signal 
transduction, 
transcription, transport, 
stress- related genes 

 Xin et al. 
( 2013 ) 

  Ammopiptanthus 
mongolicus  

 14 days at 
4 °C 

 Next 
generation 
sequencing 
using 
IlluminaHiSeq 
2000 system 

 Genes involved in lipid 
transport and metabolism, 
intercellular 
osmoprotectant, 
antioxidant enzyme 
systems, calcium and 
ABA, TFs ( COR ,  LEA , 
 CBF , and  DREB ) 

 Pang et al. 
( 2013 ) 

(continued)
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 chilling tolerance and susceptibility in grapefruit. Out of 30,171 transcripts, 1,345 
were found to play a role in low temperature response and were termed as chilling 
response regulons. Transcripts related to cell wall, defense, photosynthesis, respira-
tion and secondary metabolism were observed to be downregulated, while tran-
scripts encoding membrane proteins, lipid and carbohydrate metabolism, hormone 
biosynthesis and transcription factors were upregulated under cold stress (Maul 
et al.  2008 ). Cold-acclimated wheat plants showed the upregulation of  CBF  genes, 
WRKY, kinases, phosphatases and genes involved in signal transduction during 
freezing stress (Skinner  2009 ). 

 Based upon ESTs, high expression of dehydrin,  COR  genes, antifree proteins 
(AFPs), and pathogenesis-related (PR) proteins was observed in seabuckthorn 
(Ghangal et al.  2012 ). Again, the analysis of ESTs in  Vitis amurensis  showed the 
upregulation of  ERD  genes, chitinases, β-glucanase, ubiquitin ligase, and calcium 
signaling-related genes in response to low temperature (Zhang et al.  2013 ). Global 

Table 6.2 (continued)

 System  Treatment  Method  Major result  Reference 

  Chorispora 
bungeana  

 24 h 
chilling 
stress 

 Next 
generation 
sequencing 
using 
IlluminaHiSeq 
2000 system 

 COR15A, ABR1, 
cytochrome P450, plant 
invertase, mitogen-
activated protein kinase, 
 HSFA1E ,  GA2OX6 , LEA 
proteins, 
glucosyltransferase, low 
temperature induced 65, 
ubiquitin ligase, zinc 
fi nger family 
protein,DUF21/295 

 Zhao et al. 
( 2012 ) 

  Camellia sinensis   Sample 
harvested 
from fi eld 
conditions 
at 
temperature 
higher than 
15 °C 

 Next 
generation 
sequencing 
using 
IlluminaHiSeq 
2000 system 

 Cold sensor or signal 
transduction genes, 
cold-responsive TFs, 
AFPs, PR proteins 

 Wang et al. 
( 2013 ) 

  Oryza sativa  ssp. 
 japonica  

 24 h stress 
at 4 °C 

 Massive 
parallel 
signature 
sequencing 
(MPSS) and 
sequencing by 
synthesis 
(SBS) 

 Glycosyl hydrolases, 
ABC transporter 
ATP-binding protein, 
early responsive to 
dehydration, bZIP 
transcription factor, fatty 
acid hydroxylase, 
ethylene responsive 
transcription factor, 
calmodulin-binding motif 
domain containing 
protein 

 Venu et al. 
( 2013 ) 
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transcriptome analysis of chickpea during cold acclimation by cDNA-AFLP 
approach lead to the identifi cation of several transcripts having functions associ-
ated with metabolism, transport, signal transduction, and transcription (Dinari 
et al.  2013 ). 

 SAGE was applied to capture the genes involved in freezing tolerance in 
 Arabidopsis , where around 272 differentially expressed genes were identifi ed from 
cold-treated leaves. The genes induced by cold mostly included  COR  genes, alcohol 
dehydrogenase genes involved in glucose metabolism pathways, and lipid transfer 
protein genes.  COR15a  was induced over 300-fold, other upregulated genes were 
 COR47 , dehydrin  Xero 2 , and  Rab18  (Jung et al.  2003 ). SAGE analysis revealed 
that poor accumulation of  COR , lipid transfer protein and  β -amylase in  Arabidopsis  
pollen are the cause of cold sensitivity (Lee and Lee  2003 ). Analysis of fi ve differ-
ent SAGE libraries constructed from  Arabidopsis  leaf tissues collected at various 
durations of exposure to cold identifi ed 920 low-temperature responsive genes. 
Consequently, transcripts of around 63 genes showing  COR  gene like expression 
accumulated after 2 days of cold stress treatment and 47, 19, 13 genes exhibiting 
pattern of  CBF1 ,  CBF2,  and  CBF3 , respectively, were identifi ed (Robinson and 
Parkin  2008 ). Long SAGE was also performed in  Arabidopsis  leaf to study the gene 
expression during early response to cold (Byun et al.  2009 ). 

 Global transcriptome analysis and gene expression profi le of  Jatropha curcas  in 
response to cold were determined by high-throughput sequencing using Illumina 
Hi-Seq 2000 followed by DGE analysis. Plants were subjected to 12, 24 and 48 h 
stress at 12 °C. Several genes such as starch catabolism-related genes, phospholi-
pase Dδ ( PLDδ ), calcium-dependent protein kinase ( CDPK ), mitogen-activated 
kinase ( MAPK ), protein kinase C ( PKC ), omega-3-fatty acid desaturase, peroxi-
dase, superoxide dismutase, glutathione reductase, osmoprotectants, LEA proteins, 
 CBFs ,  HOS1 ,  LOS2 ,  LOS4 ,  ZAT10 , and  ZAT12  were observed to be upregulated. 
 MYB15  was found to be upregulated after 12 and 24 h of stress but after 48 h it gets 
downregulated (Wang et al.  2013 ).  

