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Abstrakt 
V disertační práci se zabývám porovnáním transkriptomických profilů odrůd ječmene 

(Hordeum vulgare L.) s odlišnou schopností chladové aklimatizace, a to na úrovni 

listu a odnožovacího uzle (OU). Odnožovací uzel jsem zvolila proto, že pro 

přezimování ozimých obilovin je to zásadní orgán. Abych pokryla první i druhou fázi 

aklimatizace, zvolila jsem tři týdny otužování při +3°C následované jedním dnem při 

-3°C. Mrazové poškození jsem měřila metodou konduktometrie (Publikace 2 a 3) 

s použitím optimalizovaného protokolu, který popsal Prášil a Zámečník (1998). Stejný 

protokol byl přizpůsoben pro sledování přírůstku mrazem poškozených rostlin 

(Publikace 2); pro tento účel byly testované rostliny po mrazovém cyklu zasazeny, 

seříznuty nad OU a byl sledován přírůstek a míra přežití během dalšího týdne. Pro 

transkriptomické analýzy jsem zvolila platformu DNA čipů Affymetrix (Close et al. 

2004) a pro jejich následnou analýzu programy R, MAS 5.0 (Ihaka a Gentleman 1996, 

Publikace 2 i 3),  Gene Spring GX 7.3 (Agilent Technologies, Santa Clara CA; 

Publikace 2) a MapMan (http://mapman.gabipd.org; Thimm et al. 2004; Usadel et al. 

2005; Publikace 2), „Self-Organizing Maps” algoritmus (Kohonen et al. 1996; 

Publikace 3), MIPS FunCat (Ruepp et al. 2004; http://mips.gsf.de/projects/funcat; 

Publikace 2). 

První část disertační práce tvoří literární rešerše, která shrnuje obecné poznatky o tom, 

jak se rostliny vyrovnávají s nízkými teplotami, včetně genové exprese a možných 

metabolických drah indukovaných nízkou teplotou u modelové rostliny Arabidopsis 

thaliana a v menší míře i u obilovin (Publikace 1). Experimentální část práce zahrnuje 

publikace 2 až 4. První je zaměřena na porovnání transkriptomických profilů OU a 

listů ozimého ječmene v průběhu první a druhé fáze aklimatizace (Publikace 2) a 

druhá (Publikace 3) na porovnání tří různě odolných odrůd ječmene se zaměřením na 

porovnání stresové odpovědi listů a OU. Publikace 4 se zabývá postupem výběru 

referenčních genů pro hodnocení transkripce pomocí real-time PCR u listů a OU 

ječmene za podmínek nízkých teplot a sucha. 

Hlavním cílem disertační práce bylo zjistit, jaký specifický molekulární mechanismus 

(mechanismy) je základem reakce OU ječmene na nízké teploty a identifikovat, které 

geny a signální/metabolické dráhy jsou indukovány specificky u mrazově odolných 

odrůd ječmene. Výsledkem práce bylo zjištění, že listy i OU reagují na nízké teploty 

indukcí genů, které jsou pod kontrolou kyseliny abscisové, z nichž většina se podílí na 
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osmotickém přizpůsobení. Transkripce genů kódující proteiny, které váží Ca2+ nebo 

kalmodulin, a genů kódující MAPK (mitogen-activated protein kinase) kaskádu, se 

měnila u obou typů orgánů a všech testovaných odrůd. Práce ukazuje, že klíčovým 

rozdílem mezi mrazově odolnými a citlivými odrůdami by mohla být schopnost 

udržení syntézy proteinů a zachování funkčnosti chloroplastů. Důležitým znakem 

odnožovacích uzlů odolných odrůd je schopnost selektivně reprimovat geny spojené s 

uspořádáváním nukleosomů a s regulací aktivity transposonů. Výsledky podporují 

tvrzení autorů Fowler a Thomashow (2002), že selektivní represe genů reprezentuje 

důležitou složku chladové aklimatizace. 
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(2005) Extension of the visualization tool MapMan to allow statistical analysis of arrays, 
display of coresponding genes, and comparison with known responses. Plant Physiol 138: 
1195–1204. doi: 10.1104/pp.105.060459 
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List of abbreviations 
1PH - the first phase of hardening (above zero) 

2PH - the second phase of hardening (below zero) 

4CL - 4-coumarate:CoA ligase	  

ABA - abscisic acid 

ACT - actin 

ADP-RF - ADP-ribosylation factor 1-like protein	  

CA - cold acclimation 

CAD - cinnamyl alcohol dehydrogenase	  

CAM - calmodulin 

CBF/DREB - C repeat-binding factor ⁄ DRE-binding protein  

CCR - cinnamoyl-CoA reductase 

CPK  - CAM-dependent kinases	  

CMT3 - DNA (cytosine-5)-methyltransferase 

COR - cold regulated (proteins) 

CRT - C repeat 

CV. - cultivar  

DHN - dehydrin 

DRE - dehydration-responsive element 

DTGs - differentially transcribed genes 

EF1α  - elongation factor 1α 

FT - freezing tolerance 

GABA - γ-aminobutyric acid 

GAD - glutamate decarboxylase 

GAPDH - glyceraldehyde-3-phosphate dehydrogenase 

HCT - hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase 
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HOGAPDH  - homologue of a putative GAPDH 

HOS1  - high expression of osmotically sensitive (protein) 

HSF - heat shock factor 

HSP - heat shock protein 

ICE1 - inducer of CBF expression  

LEAs - late embryogenesis abundant (proteins) 

LTPs - lipid transfer proteins 

LOS - low expression of osmotically responsive genes 

miRNAs - microRNAs 

MAPK - mitogen-activated protein kinase 

OU - odnožovací uzel 

P5CS - Δ 1-pyrroline-5-carboxylate synthetase 

PAL - phenylalanine ammonia-lyase 

PCR - polymerase chain reaction 

PL- phospholipase 

PIP - plasma membrane intrinsic proteins	  

PR - pathogen related (proteins) 

ProDH - proline dehydrogenase 

ROS - reactive oxygen species 

S-AMD - homologue of S-adenosylmethionine 

T6P - trehalose-6-phosphate 

TPP - trehalose-6-phosphate phosphatase 

TPS - trehalose-6-phosphate synthase 

TF - transcription factor	  
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Introduction 
Barley (Hordeum vulgare L.) is one of the most important cereals produced in the 

Czech Republic. Because winter barley has a weaker acclimation capacity than winter 

wheat's, its survival of a colder than average winter may not be high enough to 

maintain a sufficient population density during the spring growing season, the result 

of which is a suboptimal grain yield. An improved understanding of both the 

acclimation process to stress and of the mechanisms used for recovery from stress, is 

a key research area in the field of breeding for improved abiotic stress tolerance. The 

lack of a proper understanding of their regulation continues to hamper efforts to tackle 

this major breeding goal. Abiotic stress tolerance is typically quantitatively inherited, 

and interacts with other traits and pathways. Some interspecific variation has been 

identified among relevant gene products (Rajashekar 2000), but the regulation of 

many of the genes induced during cold acclimation (CA) are conserved between 

species (Cattivelli et al. 2002, Chen and Zhu 2004, Chinnusamy et al. 2006, 

Nakashima and Yamaguchi-Shinozaki 2006).  

Some components of wheat’s responses to drought, salinity and freezing stress are 

similar to one another (Langridge et al. 2006), while other responses, such as those 

involved in stomatal closure in the face of heat and drought stress, can be antagonistic 

(Rizhsky et al. 2002). Much information has been acquired regarding stress tolerance 

mechanisms and the genes underlying them in A. thaliana, but the transferability of 

this data to crop species, especially the monocotyledonous ones, has proven to be 

unreliable. Wheat and barley are far more drought and cold tolerant than A. thaliana, 

so it would seem more logical to concentrate on mechanisms and genes present in 

these species themselves. Microarray analyses have been used to generate a 

substantial amount of genetic data regarding the acclimative response of barley (Close 

et al. 2004). However, still many questions surrounding cereal abiotic stress tolerance 

remain to be resolved.  

1. Sensing and Signalling 

The sensing of low temperature may be facilitated via changes to membrane fluidity 

(Sangwan et al. 2002, Uemura et al. 2006, Vaultier et al. 2006, Wang et al. 2006), 

photosystem II excitation pressure (Gray et al. 1997, Ndong et al. 2001) or the 

formation of specific histone variants (Kumar and Wigge 2010, Janská et al. 2011). 
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After the initial release of secondary messengers, various signalling pathways are 

triggered, prompting the transcription of low temperature-regulated genes, as well as 

of genes involved in metabolic adjustment. The CBF/DREB (C repeat-binding 

factor/DRE-binding protein) signalling pathway is well defined in both Arabidopsis 

thaliana (e.g. Novillo et al. 2004, van Buskirk and Thomashow 2006) and the cereals 

(e.g. Campoli et al. 2009, Skinner et al. 2005, Sutton et al. 2009).  The major cis-

acting element involved in CBF/DREB is DRE (dehydration-responsive 

element)/CRT (C repeat). Two major groups of transcription factors (TFs) bind to 

DRE/CRT sequences, namely CBF/DREB1 in low-temperature signalling, and 

DREB2 during osmotic stress (Nakashima and Yamaguchi-Shinozaki 2006). CBF1, 2 

and 3 are all responsive to low temperature. CBF2/DREB1C is a negative regulator of 

both CBF1/DREB1B and CBF3/DREB1A. CBF3 is thought to regulate the 

expression level of CBF2 (Novillo et al. 2004, Chinnusamy et al. 2006). Thus, the 

function(s) of CBF1 and CBF3 differ from those of CBF2, and act additively to 

induce the set of CBF-responsive genes required to complete the process of CA 

(Novillo et al. 2007). Upstream of CBF lie both ICE1 (inducer of CBF expression), a 

positive regulator of CBF3, and HOS1 (high expression of osmotically sensitive), a 

negative regulator of ICE1. The HOS1 product is a RING E3 ligase targeting ICE1 for 

degradation in the proteasome (Dong et al. 2006). Because of the rapid (within a few 

minutes) induction of CBF transcripts following plant exposure to low temperature, 

ICE1 is unlikely to require de novo synthesis, but rather is already present in the 

absence of cold stress and is only activated when the temperature decreases 

(Chinnusamy et al. 2003). The LOS1 (low expression of osmotically responsive 

genes) product is a translation elongation factor 2-like protein, which negatively 

regulates CBF expression. To obtain transient expression of CBFs, the levels of CBF1 

and CBF3 transcript, after their induction by ICE1, are subsequently lowered by 

CBF2. Accordingly, the peak expression of CBF2 in response to low temperature has 

been shown to occur about 1 h later than that of either CBF1 or CBF3 (Novillo et al. 

2004). The same signal transduction pathway is also active in crop species (e.g. 

Sutton et al. 2009). The freezing tolerance of potato was successfully improved by the 

overexpression of AtCBF genes driven by a stress-inducible promoter (Pino et al. 

2007). The overexpression of AtCBF1 alone also enhanced freezing tolerance (Pino et 

al. 2008). Similarly, freezing tolerance in maize was improved by the transgenic over-

expression of AtCBF3 (Al-Abed et al. 2007). Tobacco plants over-expressing the rice 
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orthologue OsCBF1 showed not only an improved freezing and oxidative stress 

tolerance, but also up-regulated the expression of PR (pathogen related) genes, 

suggesting that this transcription factor plays a role in both the abiotic and biotic 

stress response (Gutha and Reddy 2008). Both Fowler and Thomashow (2002) and 

Svensson et al. (2006), however, were able to show that the majority of cold-regulated 

genes are CBF-independent; rather they are chloroplast- and light-dependent. 

Similarly, Crosatti et al. (1999) suggested that the chloroplast was the primary sensor 

of cold/light stress in barley. The expression of cold-regulated genes provides a 

stimulus for the excitation of photosystem II (Gray et al. 1997, Ndong et al. 2001). In 

effect, therefore, full cold acclimation appears to require both CBF activity, and the 

contribution of certain chloroplast factors (Svensson et al. 2006).  