6.7     Proteomics Approach 

 Although transcriptome studies have enhanced our understanding of  stress- responsive 
gene expression enormously, it is a poor indicator of predicting the expression level 
of the proteins. Proteins can be identifi ed by differential display pattern following 
their separation by two-dimensional electrophoresis (2-DE) (Wittmann-Liebold 
et al.  2006 ) or liquid chromatography coupled with tandem mass spectrometry 
(LC-MS/MS) (Fournier et al.  2007 ) and the structures can be predicted by MALDI-
TOF/TOF MS. Abundance in protein levels during cold has been studied in several 
plants such as  Arabidopsis thaliana  (Bae et al.  2003 ; Kawamura and Uemura  2003 ; 
Amme et al.  2006 ), rice (Imin et al.  2004 ; Cui et al.  2005 ; Yan et al.  2006 ), peach 
(Renaut et al.  2008 ), chicory (Degand et al.  2009 ), soybean (Cheng et al.  2010 ), pea 
(Dumont et al.  2011 ), and wheat (Rinalducci et al.  2011 ). 
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 Analysis of  Arabidopsis  leaves and nuclear proteome during cold stress have 
revealed 38 plasma membrane proteins and 54 nuclear proteins (Bae et al  2003 ; 
Kawamura and Uemura  2003 ). The nuclear proteome showed abundant change in 
expression for DEAD box RNA helicase, serine acetyl-transferase, heat-shock pro-
teins, myrosinase-binding proteins, CaMs, and several other families of transcrip-
tion factors. Cold induced 60S acidic ribosomal protein P2-A, which is involved in 
elongation step of protein synthesis (Wahl and Moller  2002 ). A group of putative 
proteins containing sequences or motifs relevant to RNA-associated functions such 
as putative U2 snRNP-A, serine-rich protein with a sequence similar to ribosomal 
protein S1, and putative DEAD box RNA helicase were revealed. Yan et al. ( 2006 ) 
studied total proteins in rice leaves during cold stress using 2D electrophoresis and 
identifi ed around 85 differentially expressed proteins by mass spectrometry, which 
included both novel and known cold-responsive proteins. It also showed the involve-
ment of proteins in regulatory and functional network during chilling stress and 
supported the idea of protein degradation during low temperature. The photosyn-
thetic proteins were found to be highly susceptible to degradation, 19 fragments of 
Rubisco large subunit were identifi ed during this study. Disassembly of Rubisco 
under chilling conditions has been suggested to be the cause for reduction in rate of 
photosynthesis in  Arabidopsis  (Yi et al.  2011 ). In addition, glycine dehydrogenase 
and RcbA, involved in photorespiration, also get degraded during cold stress. It has 
been shown that ROS may induce degradation of Rubisco by proteases (Desimone 
et al.  1996 ). Proteins such as WAK1, armadillo repeat containing protein, HSP, 
putative acidic ribosomal protein P3a were found to be upregulated in rice during 
cold. Hashimoto and Komatsu ( 2007 ) also reported several differentially expressed 
proteins in rice seedlings during low temperature. This study also revealed for the 
fi rst time the downregulation of phosphoglucomutase in response to cold. Proteins 
involved in cellulose synthesis, such as UDP-glucose pyrophosphorylase were 
found to be in abundance inside the cells. 

 Rice roots subjected to 24–72 h of cold stress initiate the activation of metabolic 
processes as indicated by the presence of several proteins related to metabolism 
such as phosphogluconate dehydrogenase, NADP-specifi c isocitrate  dehydrogenase, 
fructokinase, and cytoplasmic malate dehydrogenase. In addition, higher 
abundance of pyruvate orthophosphate dikinase precursors (PPDK), aconitate 
hydratase, glycine dehydrogenase, and enolase were also identifi ed in chilling 
stress (Lee et al.  2009 ). 

 Cold stress generates ROS and their precursors that cause oxidative damage to 
plants. Plants produce antioxidants and detoxifying proteins to combat these dam-
ages. Three peroxidases were found in rice proteome, which can scavenge and con-
trol ROS levels in plants (Yan et al.  2006 ). Glyoxalase I and oxalyl-CoA 
decarboxylase, which are involved in detoxifi cation and prevention of cell damage, 
were shown to be upregulated in rice roots during cold stress (Lee et al.  2009 ). 
Glyoxalase I functions to detoxify methylglyoxal produced during the stress condi-
tion whereas oxalyl-CoA decarboxylase causes decarboxylation of activated oxa-
late molecule that generates ROS. It also causes generation of hydroxyl or carbonate 
radicals through its interaction with hydrogen peroxide (Espartero et al.  1995 ; 
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Urzua et al.  1998 ). The ROS scavengers such as superoxide dismutase, catalase, and 
ascorbate peroxidase were found in abundance in chicory roots and chickpea during 
cold stress (Lee et al.  2009 ; Heidarvand and Maali-Amiri  2013 ). 

 Cold stress leads to pollen sterility in rice. Proteome analysis suggest that break-
down of β-expansin and glycogen phosphorylase may possibly lead to incomplete 
pollen tube growth and starch formation and, thus causing pollen sterility in plants 
(Imin et al.  2004 ). Various proteins associated with metabolism, biosynthesis of cell 
wall components, antioxidative/detoxifying reactions, and energy production were 
found to be induced in response to cold in rice (Cui et al.  2005 ). The comparative 
proteome study of non-transgenic and  rd29A:RdreB1B1  transgenics of strawberry 
under cold stress revealed that the  rd29A:RdreB1B1  transgenics showed higher 
expression level of Cu/Zn superoxide, LEA14-A, eukaryotic translation initiation 
factor 5A (eIF5A) and photosynthetic proteins which confers higher cold stress tol-
erance as compared to non-transgenic plants. It was also inferred that the DREB 
transcription factor regulates the accumulation of eIF5A (Gu et al.  2013 ). Proteome 
analysis of spring wheat cultivar revealed increased accumulation of COR proteins, 
glycine-rich RNA binding protein, proteins involved in amino acid and prosthetic 
group metabolism, detoxifi cation of ROS and chaperonins (Rinalducci et al.  2011 ). 

 Increased level of RNA binding protein, cp29, has been reported during cold 
(Amme et al.  2006 ; Gao et al.  2009 ). It is localized in chloroplast stroma and is 
involved in photoprotection mechanism that in turn is regulated by phosphorylation. 
The sensitive genotype of maize lacks phosphorylation of cp29 resulting in photo- 
inhibitory damage (Mauro et al.  1997 ). Cold stress leads to degradation of glycine 
dehydrogenase and RcbA, which are important components in sustaining electron 
fl ow (Yan et al.  2006 ). Goulas et al. ( 2006 ) identifi ed 43 (35 in stroma and 8 in 
lumen of the chloroplast) differentially expressed proteins that participate in photo-
synthesis, other plastid metabolic functions, hormone biosynthesis and stress sens-
ing and signal transduction during cold acclimation. Proteomic studies during 
freeze–thaw injury in onion scales revealed the absence of several dehydrins, 
 proteins associated with energy and secondary metabolism, chaperones and 
 antioxidants (Chen and Thelen  2013 ). Proteins related to recovery after freeze–thaw 
were also examined. As a result, numerous proteins such as those involved in ion 
homeostasis, ethylene production, cell wall remodeling, molecular chaperones, 
detoxifying enzymes, sucrose and fructokinase were identifi ed (Chen and Thelen  
 2013 ). Furthermore, reports suggest the activation of defense-related proteins such 
as protein disulfi de isomerase and disease resistance response proteins in pea roots 
under low temperature stress (Dumont et al.  2011 ). 