Additional regulatory mechanisms have been identified, notably the WRKY 

transcription factors (Skinner 2009, Talanova et al. 2009, Winfield et al. 2010) and 

certain chloroplast factors in barley (Svensson et al. 2006). A recent research focus 

has centred on the role of microRNAs (miRNAs) as regulators of stress responses. 

Several stress- related elements are present in the promoter regions of certain 

miRNAs, and some miRNAs are known to be inducible by abiotic stress. miRNA 

expression profiling has also been used to demonstrate the existence of cross-talk 

between the salinity, cold and drought stress signalling pathways (Liu et al. 2008). 

Kumar and Wigge (2010) have demonstrated the importance of the epigenetic 

regulation of gene expression during a stress episode, since in A. thaliana, the histone 

H2A.Z appears to wrap the DNA more tightly at lower temperatures (12°C), but it 

changes to its more permissive canonical form H2A at higher temperatures which 

allows to transcribe the “warm transcriptome” (Kumar and Wigge 2010). Also our 

data imply involvement of nucleosome remodelling in cold stress response as a 

specific feature of crown tissues in winter barley (Janská et al. 2011). A number of 

genes associated with nucleosome assembly, transposon regulation, histones and 

cytoskeletal proteins were down-regulated in the crown in our recent study (Janská et 

al. 2014), in a manner consistent with the ranking of the cultivars’frost tolerance. So 

the implication is that there is a measure of epigenetic regulation of transcription 

during low temperature stress. Of particular significance is the down-regulation of 

CMT3, which encodes a methylase preferentially targeting transposon-related 

sequences (Pillot et al. 2010). The down-regulation of this enzyme can lead to 
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hypomethylation and subsequent transposon activation, reminiscent of the observation 

that in Antirrhinum majus, low temperature stress can induce hypomethylation and a 

consequent burst of Tam-3 transposon activity (Hashida et al. 2006). 

An altered ratio of ABA (abscisic acid) to gibberellin content, in favour of ABA, 

results in the retardation of growth required for prehardening (Junttila et al. 2002). 

Gibberellin content is regulated by a family of nuclear growth-repressing proteins 

called DELLAs, and these are components of the CBF1-mediated cold stress response. 

However, the degradation of DELLAs is stimulated by gibberellins (Achard et al. 

2008). 

2. Lipids  

The plasma membrane regulates the flow of molecules into and out of the cell, so the 

maintenance of its function during a stress episode is very important. Thus, the 

metabolism of lipids and fatty acids is also influenced during cold acclimation, a 

process involving the induction of desaturases (Gibson et al. 1994, Kodama et al. 

1995) and lipid transfer proteins (LTPs, Lev 2012) which maintain plasma membrane 

fluidity and thereby its function, as well as participating in lipid reorganization and 

protection against freezing damage (Zhang and Schläppi 2007). At low temperatures, 

unsaturated fatty acids of phospholipids are preferentially synthesized, while there is 

evidence that the activity of phospholipase D (involved in lipid catabolism) is 

suppressed (Rajashekar 2000).  

3. Cold Regulated Proteins 

Cold stress also compromise protein stability, so CA is associated with the synthesis 

of chaperons and various heat shock proteins, as well as dehydrins and particular 

cold-regulated (COR) proteins. All these proteins participate in the stabilization of the 

plasma membrane, membrane or cytosolic proteins, and are active in the scavenging 

of reactive oxygen species (ROS) (Iba 2002, Guo et al. 2009). Nakayama et al. (2008) 

have suggested that some of them, especially COR15am, function as a protectant by 

preventing protein aggregation. Microarray experiments have shown that the 

expression profile of specific combinations of dehydrin genes can provide a reliable 

indication of low temperature and drought stress (Tommasini et al. 2008). 
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4. Antifreeze Proteins 

Some plant species avoid tissue damage caused by extracellular ice formation by 

synthesizing antifreeze proteins, which bind to the ice crystals and change their shape 

or reduce their size (Griffith et al. 1992). These proteins are highly similar to the so-

called plant pathogen related (PR) proteins (Moffatt et al. 2006). Antifreeze proteins 

assemble as oligomers, which can bind to the surface of a newly formed ice crystal, 

and thereby influence its subsequent shape and growth. Their antifreeze activity is 

modulated by Ca2+, which is either released from pectin or bound to specific proteins. 

The β-1,3-glucanases, chitinases and thaumatin-like proteins have antifreeze activity 

in the apoplastic space, which means that they are able to inhibit the recrystallisation 

of intercellular ice, and even prevent the formation of intracellular ice (Wisniewski et 

al. 1999, Griffith and Yaish 2004, Renaut et al. 2006).  

5. Osmotic Adjustment 

A further important component of CA is the synthesis of compatible osmolytes, 

especially those responsible for the accumulation of soluble sugars (sucrose, raffinose, 

stachyose, trehalose), sugar alcohols (sorbitol, ribitol, inositol), the amino acid proline, 

and betaines (Hare et al. 1998, Iba 2002, Wang et al. 2003, Gusta et al. 2004). GABA 

(γ-aminobutyric acid) is an important amine-containing metabolite associated with 

cryoprotection in barley and wheat (Mazzucotelli et al. 2006). It is synthesised in the 

cytosol via the decarboxylation of glutamine by glutamate decarboxylase (GAD). In A. 

thaliana, GAD genes are rapidly up-regulated by the imposition of cold stress, well 

before any observable increase in GABA content (Kaplan et al. 2007). These data 

support the notion that glutamate availability and GAD activity are associated with 

freezing tolerance and GABA biosynthesis (Guy et al. 2008). 

Sugars represent not just an energy source, but are also carbon precursors, substrates 

for polymers, storage and transport compounds and signalling molecules (Rolland et 

al. 2006, Wormit et al. 2006). In cold-induced barley cell cultures, the extracellular 

sugar concentration regulates expression of the stress-responsive genes BLT4.9 (non-

specific lipid transfer protein) and DHN1 (dehydrin 1, Tabaei-Aghdaei et al. 2003). 

Three different glucose signalling pathways are known in plants: one is hexokinase-

dependent, the second glycolysis-dependent, and the third hexokinase-independent 

(Xiao et al. 2000). Hexokinase functions as an intracellular glucose sensor, while 

some membrane receptors probably act as extracellular sensors (Moore et al. 2003, 
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Rolland et al. 2006). It is also believed that plants have a disaccharide sensing system, 

involving sucrose and trehalose. Sucrose transport to the cell and its subsequent 

cleavage by invertase or sucrose synthase is the source of the signal (Koch 2004, 

Roitsch and Gonzalez 2004, Rolland et al. 2006, Sauer 2007, Iordachescu and Imai 

2008). Trehalose, a disaccharide confined mostly to organisms adapted to situations 

of extreme desiccation, where its role is to protect proteins and membranes, plays, 

together with its precursor trehalose-6-phosphate, an important regulatory role in 

sugar metabolism and plant development (Iordachescu and Imai 2008). In barley, 

trehalose induces the expression and activity of fructan biosynthesis enzymes. 

However, for fructan accumulation, glucose or mannitol is also required (Wagner et al. 

1986, Müller et al. 2000). From a microarray analysis following trehalose treatment, 

Bae et al. (2005) showed that the expression of a wide range of other genes was also 

influenced by trehalose. A role for trehalose and trehalose-6-phosphate in abiotic and 

biotic stress signalling has been confirmed by the observation that coordinated 

changes occur in transcript levels of the enzymes involved in their metabolism, 

especially after exposure to cold, osmotic and salinity stresses and in response to 

Pseudomonas syringae infiltration (Iordachescu and Imai 2008). 

Fructose-based polymers (fructans) also contribute to the cold and drought tolerance 

of several plant families. These molecules are synthesised from sucrose by 

fructosyltransferases, and help to stabilise membranes by binding to the phosphate 

and choline groups of membrane lipids. This stabilisation results in reduced water loss 

from the dry membranes (Valluru and Van den Ende 2008). In addition, fructans are 

suspected of stimulating the production of alternative cryoprotectants (Valluru et al. 

2008). Both size- and species-dependent differences are thought to exist among cereal 

fructans (Hincha et al. 2007). Some Poaceae species can accumulate fructans 

(Triticum, Hordeum, Avena, Poa, Lolium), but others cannot (Oryza). This difference 

was supposed by Ji et al. (2006) to reflect an evolutionary event that separated the 

Panicoideae (rice, sorghum, maize, etc.) from the Pooidae (wheat, barley, rye, etc.). 

Although all cereal species have invertases (from which fructan biosynthesis enzymes 

evolved), the fructan non-accumulators lack fructan biosynthesis enzymes. Some data 

have also been generated to suggest a role for ß-amylase during cold and other abiotic 

stresses. The hypothesis put forward by Kaplan et al. (2006) was that this enzyme 
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provides some protection to photosystem II photochemical efficiency by catalysing 

the synthesis of maltose. 

Because extracellular freezing can cause cell dehydration, the down-regulation of 

aquaporins (water channels that regulate water efflux) may well be important for cold 

acclimation (Peng et al. 2008).  

6. Secondary Metabolism 

The expression of secondary metabolism genes is generally well correlated with 

freezing tolerance (Hannah et al. 2006, Usadel et al. 2008). In A. thaliana, cold stress 

induces the biosynthesis of flavonoids and anthocyanins, glucosinolates, terpenoids 

and phenylpropanoids (Kaplan et al. 2007). 

7. Freezing Tolerance 

Freezing tolerance, an important component of winter survival (Livingston et al. 

2007), can be induced by exposing plants to a period of low (slightly > 0°C) 

temperature, in a process referred to as the first phase of hardening (1PH). The 

treatment triggers a series of physiological changes, along with the resetting of the 

expression level of a large number of genes, the products of which are presumably 

associated with helping the plant to survive exposure to low temperature stress. The 

second phase of hardening (2PH), which further increases the level of freezing 

tolerance, involves a period of exposure to sub-zero temperatures (Trunova 1965). 

Similarly, this treatment is associated with extensive physiological, morphological 

and molecular changes (Herman et al. 2006), which are thought to enable the 

successful over-wintering survival of autumn-sown cereal crops (Livingston et al. 

2007).  Although considerable efforts have been devoted to identifying the genes and 

their products involved in both the first (Campoli et al. 2009, Kocsy et al. 2010) and 

second (e.g. Herman et al. 2006, Livingston and Henson 1998) phases of hardening, 

as well as in the discovery of markers for freezing tolerance (Houde et al. 1992, 

Kosová et al. 2013), as yet there is no consensus regarding either the relevant 

signalling pathways or their modulation.  

A prominent morphological feature of winter-sown cereal plants is the meristematic 

structure lying at the junction of the root and the stem, called the crown. This 

structure is responsible for the re-establishment of growth when permissive conditions 

return in the spring (Winfield et al. 2010) and thus makes a significant contribution to 
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winter survival (Olien 1967). Survival depends on the viability of specific tissues 

within the crown (Livingston et al. 2006). Despite this knowledge, the majority of CA 

gene expression studies to date have ignored this important organ. However, the 

crown’s physiological, transcriptomic, proteomic and metabolomic responses to cold 

stress have begun to be explored (Ganeshan et al. 2008, Livingston et al. 2006, Pearce 

et al. 1998, Sutton et al. 2009, Winfield et al. 2010), with some attention being paid to 

both 2PH (Herman et al. 2006, Livingston and Henson 1998, Zámečník et al. 1994) 

and the adjustment of the postacclimation transcriptome (Skinner 2009). 
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Aims of the PhD research 
The major aim of the research was to investigate whether the low temperature 

response of the crown is mediated by any characteristic molecular mechanism(s), and 

to identify the set of genes and signalling/metabolic pathways activated in a frost 

tolerant but not in an intolerant barley cultivar. 