 The several types of proteins that are expressed under cold stress include AFPs, 
dehydrins and LEA proteins, HSPs, cold shock domain proteins (CSDPs), chaper-
ones, pathogenesis-related (PR) proteins, and proteins involved in signal transduc-
tions (Heidarvand and Maali Amiri  2010 ).

    1.    COR/LEA proteins and dehydrins: LEA proteins are low-molecular-weight pro-
teins (10–30 kDa) and provide protection to plants during stresses (Debnath 
et al.  2011 ). They are highly hydrophilic and functions as high molecular osmo-
protectants (Kosova et al.  2011 ). 
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 Dehydrins are the subgroup members of LEA proteins. These are heat stable 
and rich in glycine. During cellular dehydration caused by abiotic stresses, dehy-
drins play a role in membrane stabilization and protects other proteins from 
denaturation (Allagulova et al.  2003 ). DHNs (dehydrins) are characterized by 
three highly conserved domains known as the K, Y, and S segments. The various 
DHN subclasses are defi ned by the number and order of the Y, S, and K: Y n SK n , 
Y n K n , SK n , K n , and K n S. The SK n - and K-type of DHNs are suggested to be 
involved in CA processes (Rorat  2006 ). Induction of dehydrins by cold stress has 
been reported in  Arabidopsis  (Nylander et al.  2001 ; Kawamura and Uemura 
 2003 ), wheat (Ohno et al.  2003 ), rice (Lee et al.  2005a ,  b ), and Citrus fruits 
(Porat et al.  2004 ). Wisniewski et al. ( 2006 ) suggested freeze-responsive role of 
dehydrins in both herbs and woody plants. They also found intracellular dehy-
drin in peach had AFPs-like activity. Renaut et al. ( 2004 ) reported the expression 
of single 100 kDa LEA protein in poplar. Similarly, a dehydrin from  Solanum 
sogarandinum  increased chilling tolerance in cucumber (Yin et al.  2006 ). 
Dehydrins include COR (cold responsive), LTI (Low temperature induced), 
RAB (responsive to abscisic acid), KIN (cold-induced), or ERD (early respon-
sive to dehydration) (Theocharis et al.  2012 ). All of the ERD10, ERD14, COR47, 
and LTI30 accumulate in response to cold stress in plants (Nylander et al.  2001 ). 
ERD10 (SK3) and ERD14 (SK2) proteins in  Arabidopsis  were known to func-
tion as chaperones (Kovacs et al.  2008 ), whereas COR15a prevents protein 
aggregation (Nakayama et al.  2008 ) and thus act as a protectant. Thirteen dehy-
drin genes  DHN1  to  DHN13  are known in barley. Two of these,  DHN5  and 
 DHN8 , were reported to express manifold during cold stress (Heidarvand and 
Maali Amiri  2010 ) in barley. Three  COR  genes that are well-identifi ed dehy-
drins,  Wcs 120(K6),  Wcor 410(SK3), and  Wcor 14 have been shown to accumu-
late during the initial response to low temperature in wheat (Ganeshan et al. 
 2008 ).  Wcs120  and  Wcor14  have CBF recognition sequences in their promoter 
region and they are activated by the CBF transcription factors (Heidarvand and 
Maali Amiri  2010 ). A COR protein, WCOR18 showed upregulation in wheat 
leaves subjected to cold stress (Rinalducci et al.  2011 ). COR WCOR719 is 
highly induced by low temperature and protects plants from freezing by preserv-
ing the structural integrity of plant cells (Danyluk et al.  1996 ). Cold acclimation- 
specifi c protein 15 (CAS15) was identifi ed in chicory roots under chilling stress 
(Degand et al.  2009 ). CAS15 protein contains dehydrin K and S segments and 
contributes to cold tolerance like dehydrins (Pennycooke et al.  2008a ,  b ).   

   2.    Antifreeze proteins: These proteins accumulate in the apoplastic fl uid during 
cold acclimation and inhibit growth of ice crystals (Griffi th and Yaish  2004 ; 
Griffi th et al.  2005 ; Yaish et al.  2006 ). These proteins bind to the surface of ice 
crystals and affect their shape. They also function to depress the freezing point 
in cold-acclimated leaves and once the leaves are frozen, these prevent ice 
recrystallization and formation of larger ice crystals. Thus, protecting the plants 
from mechanical injury. PR proteins like β-1,3-glucanases, chitinases, or 
thaumatin- like proteins exhibit antifreeze activities (Griffi th and Yaish  2004 ). 
Wheat TaIRI (ice recrystallization inhibition) proteins have a peculiar bipartite 
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structure. They have a leucine-rich repeat receptor domain at their N terminus 
and ice recrystallization inhibition domains at their C terminus (Ouellet  2007 ). 
It was reported that the hormone ethylene, salicylic acid, ABA, and drought are 
involved in regulating antifreeze activity in response to cold in plants (Atici and 
Nalbantoglu  2003 ).   

   3.    Heat shock proteins (HSPs): Though mainly known to be heat stress inducible, 
these are also reported to be accumulated in response to other abiotic stresses 
(Sabehat et al.  1998 ). HSP90, HSP70, small HSPs, chaperonins 60 and 20 are 
highly induced by low temperature (Lopez-Matas et al.  2004 ). Two Hsp70-like 
proteins were found to be upregulated in response to low temperature in peach 
(Renaut et al.  2008 ). Four cytoplasmic and two mitochondrial proteins of 
 Arabidopsis  HSP70 family were also revealed to be upregulated in response to 
low temperature (Heidarvand and Maali Amiri  2010 ). During analysis of 
 Arabidopsis  nuclear proteome, HSP70-1 was identifi ed (Bae et al.  2003 ) as a 
dnaK-type molecular chaperone (Sung et al.  2001 ). These proteins participate in 
membrane protection, translation, and translocation into organelles, refolding of 
denatured proteins and prevent aggregation of denatured proteins (Tsvetkova 
et al.  2002 ; Renaut et al.  2006 ; Timperio et al.  2008 ).   