 

To resolve these general aims, the following specific ones were set: 

l To understand the physiological basis of low temperature acclimation and the 

signalling/metabolic pathways involved in the plant response to low 

temperature stress (Paper 1), 

l To identify the spectrum of barley cv. Luxor genes which were up- or down-

regulated by low temperature during the first and the second phase of hardening 

(Paper 2), 

l To reveal which sequences (and their corresponding metabolic processes) were 

specifically activated/repressed in the crown or the leaf in response to low 

temperature stress in cv. Luxor (Paper 2), 

l To identify low temperature responsive genes transcribed similarly in the leaves 

and crowns of all three cultivars (cvs. Luxor, Igri and Atlas 68) (Paper 3), 

l To identify genes which were highly up-regulated in cv. Luxor, mildly up-

regulated in cv. Igri but only marginally (if at all) up-regulated in cv. Atlas 68 

(referred to as “Group 1” genes, likely to be associated with freezing tolerance) 

(Paper 3), 

l To identify those genes which behaved in the opposite manner to the Group 1 

ones (Group 2 genes, likely negatively correlated to freezing tolerance) (Paper 

3), 

l To identify genes up-regulated in just cvs. Igri and Luxor (Group 3 genes, 

induced specifically in the winter cultivars) (Paper 3), 

l To identify genes down-regulated in just cvs. Igri and Luxor (Group 4 genes, 

repressed only in the winter cultivars) (Paper 3), and 

l To identify a set of robust reference genes to be used for the assessment of 

transcript abundance via the quantitative real-time PCR technique (Paper 4). 
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Results and Discussion 

1. Monitoring cold acclimation in barley 

The freezing test confirmed cv. Atlas 68 to be the most non-hardy and cv. Luxor to be 

the most hardy. This applied to both the leaf and the crown, and was particularly 

apparent at the beginning of the second phase of hardening, which coincided with the 

development of freezing tolerance (Fig. 1 in Paper 3). 

 

2. Is there any specific molecular mechanism(s) that characterize the cold response 

of the crown, the key organ for winter survival? 

To date, much of the focus of cereal transcriptome analysis has been at the level of the 

whole plant (e.g. Campoli et al. 2009, Kocsy et al. 2010, Monroy et al. 2007) or in the 

leaf (e.g. Atienza et al. 2004, Badawi et al. 2007), although it is clear from 

physiological studies that in the temperate cereals, the critical organ for winter 

survival is the crown (summarised by Livingston et al. 2005). The modulation of the 

crown transcriptome in response to low temperature has received some attention 

(Ganeshan et al. 2008, Herman et al. 2006, Pearce et al. 1998, Skinner 2009, Sutton et 

al. 2009, Winfield et al. 2010), but there has been little, if any, focus on any specific 

mechanism(s) which differentiate the responses to cold of the crown from the leaf. 

The Paper 2 represents an attempt to contrast gene expression in the winter barley leaf 

with that in the crown over the course of CA and subsequent sub-zero temperature 

hardening. We explored the notion that the crown possesses specific cold responsive 

features, which can explain its key role in winter survival. 

 

2.1. Differentially transcribed genes (DTGs) 

As might have been predicted, the leaf and crown do share some aspects of the 

acclimation response. The first and transient common response (within 1 day of 

exposure to +3°C and −3°C) included the expression of genes involved in Ca2+ 

signalling and certain co-regulated genes (drought-related transcription factors, LEAs 

(late embryogenesis abundant genes), DHN). The more delayed response (after 3 days 

of low temperatures) included genes involved in hormone (ABA, putrescine) 

signalling and osmotic adjustment (starch breakdown, proline biosynthesis), together 

with the expression of COR genes. These transcriptomic changes may be considered 

as a common (or basal) response to low temperature stress. However, it has become 
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clear that both these organs also display some specific features during response to low 

temperatures. Thus, in the leaf, the rapid transient response consisted of Ca2+ 

signalling via calmodulin (CAM), CAM-dependent kinases (CPK) and CAM-binding 

HSP (heat shock protein, lipase3); some small HSPs and CORs were co-regulated. A 

rapid but more long-lasting response was shown by genes encoding chloroplast-

localized proteins, a small HSP and HSPs 70 and 101, HSF (heat shock factor) and 

DHN. Additional classes of genes induced after 3 days following their initial partial 

suppression at 1 day included those encoding components of glycine betaine synthesis, 

as well as P5CS (Δ 1-pyrroline-5-carboxylate synthetase), OSM34, LOS1 and 2. The 

product of LOS1 is known to negatively regulate CBFs (Guo et al. 2002). Many of the 

CBF genes were not identified as DTGs because their expression tended to be very 

rapid (within a few hours of exposure to cold) and was typically no longer detectable 

after 24 h of stress exposure. However, a barley homologue of TaCBF9 was clearly 

up-regulated in both the leaf and the crown after 1 day exposure to +3°C and −3°C. 

The crown’s rapid response to low temperature included some small-scale changes in 

the expression of genes involved in photosynthesis. These genes were more highly 

expressed in the leaf, but there, their expression was unaffected by cold stress. The 

surprising induction of genes related to photosynthesis in this non-photosynthetic 

organ has already been noted by Skinner (2009), who suggested a protective rather 

than a photosynthetic role for them. The more delayed response included genes 

responsive to ABA and auxin as well as some involved in nucleosome assembly. The 

local unwrapping of DNA is needed for RNA polymerase in order to transcribe the 

up-regulated genes as well as for the ability of repressors to bind to DNA and block 

the transcription of down-regulated genes (summarised by Kumar and Wigge 2010). 

In A. thaliana, the histone H2A.Z appears to wrap the DNA more tightly at lower 

temperatures (12°C), but it changes to its more permissive canonical form H2A at 

higher temperatures which allows to transcribe the “warm transcriptome” (Kumar and 

Wigge 2010). Here, a number of histone genes, but especially H2A and HTA11, were 

transiently down-regulated and co-regulated with the expression of a histone-like TF 

(nuclear factor Y, At1g07980) as a response to cold stress; note that the AtHTA11 

sequence shares high homology with various H2A.Z orthologues (March-Díaz and 

Reyes 2009). The down-regulation of HTA11 barley homologue, which began after 

the first day at +3°C and peaked in the crown between days 3 and 7, could therefore 

have led to a transient release of the DNA from histone wrapping and a subsequent 
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burst of transcription of the “cold transcriptome”. Correlating, temporally at least, 

with the highest number of crown-specific DTGs (identified from the sample taken 

after 3 days of cold stress) and the aspects of the crown’s physiology (freezing 

survival, osmotic potential, dry weight and melting temperature) were also at their 

most dynamic between days 3 and 7. Thus, our data imply involvement of 

nucleosome remodelling in cold stress response as a specific feature of crown tissues 

in winter barley. 