   4.    Pathogenesis-related (PR) proteins: Apart from being expressed during pathogen 
attack, these proteins are also produced during various abiotic stresses. These 
include β-1,3-glucanases, chitinases, thaumatin-like proteins and lipid transfer 
proteins (Liu et al.  2003 ). These are involved in signal transduction during cold 
stress (Hoffmann-Sommergruber  2000 ). Four PR proteins, two isoforms of 
β-1,3-glucanases, one chitinase-3-like protein precursor and one glucan endo- 
1,3-β-glucosidase, were found in onion scales recovered after freeze–thaw injury 
(Chen and Thelen  2013 ).   

   5.    Histones: The exploration of the proteomic response to cold stress in rice seed-
lings for various durations showed the involvement of histone regulation. 
Histones H4, H2B.9, H3.2, linker histones H1 and H5 were downregulated after 
cold stress while H2A.3 was found to be upregulated. Additionally, WD-40 
repeat protein that is known to modify histones was upregulated after 96 h of 
stress (Neilson et al.  2011 ).   

   6.    Vitamin B biosynthetic proteins: Proteins responsible for folate and ribofl avin 
synthesis (vitamin B9 and B2, respectively) were downregulated while thiamine 
biosynthetic enzyme (vitamin B1) was expressive at all time points of cold stress 
in rice (Neilson et al.  2011 ).    

6.7.1      Plasma Membrane Proteome During Cold Stress 

 Plasma membrane plays a pivotal role in signal perception, cellular homeostasis, 
and stress tolerance in plants (Takahashi et al.  2013 ). Plasma membrane proteomics 
is being exploited to enhance freezing tolerance in plants. An enhanced accumula-
tion of phospholipase Dδ (PLDδ), a plasma membrane-associated protein, which 
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hydrolyses phospholipids and generates phosphotidic acid (PA), was reported to 
express in  Arabidopsis  during cold acclimation (Kawamura and Uemura  2003 ). Li 
et al. ( 2004 ) showed that knockdown of PLDδ gene results in freezing-sensitive 
plants, whereas overexpression leads to improve freezing tolerance in  Arabidopsis . 
The PLDδ alterations were not associated with change in expression of COR47 or 
COR78 and also did not affect the soluble sugars or proline. Lipocalin-like protein 
(temperature-induced lipocalin, TIL) also exhibits enhanced cold tolerance 
(Kawamura and Uemura  2003 ; Uemura et al.  2006 ). 

 Cold acclimation leads to an increase in P-type ATPase activity, disassembly of 
microtubules, and accumulation of different types of dehydrin family proteins on 
the plasma membrane (Ishikawa and Yoshida  1985 ; Abdrakhamanova et al.  2003 ; 
Kosová et al.  2007 ). Dehydrins, EDR10 and EDR14, protect proteins and mem-
branes against freeze-induced injury and dehydration (Uemura et al.  2006 ; Kosová 
et al.  2007 ). A novel protein expressed during cold acclimation synaptotagmin 
1 (SYT1) was identifi ed in plants, an isoform of which is supposed to be involved 
in membrane resealing in animals. It was later reported that SYT1 is involved in 
resealing and repairing of membrane and thus conferring freezing tolerance 
(Yamazaki et al.  2008 ). 

 Analysis of plasma membrane proteome in rice roots during low temperature has 
revealed the role of proteins involved in membrane permeability and signal trans-
duction in cold response (Hashimoto et al.  2009 ). Members of annexin and 
hypersensitive- induced response (HIR) protein families fall under this category. 
Annexins are Ca 2+ -dependent membrane binding proteins and help in membrane 
traffi cking and organization (Gerke and Moss  2002 ), while HIR proteins are 
involved in ion channel activity (Nadimpalli et al.  2000 ). In  Arabidopsis , two cold- 
responsive plasma membrane proteins have been suggested to have a positive role 
in freezing tolerance (Tominaga et al.  2006 ). Outer membrane lipoprotein like pro-
tein (lipocalin-like protein,  AtLCN ) and ERD14 were found to increase during cold 
acclimation and affect the cryobehavior of plasma membrane (Kawamura and 
Uemura  2003 ). Transgenic plants overexpressing  AtLCN  showed greater freezing 
tolerance than wild type plants without cold acclimation (Uemura et al.  2006 ). 
 ERD14  transgenic plants displayed decrease in intracellular freezing in the proto-
plast (Uemura et al.  2006 ).   

6.8     Metabolomics Approach 

 To survive in cold stress environmental conditions, plant needs to adjust its physi-
ological pathways to restore its metabolic homeostasis in order to accomplish its 
basic requirements of carbon source, energy, membrane stability, osmolarity, and 
resistance against ROS produced during stress. Various metabolic pathways are 
altered in response to cold. Some of the important fi ndings of metabolic adaptations 
revealed from recent metabolomics studies are summarized in Table  6.3 .
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   Table 6.3    A summary of metabolomics studies on plants subjected to cold stress   

 Metabolite/Enzymes  Plant species  Conclusion  Reference 

 RFOs   Ajuga reptans   RFO generation helps to 
stabilize plants facing cold stress 

 Bachmann et al. 
( 1994 ) 

 Antioxidant 
molecules 

  Arabidopsis 
thaliana  

 Activity of catalase, ascorbate 
peroxidase, and glutathione 
increased during cold stress 

 O’Kane et al. 
( 1996 ) 

 Carbohydrates and 
Pi 

  Hedera helix  L.  Photosynthetic activity reduces 
and soluble sugar levels 
increases in cold-acclimated 
plants 

 Bauer et al. 
( 1996 ) 

 Photosynthetic 
activity 

  Arabidopsis 
thaliana  

 Enzymes involved in sucrose 
synthesis increases more 
drastically then the enzymes of 
starch synthesis 

 Strand et al. 
( 1997 ) 

 Sucrose-phosphate 
synthase activity 

  Solanum   Overexpression of SPS gene 
provides cold tolerance to 
cold-sensitive species 

    Murchie et al. 
( 1999 ) 

 Carbohydrates   Arabidopsis 
thaliana  

 Plants overexpressing SPS gene 
neither accumulates 
carbohydrates nor reduces 
photosynthesis activity 

 Signora et al. 
( 1998 ) 

 Calvin cycle and 
sucrose synthesis 
enzymes 

  Arabidopsis 
thaliana  

 Starch synthesis declines while 
sucrose synthesis increases 

 Strand et al. 
( 1999 ) 

 FBPase and SPS   Arabidopsis 
thaliana  

 SPS activity directly affects 
sucrose synthesis 

 Strand et al. 
( 2000 ) 

 RFOs   Populus 
tremuloides  

 RFO’s level increases in winter  Cox and 
Stushnoff 
( 2001 ) 

 NO and H 2 O 2    Arabidopsis 
thaliana  

 NO and H 2 O 2  act as signaling 
molecules and activates genes 
responsible to attain cold 
tolerance 

 Neill et al. 
( 2002 ) 

 Photosynthetic 
activity 

  Cistus albidus  L. 
and  Quercus ilex  
L. 

 Low energy assimilation rate 
helps plant to survive cold stress 

 Oliveira and 
Peñuelas ( 2004 ) 

 Sucrose   Arabidopsis 
thaliana  

 Accumulation of soluble sugars 
enhances cold tolerance 

 Strand et al. 
( 2003 ) 

 Sucrose   Arabidopsis 
thaliana  

 Exogenous application of 
sucrose reduces loss of 
osmolarity caused due to cold 
stress 

 Uemura et al. 
( 2003 ) 

 Metabolites   Arabidopsis 
thaliana  

 Differential expression of 
metabolites in cold stress and 
heat-stressed plants 

 Kaplan et al. 
( 2004 ) 

 Carbohydrates, 
proline and 
polyamines 

  Populus tremula  
L. 

 Carbohydrates also provide 
membrane stability 

 Jouve et al. 
( 2004 ) 

(continued)
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6.8.1       Carbohydrates and Soluble Sugar Levels 

 Starch is the major energy storage molecule found in higher plants. As abiotic stresses 
inhibit existing photosynthesis while increasing the maintenance respiration for pro-
tection and repair of stress-induced damage, stored starch, and other carbohydrates 
are converted into soluble sugars and additional metabolic pathways are induced to 
convert the simple soluble sugars such as glucose and fructose into different other 
sugars and sugar alcohols. Abundance of soluble sugar confers resistance to cold, as 
it can be transported to the sink tissues for various metabolic and protective require-
ments. Comparison of metabolome profi le of cold acclimating and non-acclimating 
plants revealed that more than 50 metabolites including trehalose, putrescine, and 
ascorbate are upregulated in cold-acclimated plants (Cook et al.  2004 ). Trehalose is 
a non-reducing disaccharide of glucose. It can reversibly absorb water and thus, pro-
tects plant from desiccation-induced damage. In vivo studies also support that treha-
lose protects membrane and proteins from deleterious alterations that are caused due 
to oxidative stress (Cook et al.  2004 ; Janmohammadi  2012 ). 

Table 6.3 (continued)

 Metabolite/Enzymes  Plant species  Conclusion  Reference 

 Trehalose 
6-phosphate 

  Arabidopsis 
thaliana  

 Trehalose 6-phosphate promotes 
sugar synthesis 

 Kolbe et al. 
( 2005 ) 

 Proline   Phaseolus 
vulgaris  

 Proline accumulation helps in 
cold acclimation 

 Ruiz et al. 
( 2002 ) 

 Rubisco protein   Arabidopsis 
thaliana  

 Rubisco protein levels rise, 
stabilizing photosynthesis in 
cold-stressed plants 

 Goulas et al. 
( 2006 ) 

 Sucrose biosynthesis 
enzymes 

  Arabidopsis 
thaliana  

 Sucrose biosynthesis enzymes 
are present in abundance in cold 
stress 

 Kaplan et al. 
( 2007 ) 

 Carbohydrates   Oryza sativa  L.  Cold-tolerant species 
accumulate sugar and raffi nose 
during old stress 

 Morsy et al. 
( 2007 ) 

 Trehalose 
6-phosphate 

  Arabidopsis 
thaliana  

 Trehalose induces accumulation 
of sucrose under LT 

 Paul ( 2008 ) 

 Carbohydrates   Arabidopsis 
thaliana  

 LT triggers starch degradation 
and sucrose synthesis 

 Maruyama et al. 
( 2009 ) 

 Polyamine   Cucumis sativus  
L. 

 Polyamine acts as ROS 
scavenger 

 Zhang et al. 
( 2009 ) 

 Carbohydrates   Arabidopsis 
thaliana  

 Soluble sugars and RFO’s help 
in stabilization of plants in LT 

 Korn et al. 
( 2010 ) 

 Proline   Cicer arietinum  
L. 

 Proline accumulate in cold-
tolerant plants under cold stress 

 Kaur et al. 
( 2011 ) 

 Soluble sugars, 
RFOs, proline and 
polyamines 

  Thellungiella  
and  Arabidopsis  

 Cold-induced metabolic changes 
differ from plant to plant 

 Lee et al. 
( 2012a ,  b ,  c)  
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6.8.1.1     Raffi nose Family Oligosaccharides 

 It has been widely reported that starch levels fall drastically in LT conditions 
(Strand et al.  1997 ,  1999 ; Goulas et al.  2006 ) but at the same time levels of soluble 
sugar and Raffi nose Family Oligosaccharides (RFOs) rise (Bachmann et al.  1994 ). 
RFOs are alpha-galactosyl derivatives of sucrose. These are soluble sugars such 
as trisaccharide (Raffi nose), tetrasaccharide (Stachyose), and pentasaccharide 
(Verbascose) (Bachmann et al.  1994 ). UDP-galactose is the precursor for RFOs. 
Their synthesis utilizes a series of alpha galactosyl-transferase in a sequential 
manner (Bachmann et al.  1994 ). Enzymes involved in RFOs synthesis include 
Galactinol Synthase (GS), Raffi nose Synthase (RS), and Stachyose Synthase 
(STS). Comparison of plants capable of cold acclimation and cold-sensitive plants 
revealed that STS in cold-tolerant plants but not in cold-sensitive plants is detect-
able at temperature below 15 °C. In Ajuga, stachyose was main carbohydrate 
found in phloem under cold stress. In populus, RFO levels rise in mid-winter and 
declines post-winter (Cox and Stushnoff  2001 ). RFOs have been shown to play 
cryoprotective role in many plants (Stushnoff et al.  1993 ; dos Santos et al.  2012 ; 
Egert et al.  2013 ). Subsequently, Raffi nose was proposed to function in membrane 
stabilization. It also seems to appear to interact with phospholipid head groups to 
increase cold tolerance (Morsy et al.  2007 ). Raffi nose was found to be having 
major role in membrane stabilization than other monosaccharides and disaccha-
rides (Rontein et al.  2002 ).  