 

2.2. Metabolic pathways potentially activated during cold acclimation 

Genes involved in some of the pathways responsible for osmolyte production or 

secondary metabolism frequently behaved differently in the crown and leaf. There 

was a pronounced level of proline accumulation during 1PH in both the leaf and 

crown, with a particularly high expression of P5CS in the leaf. The GABA 

biosynthesis gene GAD was expressed in the leaf at the beginning of 1PH and 2PH. 

Data support the suggestion of Mazzucotelli et al. (2006) that proline, as opposed to 

GABA, is not accumulated at sub-zero temperatures. The expression profiles 

suggested that maltose and glucose were accumulated in the leaf and crown during 

both 1PH and 2PH, as a consequence of the up-regulation of genes encoding starch 

and sucrose degradation enzymes. While in the crown, there is evidence for sucrose 

transport, in the leaf both vacuolar and apoplastic invertases were up-regulated during 

1 and 2PH; this activity implies the consumption of sucrose by the leaf. The 

apoplastic invertase was up-regulated in the crown only at sub-zero temperatures. 

This observation suggests that the alteration of invertase activity in the crown during 

2PH is a specific adaptive response which aids plant survival in the face of extreme 

cold (Livingston and Henson 1998). Both α- and β-amylase encoding genes were 

induced in the crown during 1PH and 2PH, and in leaf during 1PH; β-, but not α-

amylase genes, were further up-regulated in the leaf during the transition to 2PH, 

consistent with the observations of Kocsy et al. (2010).  Trehalose-6-phosphate (T6P), 

the product of TPS (trehalose-6-phosphate synthase) activity, is an indicator of 

sucrose availability and an inhibitor of starch breakdown. The presence of trehalose 

(produced from T6P by TPP (trehalose-6-phosphate phosphatase) activity), and the 

absence of T6P have opposite effects on sugar signalling, starch breakdown, leaf 

development and flowering (Lunn et al. 2006, Lunn et al. 2010, Paul 2007). The 

expression patterns of TPS and TPP were consistent with the possible absence of T6P 
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and induction of genes coding for starch breakdown enzymes in both crown and leaf. 

The transient expression of TPP induced by low temperature in both the leaf and the 

crown, together with the transient accumulation of trehalose at low temperatures in 

rice (Pramanik and Imai 2005), support the hypothesis that both trehalose and 

trehalose-6-phosphate act as signalling molecules rather than as osmolytes. Our 

results suggest that raffinose is accumulated in the crown over the whole cold 

acclimation period, whereas in the leaves this only occurs in the early stages of 

exposure to both low and sub-zero temperature stress. Galactinol was probably 

accumulated during 1PH in the leaf and during both 1PH and 2PH in the crown. 

Overall, the raffinose oligosaccharides appear to be important components of the cold 

acclimation process in winter barley. Significant increases, measured during 1PH, in 

the abundance of galactinol synthase transcript, have been noted in wheat (Winfield et 

al. 2010). Both galactinol and raffinose are believed to protect cells against oxidative 

damage (Nishizawa et al. 2008).  The cold-induced up-regulation of lignin 

biosynthesis genes PAL (phenylalanine ammonia-lyase), 4CL (4-coumarate:CoA 

ligase), HCT (hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase), 

CCR (cinnamoyl-CoA reductase) and CAD (cinnamyl alcohol dehydrogenase) in the 

leaf, and also of the gene encoding laccase in both the leaf and crown (Tables 1 and 2 

in Paper 2) suggests that polymerization of monolignols could be protective against 

damage caused by reactive oxygen species (Takahama and Oniki 1997) and/or by the 

presence of free phenols (Whetten and Sederoff 1995), given that the esterified forms 

of phenolic acids allow their transport into the plant vacuole (Dixon and Paiva 1995). 

On the other hand, the peroxidase genes presumably involved in lignin polymerization 

were down-regulated by low temperature. Unlike in the leaf, the expression during 

CA of genes involved in monolignol synthesis was either down-regulated or 

unaffected in the crown. Overall, the suggestion is that monolignols, rather than lignin 

polymers, are synthesised in the leaf of barley in response to acclimation, while in the 

crown, lignin polymers are favoured over monolignols. The induction of expression 

of genes responsible for sucrose degradation in the leaf, and the up-regulation of 

many of the enzymes participating in monolignol synthesis support the hypothesis 

proposed by Rogers et al. (2005) that lignin synthesis depends on the availability of 

hexose carbohydrates. However, in the crown, it was the expression of sucrose 

transporter genes, rather than of the sucrose degradation machinery, which was 

induced, and the lignin synthesis enzyme genes were largely down-regulated; this 
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implies that the crown enhances the polymorphism of its lignin via methyltransferase 

activity, rather than via any promotion of lignin precursor synthesis. 

 

3. Genes and signalling/metabolic pathways, which discriminate frost tolerant from 

intolerant barley cultivars 

Since the aim was to identify genes and signalling/metabolic pathways associated 

with the degree of frost tolerance, the full set of DTGs was divided into “common” 

(those responding similarly in all three cultivars, comprising 1,959 probe sets [List A 

in Fig. 3 in Paper 3]) and “cultivar-specific” (detected in only one or two of the 

cultivars [3,273 probe sets, List B in Fig. 3 in Paper 3]) cold responsive genes. A 

Pearson correlation analysis of the List A genes was used to compare the cv. Atlas 68 

vs cv. Igri, cv. Atlas 68 vs cv. Luxor and cv. Igri vs cv. Luxor responses. Those DTGs 

for which the correlation was at least 0.9 in all three comparisons were assembled as 

List C (760 probe sets). Those in List A but not List C were re-classified as either 

Group 1 (up-regulated by low temperature) or Group 2 (down-regulated by low 

temperature) genes. The List B genes which were up-regulated only in cvs. Igri and 

Luxor were assigned as Group 3 genes (149 probe sets), while Group 4 gathered those 

List B genes which were down-regulated only in cvs. Igri and Luxor (Fig. 3 in Paper 

3). The List C and Groups 1-4 members were analysed using the Kohonen et al. 