6.8.1.2     Soluble Sugars 

 In cold hardy plants, synthesis of sucrose and the activity of enzymes involved in 
sucrose synthesis signifi cantly rise. Mutations in the enzymes of sucrose synthesis 
make the plant sensitive to cold. On the other hand, mutants overexpressing enzymes 
of sucrose synthesis were found to be freezing tolerant than wild type plants (Strand 
et al.  2003 ). 

 Transgenic  Arabidopsis  plants overexpressing Sucrose Phosphate synthase 
(SPS) exhibited better photosynthesis, mobilization of sucrose and enhanced freez-
ing tolerance as compared with wild type plants when shifted to 5 °C, while anti-
sense plants were impaired in sucrose mobilization and freezing tolerance (Strand 
et al.  2003 ). Exogenous application of sucrose conferred cold tolerance to freeze- 
sensitive plants. Sucrose supplementation to freezing-sensitive plants also exhibited 
reduced loss of osmotic responsiveness to a level comparable to cold acclimation of 
wild type (Uemura et al.  2003 ). 

 It has been observed that during initial phase of cold acclimation, transcripts of 
hexose kinase and fructose kinase are abundantly expressed. These enzymes are 
involved in synthesis of hexose 6-phosphate and fructose 6-phosphate, which are 
precursors of sucrose biosynthesis. This leads to accumulation of sucrose in plants 
during cold acclimation (Kaplan et al.  2007 ). Sucrose and glucose protects a plant 
by directly acting as a substrate for cellular respiration or as an osmolyte to maintain 
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cell homeostasis (Janmohammadi  2012 ). Fructan, a polymer of sucrose,  synthesized 
by fructosyl transferase, helps in membrane stabilization by binding to phosphate 
and choline head groups in lipid membrane (French and Waterhouse  1993 ). Fructan 
accumulation in cold-acclimating plants suggests their role in enhancing cold toler-
ance (Livingston et al.  2009 ). 

 Soluble sugars are also speculated to have regulatory effect on genes under cold 
stress conditions. COR78 gene expression levels increase when plants under LT are 
supplemented with sucrose. It appears that sucrose imparts control over COR78 
gene and upregulates its expression so as to acclimate plant to cold conditions 
(Rekarte-Cowie et al.  2008 ). Likewise, β-amylase also regulates some COR genes 
(Heidarvand and Maali Amiri  2010 ).   

6.8.2     Photosynthetic Activity 

 Many studies document the reduction in photosynthetic carbon dioxide uptake in 
chilling stress conditions as compared to normal conditions. In vitro assay has 
shown that at LT neither ribulose-1,5-bisphosphate carboxylase nor electron trans-
port from water to Dichlorophenol Indophenol in isolated thylakoid is inhibited. 
Reduction in photosynthetic activity was not attributed either to low phosphate 
concentration or to low carbon dioxide supply or to low sink to source ratio under 
cold stress (Bauer et al.  1996 ). Study done on conifers revealed that the rate of 
photosynthesis decreases in winters due to reduction in chlorophyll content 
(Hansen et al.  1996 ). 

 New leaves of plants subjected to 5 °C expressed high levels of Calvin cycle 
enzymes along with an increase in total protein content. On the other hand, a very 
small increase of these enzymes is observed in mature leaves of plants that were fi rst 
grown at normal temperature and later exposed to 5 °C. This suggested that leaves 
initiated under cold conditions are metabolically more tolerant to cold stress. 
Moreover, the levels of enzymes involved in sucrose synthesis in cytosol were found 
to increase more rapidly than enzymes of starch synthesis in chloroplast (Strand 
et al.  1997 ). An increase in Calvin cycle’s enzymes was also observed. This increase 
might be due to overall increase in proteins during cold stress. However, the increase 
in Calvin cycle enzymes was still less than that of the enzymes of cytosol involved 
in sucrose synthesis (Goulas et al.  2006 ). 

 DIGE analysis indicated that Rubisco small and large subunit proteins 
increased in cold stress (Goulas et al.  2006 ). Heidarvand and group ( 2013 ) found 
that Rubisco levels increase when ATP synthesis and Electron Transport activity 
declines. Warm grown leaves when exposed to cold stress showed high levels of 
ATP synthase proteins in stromal compartment. Their levels come back to normal 
when new leaves develop at 5 °C but are high when plant are suddenly exposed to 
cold stress. The ATP/ADP ratio in plants also increases under cold stress (Hurry 
et al.  2000 ). 
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6.8.2.1     Xanthophylls 

 Xanthophylls are yellow pigments found in leaves, synthesized in plastids. These 
are oxygenated carotenoids and do not require light for synthesis. Their accumula-
tion is known to surge under cold stress. They protect photosystems from oxidative 
damage by quenching triplet Chl and singlet oxygen during cold stress 
(Janmohammadi  2012 ). Xanthophyll acts as natural antioxidants. Free Zeaxanthin 
and carotienoids also seem to protect thylakoid membrane from any kind of 
 oxidative damage caused due to change in temperature conditions (Theocharis 
et al.  2012 ).  

6.8.2.2     Flavonoids 

 Flavonoids are secondary metabolites, synthesized by polypropanoid pathway from 
phenylalanine. These molecules have antioxidant activity and their concentrations 
increases in cold stress. Thus, stabilizing plants by scavenging oxidative species 
produced in cold stress (Janmohammadi  2012 ). Transcriptome analysis has revealed 
that under cold stress transcripts of fl avonoid synthesis increase thereby increasing 
fl avonoid concentration and protecting plant from oxidative damage (Theocharis 
et al.  2012 ). Flavonoids also appear to be responsible for cell membrane stabiliza-
tion as they accumulate in lipid phase of cell membrane at sub-zero temperatures 
(Korn et al.  2008 ).   