(1996) Self Organizing Maps algorithm, which generates a two dimensional structure, 

where each Cluster is denoted by a label in the form “XxY”.  

 

3.1. Differential gene transcription in the leaf during the first and second phase of 

hardening 

In the leaf, the most prominent signalling pathways featured phospholipases C and D, 

and CBF/DREB. Phospholipase C was induced to a similar extent in all three cultivars, 

but phospholipase D was up-regulated in cv. Luxor much more strongly than in cv. 

Atlas 68. Phospholipases are known to be involved in the transduction of stress 

signals (Xiong et al. 2002) and the identification of a phospholipase which is 

expressed in a fashion which mirrors overall frost tolerance may indicate that the 

phospholipase-mediated pathway has some influence over the determination of frost 

tolerance in the barley leaf. In the leaf, but not in crown, one of the responses to low 

temperature was the modulation of some genes encoding components of the plant's 
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protein synthesis machinery and others responsible for proteins involved in 

chloroplast activity. The data support the suggestion made by Svensson et al. (2006) 

that both chloroplast development and the transcription of genes encoding 

chloroplast-localizing proteins are vital for the process of cold acclimation. The large-

scale up-regulation of genes involved in protein synthesis supports the idea that de 

novo protein synthesis is required to drive metabolism towards cold acclimation (Guy 

1990, Perras and Sarhan 1989). The induction of genes involved in the synthesis of 

new proteins and proteins involved in chloroplast activity can perhaps explain the 

differential acclimation capacity of hardy and non-hardy cultivars. 

Genes encoding chlorophyll a/b binding proteins were generally down-regulated by 

low temperature. This repression is believed to be a photo-protective mechanism 

inhibiting the generation of ROS during an episode of low temperature stress 

(Vergnolle et al. 2005). Genes encoding proteins localizing to the mitochondrion or 

involved in mitochondrial transport were up-regulated specifically in the leaf of the 

two winter type cultivars. In particular, the one which encodes the uncoupling protein 

UCP1/PUMP1 required for efficient photosynthesis (Sweetlove et al. 2006) has been 

shown to contribute towards tolerance in a number of abiotic stress responses, via its 

capacity to mitigate oxidative stress and drive stomatal closure (Begcy et al. 2011). 

On the other hand, low temperature tends to repress water transport. Although the low 

temperature-induced down-regulation of PIP (plasma membrane intrinsic proteins) 

genes is commonplace in both chilling sensitive and tolerant rice cultivars, their 

transcription during the post-stress recovery period tends to be higher in more tolerant 

cultivars, suggesting the participation of PIPs in the re-establishment of water balance 

following the stress episode (Yu et al. 2006). 

 

3.2. Differential gene transcription in the crown 

Within the crown, a proline dehydrogenase 2 gene (ProDH2, at5g38710) was 

prominently induced, which is consistent with the Funck et al. (2010) suggestion that 

proline homeostasis in the vasculature is important, especially under stressful 

conditions. While ProDH1 was transcribed constitutively, ProDH2 was specifically 

up-regulated by salinity stress. A gene encoding a bZip transcription factor was 

induced in the crown of the winter type cultivars. The over-expression of this gene in 

A. thaliana has been shown to enhance the plant's salinity, drought and low 

temperature tolerance via the regulation of transcription of certain Ca2+- dependent 
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protein kinase genes (Tang and Page 2013). Among the genes specifically repressed 

in the crown were those encoding proteins localizing to the cell wall or involved in 

cell wall synthesis. The down-regulation of genes either participating in cell wall 

synthesis or encoding products which are deposited in the apoplast is consistent with 

the suggestion made by Dinari et al. (2013) that the cell wall makes a major 

contribution to stress tolerance. A number of genes associated with nucleosome 

assembly, transposon regulation, histones and cytoskeletal proteins were down-

regulated in the crown, in a manner consistent with the ranking of the cultivars' frost 

tolerance. The implication is that there is a measure of epigenetic regulation of 

transcription during low temperature stress. Of particular significance is the down-

regulation of CMT3, which encodes a methylase preferentially targeting transposon-

related sequences (Pillot et al. 2010). The down-regulation of this enzyme can lead to 

hypomethylation and subsequent transposon activation, reminiscent of the observation 

that in Antirrhinum majus, low temperature can induce hypomethylation and a 

consequent burst of Tam-3 transposon activity (Hashida et al. 2006). 

 

4. The choice of a reference gene set suitable for assessing transcription in barley 

plants subjected to low temperature and drought stress 

Real-time PCR has been widely exploited to assess gene expression (Bustin and 

Dorudi 1998, Czechowski et al. 2004, Macia´-Vicente et al. 2009, Terzi et al. 2010, 

Zampieri et al. 2010, Takahashi et al. 2010, Chi et al. 2012). It has been recognized 

that the quality of the data can be affected by a number of experimental factors 

(Faccioli et al. 2007, Zhong et al. 2011), but many of these problems can be addressed 

by the appropriate choice of internal controls and the application of appropriate 

statistical analysis (Faccioli et al. 2007). Three software packages (GeNorm, 

NormFinder and BestKeeper) have been developed to identify sets of reference genes. 

As reported by Demidenko et al. (2011), they do not necessarily yield exactly the 

same set of recommended reference genes from a given data set, but their predictions 

did not greatly diverge from one another. In barley seedlings exposed to low-

temperature stress, the optimal reference genes for estimating gene expression were 

ACT (actin), HSP70 (homologue of heat shock protein 70) and ADP-RF (ADP-

ribosylation factor 1-like protein). All three software packages identified the 

expression of ACT as being quite stable, while that of HSP70 was only classed as very 
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stable by NormFinder and BestKeeper, and that of ADP-RF only by NormFinder. 