6.8.3     Membrane Lipids and Fluidity 

 Changes in temperature have a very prominent effect on permeability and 
 composition of membrane lipids in plants. Alteration in membrane lipid composi-
tion allows plant to survive not only in cold but also during intense heat conditions 
(Campos et al.  2003 ; Sage and Kubien  2007 ; Heidarvand and Maali-Amiri  2013 ). 
Fatty acid composition in membrane is the key factor involved in determining fl uid-
ity of the membrane. Saturated fatty acids ensure more rigidness as they favor 
hydrophobic interactions in membrane whereas unsaturated FAs increase fl uidity of 
membrane (Campos et al.  2003 ). It has been observed that in cold-tolerant species 
saturated to unsaturated fatty acid ratio decreases under cold stress. An alteration in 
unsaturated fatty acid (UFA) levels has also been reported in cold-stressed plants. In 
Chickpea, fatty acids with longer carbon chain are more abundant than shorter fatty 
acids. Along with this a high abundance of 18:3 UFA is seen as compared to 18:1 
and 18:2. Thus, indicating importance of FAs elongation and desaturation in toler-
ance against stress (Heidarvand and Maali-Amiri  2013 ). In  C. apoata , C16:1 con-
tributes toward membrane stability (Campos et al.  2003 ). High C16:1 in thylakoid 
membrane promotes LHCII oligomerization which enhances photosynthesis in cold 
stress conditions. However in cereals, C16:1 decreases in cold stress and so does 

6 The Omics of Cold Stress Responses in Plants



174

LHCII oligomerization. This was postulated to regulate energy distribution to avoid 
effects of photoinhibition caused by cold stress in plants. In cold-stressed plants, 
lipid peroxidation increases as is evident from high MDA levels in plants experienc-
ing cold conditions. 

 During recovery from cold stress, cold-tolerant plants ensure membrane stability 
by accumulating more of lipids that are able to withstand lower temperatures. 
Phosphatidylcholine (PC) and phosphatidyl ethanolamine (PE) are two phospholip-
ids that are highly abundant in plasmalemma and mitochondrial membrane. PC has 
lower phase transition temperature than PE. So, in recovery phase plants under cold 
stress have more PC to PE ratio (Campos et al.  2003 ). 

6.8.3.1     Electrolyte Leakage Index and Double Bond Index 

 Abundance of UFA in membrane increases permeability of membrane for solutes 
and ions. Integrity of membrane is evaluated by changes in Electrolyte Leakage 
Index (ELI) under stress condition. In a study, it was found that initially ELI 
increased continuously for 2 h and reach to its maximum at the end of this period 
immediately followed by a decline till 8 h. Initial increase and eventual decrease in 
ELI suggest induction of cold tolerance and the stability of membranes that plants 
try to attain after cold shock (Campos et al.  2003 ; Heidarvand and Maali-Amiri 
 2013 ). Degree of unsaturation in FAs also increases in low temperature grown 
plants. Double Bond index (DBI) is the parameter used to evaluate the level of 
UFAs. In many species, it was found that monogalactosyl diacylglycerol (MGDG) 
to digalactosyl diacylglycerol (DGDG) ratio as well as overall phospholipid content 
decreases under cold stress. In thylakoid membrane DGDG is known to provide 
high permeability of ions and more stability to lipids and proteins present in mem-
brane (Campos et al.  2003 ). 

 Lipoxygenase (LOX) is an enzyme involved in biosynthesis of jasmonic acid 
and other secondary metabolites involved in antioxidant activity. Increase in 
LOX activity and DBI is associated with lower levels of membrane damage and 
ELI. A protein PsbP, oxygen evolving complex (OEC) proteins, stabilizes water-
oxidizing complex of PSII and protects Mn cluster from oxidative stress during 
LT condition. Its level increases till ELI and MDA levels are high. Thus, it plays 
a cryoprotective role in stabilizing PSII and so electron transfer and energy gen-
eration processes for survival of plant. At the same time, an increase in levels of 
ATP synthase CF1 epsilon subunit was also observed. It is involved in ATP 
hydrolysis in chloroplast and mitochondria. Increase of epsilon subunit of CF1 
indicates high-energy requirement of cells during cold stress. Kinetic study 
revealed that at an early time point ELI, MDA, and H 2 O 2  levels are high due to 
sudden change in temperature. To combat temperature fl uctuation, the levels of 
longer UFAs, LOX, and ATP synthesis increase. Cytochrome  c  oxidase subunit 
6b-1 declined initially but regained its  levels after 8 h of cold stress (Heidarvand 
and Maali-Amiri  2013 ).   
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6.8.4     Polyamines 

 Polyamines are ubiquitous small aliphatic amines, carrying a positive charge at cel-
lular pH. Polyamines viz. putrescine (diamine), spermidine (triamine), and spermine 
(tetramine) have been reported to play vital role in modulating cellular and physio-
logical functions. Its polycationic nature allows it to interact with other molecules 
and exists as acid soluble and acid insoluble conjugates (Kasukabe et al.  2004 ). They 
can also interact with proteins involved in defense mechanism against various envi-
ronmental stresses. Polyamines also suppress ROS during cold stress (Cuevas et al. 
 2008 ). H 2 O 2  production in cold-stressed plants was reduced when these plants were 
supplemented with polyamine but its production increased when polyamine synthe-
sis inhibitor was applied. This clearly proves the role of PA as ROS scavenger (Zhang 
et al.  2009 ). Exogenous supply of polyamines to chilling- sensitive plants has sup-
pressed electrolyte leakage resulting in higher chilling tolerance. Cold-stressed 
plants also have reduced soluble protein content, which reaches to normal levels 
after exogenous supplementation of putrescine and spermidine (Zhang et al.  2009 ). 
Spermidine and spermine are biosynthetic precursors of β-alanine. In cold stress, the 
metabolic pathway of β-alanine biosynthesis also get upregulated. Thus, pointing 
toward the possible role of polyamines in cold condition (Töpfer et al.  2013 ). 

 In cucumber, cold-sensitive and -tolerant cultivars show different levels of H 2 O 2  
and polyamines in cold stress. Cold-tolerant cultivar, contrary to cold-sensitive one, 
has high levels of free polyamine and low level of H 2 O 2 . On application of PA syn-
thesis inhibitor, methyglyoxal-bis-(guanylhydrazone) (MGBG), polyamine level 
decreased and H 2 O 2  levels increased to a level similar to that of cold-sensitive 
 cultivar (Zhang et al.  2009 ). 

 A study showed that exogenous application of polyamine especially spermidine 
improved the functionality of enzymes involved in antioxidant Halliwell–Asada 
pathway (Kubis  2003 ). Polyamines have been shown to protect plasma membrane 
and act as antioxidant in other stress conditions also (Kim et al  2002 ). In oats and 
transgenic  Arabidopsis  putrescine levels increased at early stage of cold stress but 
there was no prominent increase in spermine or spermidine levels (Alcázar et al. 
 2010 ). Putrescine is a precursor for both spermidine and spermine. Thus, it is 
hypothesized that spermine and spermidine are under strict regulation (Cuevas et al. 
 2008 ). Arg decarboxylase (ADC), involved in synthesis of putrescine, is induced 
under cold stress. Accumulation of ADC isoforms in  Arabidopsis  under cold stress 
also indicates increased synthesis of putrescine (Alcazar et al.  2006 ). Mutations in 
 ADC  gene cause cold sensitivity in  Arabidopsis  (Cuevas et al.  2008 ).  

6.8.5     Nitric Oxide 

 Nitric oxide acts as a signaling molecule and triggers downstream pathways to com-
bat various physiological stress and developmental conditions. In  Arabidopsis , 
nitric oxide is known to be involved in cold stress response. Studies have found that 
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NO levels increases in wild type plants in response to cold stress. NO is synthesized 
by nitric oxide synthase (NOS) or nitrate reductase (NR). NO-synthase-like enzyme 
was proposed to produce NO by conversion of arginine to citrulline. However, the 
presence of such a protein is still under question. The other pathway utilizes enzyme 
nitrate reductase, which assimilate nitrogen by converting nitrate to nitrite (Zhao 
et al.  2009 ; Thakur and Nayyar  2013 ). NR is encoded by gene nitrate reductase NIA 
that is upregulated under cold conditions. Production of NO in cold stress is entirely 
dependent only on NR pathway.  Arabidopsis  NR double mutant  nia1nia2  exhibit 
defective NO production during cold stress and thus results in low freezing toler-
ance (Zhao et al.  2009 ). NO activates or inactivates a protein by S-nitrosylation of 
their thiol group. This leads to regulation of downstream processes (Abat and 
Deswal  2009 ). NO is also known to mediate signaling along with ABA, calcium, 
and hydrogen peroxide. It also plays key role in stomatal opening and closing under 
stress conditions (Neill et al.  2008 ).  

6.8.6     Proline 

 Proline is a unique amino acid derived from “pyrrolidine.” It acts as small organic 
cation required to maintain cytosolic acidity and membrane integrity 
(Janmohammadi  2012 ; Jouve et al.  2004 ). Accumulation of proline has been 
observed in plants tolerant to cold stress, indicting its involvement in cold acclima-
tion (Janmohammadi  2012 ; Kaur et al.  2011 ). Proline treatment to cold-sensitive 
plants reduced electrolyte leakage and stabilized membrane during cold stress. 
Malondialdehyde (MDA) is the end product of lipid peroxidation and is thus used 
as a marker for osmotic stress. In cell culture exposed to osmotic stress, MDA lev-
els shoot up but signifi cantly decline after proline supplementation. 

 The water and chlorophyll levels also increase due to proline treatment in cold- 
stressed plants (Kaur et al.  2011 ). Decreased levels of ROS in proline-treated 
plants describe its role in increased activity of antioxidants. The biochemical 
assays done by Hong et al. ( 2000 ) also supports that proline helps in reduction of 
free radicals that are formed due to osmotic stress. Even in osmotic stress, proline 
has been documented to play a role as free radical scavenger (Hong et al.  2000 ; 
Jouve et al.  2004 ). 

 Another in vitro assay, done to examine free radical scavenging activity of pro-
line, proved that proline accumulation during abiotic stress in plant could suppress 
ROS produced due to stress condition (Kaul et al.  2008 ). Cold stress induces lipid 
peroxidation and methylglyoxal (MG) production that decreases upon exposure to 
proline and betaine. MG is produced in cells due to abiotic stress along with ROS 
and is highly toxic to plants (Goulas et al.  2006 ). It reacts with proteins, carbohy-
drates, and DNA. Enzymes involved in glyoxalase pathway are stabilized by proline 
supplementation hence again indicating its role in enhancing antioxidant activity of 
plant. Exposure of proline also enhanced glutathione-S-transferase and glutathione 
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reductase activity in plants. These enzymes are majorly involved in detoxifi cation 
pathways (Goulas et al.  2006 ). 

 Cold has its effect on fl owering and pod generation as well. Proline depletion in 
cold-stressed plants increases their sensitivity to cold and leads to fl ower and pod 
abortion (Kaur et al.  2011 ). Proline levels were found to increase in cold-stressed 
plants till fourth day and decreased as cold persisted, to a level lower than normal. 
However, fl owering and pod generation retained in proline-treated plants. Lower 
proline content was earlier linked with male sterility also. Moreover, upon exoge-
nous application of proline enhances pollen germination. 

 Concentrations of proline in cold-stressed plants also regulate the carbohy-
drate levels (Kaur et al.  2011 ). Chilling-stressed plants have a lower level of 
sucrose and trehalose. These carbohydrates are quite important for acclimatiza-
tion of plants in cold stress as explained earlier. Upon proline treatment, plants 
were shown to acquire normal levels of carbohydrates aiding in cold acclimatiza-
tion. As a result of proline-induced carbohydrate levels, under chilling stress these 
were made available to other parts of plant especially pods and fl ower. Availability 
of sugar to pod and fl ower prevented their abortion (Kaur et al.  2011 ). Increase in 
proline level is directly associated with increasing NO level in cold stress. Mutants 
with reduced production of NO also exhibit lower proline content. Exogenous 
application of NO scavenger has shown to decrease the level of proline in cold-
stressed plants (Zhao et al.  2009 ).   

6.9     Conclusions and Perspectives 

 Stress disrupts metabolic homeostasis and plants require countless adjustments to 
acclimate these conditions. Here, we have documented various evidences of several 
genes and gene networks involved in regulating the cold-mediated responses by 
several “Omic”-based approaches. With the advent of increasing knowledge yielded 
from transcriptomic and proteomic-based studies now a shift is being taking place 
mostly toward metabolomic-based studies to understand the adaptive responses dur-
ing cold stress. Studies in future are expected to enhance our knowledge on the low 
temperature responsive transcriptome, proteome, and metabolome from different 
crops plants. These efforts are essential in order to understand the molecular net-
work of interacting proteins that confers freezing tolerance in crop plants. A con-
certed approach toward deciphering physiological and metabolic aspects of cold 
stress is needed to comprehend the phenotype of plants under cold stress. 
Nevertheless, there remains a major task in connecting these “Omic”-based 
approaches in different crop plants to develop a holistic ideology to tackle the prob-
lem of cold- and freezing-associated damages in the plants.     
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