Neither GAPDH (glyceraldehyde-3-phosphate dehydrogenase) nor EF1α (elongation 

factor 1α) featured in the set, because BestKeeper analysis indicated an SD of > 1 for 

both. With respect to the drought treatment, the optimal reference gene set consisted 

of GAPDH, HOGAPDH (homologue of a putative GAPDH) and EF1α. GAPDH 

expression was classified as very stable by all three packages, EF1α by NormFinder 

and BestKeeper, and HOGAPDH by GeNorm. Although, GeNorm predicted that two 

reference genes would be sufficient for normalization, a third was included for greater 

precision. Note that Vandesompele et al. (2002) have made a general recommendation 

that the reference gene set should include three members. Given that gene expression 

can be highly tissue or organ-specific, there is an argument for optimizing the 

reference gene set for each tissue/organ under study. A separate treatment of the leaf 

and crown expression data led to the recommendations that HSP70 and S-AMD 

(homologue of S-adenosylmethionine) (and possibly HSP90) can be used as the 

reference genes for low temperature stressed leaves, HSP90 and EF1α for low 

temperature stressed crowns, cyclophilin and ADP-RF (and possibly ACT) for 

drought-stressed leaves, and EF1α and S-AMD for drought-stressed crowns. These 

results provide clear guidelines for the selection of reference genes in barley leaf and 

crowns under temperature and drought-stress conditions. 
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Conclusions 
In this section, I summarize the main results obtained in Paper 2, Paper 3 and Paper 4. 

• The most noteworthy features of the specific processes and genes involved in 

the response of the winter hardy cultivar barley crown to cold stress, based on 

the recognition that the crown is key for the successful overwintering of 

cereals, were the transient changes observed in the transcription of 

nucleosome assembly genes and especially in the expression of H2A and 

HTA11 which have been implicated in temperature sensing in A. thaliana 

(Kumar and Wigge 2010). 

 

• Many of the genes involved in pathways responsible for osmolyte production 

and secondary metabolism had distinct expression profiles in the crown and 

leaf of the winter hardy cultivar Luxor. A number of genes responsible for 

sucrose degradation were induced in the leaf during CA, whereas, in the crown, 

it was the expression of sucrose transporter genes, rather than of the sucrose 

degradation machinery, which was induced. The gene expression data implied 

that raffinose oligosaccharides are likely to be important in the winter barley 

CA response, especially in the crown. The idea that both trehalose and 

trehalose-6-phosphate act as signalling molecules rather than as osmolytes was 

also supported by the data. Monolignols, rather than lignin polymers, are 

synthesised in the leaf of barley during CA, while in the crown, lignin 

polymers are favoured over monolignols. In addition, the crown enhances the 

polymorphism of its lignin via methyltransferase activity, rather than via the 

promotion of lignin precursor synthesis. 

 

• Both the leaf and the crown of all the three cultivars (winter hardy cv. Luxor, 

winter cv. Igri, spring cv. Atlas 68) responded to low temperature stress by up-

regulating a suite of ABA responsive genes, most of which have been 

identified in A. thaliana as participating in osmotic adjustment. Ca2+, 

calmodulin binding and the MAPK (mitogen-activated protein kinase) cascade 

were common as signalling mechanisms. Genes encoding lipid transport 
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proteins, and possible antifreeze proteins were induced and those encoding 

proteins participating in the oxidative stress response were repressed.  

 

• The overall picture painted by the transcriptomic data set of all three cvs. 

indicated that the maintenance of protein synthesis (through the induction of 

several elongation factors) and chloroplast function in the leaf is the key 

difference between a frost tolerant and a frost susceptible cultivar. On the 

other hand, the most important feature of the crown lies in its ability to 

selectively repress genes associated with nucleosome assembly and transposon 

regulation. The results provide support to the proposal made by Fowler and 

Thomashow (2002) that the selective repression of genes is likely to represent 

a major component of the cold acclimation response. 

 

• A separate treatment of the leaf and crown expression data (using real-time 

PCR) led to the recommendations that HSP70 and S-AMD (and possibly 

HSP90) can be used as the reference genes for low temperature stressed leaves, 

HSP90 and EF1α for low temperature stressed crowns, cyclophilin and ADP-

RF (and possibly ACT) for drought-stressed leaves, and EF1α and S-AMD for 

drought-stressed crowns.  
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Cold stress and acclimation – what is important for metabolic
adjustment?
A. Janská1,2, P. Maršı́k3, S. Zelenková2 & J. Ovesná1
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2 Charles University in Prague, Faculty of Science, Prague, Czech Republic

3 Laboratory of Plant Biotechnologies, Joint Laboratory of Institute of Experimental Botany Academy of Sciences CR, v.v.i. and Crop Research Institute,
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INTRODUCTION

Environmental variables, especially those affecting water
availability and temperature, are the major determinants of
plant growth and development. Oceans and the low-tempera-
ture Polar regions occupy almost 80% of the Earth’s surface.
Only one-third of the total land area is free of ice, and some
42% of this land regularly experiences temperatures below
)20 �C (Juntilla & Robberecht 1999). In such areas, plants
require specialised mechanisms to survive exposure to low
temperature. Most temperate plant species have evolved a
degree of cold tolerance, the extent of which is typically
dependent on a combination of the minimum temperature
experienced and the length of exposure to cold stress. Varia-
tion in tolerance level can be genetically determined, as well
as being affected by plant developmental stage and physiolog-
ical status at the time of exposure. A number of major tem-
perate crop species are sown in the autumn and reach
maturity in the following summer. Plant survival over the
winter period – termed winter hardiness – can be broken
down into a number of simpler components, one of the most
important of which is frost tolerance (Tantau et al. 2004).
Identification of the key genes underlying cold stress has thus
become a major priority in the search for improved crop
winter hardiness. A deeper understanding of the regulation of
these genes, and of their response to low-temperature stress,
would allow clarification of the ways in which plants adjust
to the stress. Knowledge of this type is widely expected to

provide opportunities for the manipulation of gene expres-
sion in crop plants, with a view to engineering higher levels
of cold tolerance.

COLD ADAPTATION

Species adapted by natural selection to cold environments
have evolved a number of physiological and morphological
means to improve survival in the face of extended cold peri-
ods (Guy 1999). Typically, these species – herbs, grasses and
ground shrubs – are of short stature, have a low leaf surface
area and a high root ⁄ shoot ratio. Their growth habit takes
full advantage of any heat emitted from the ground during
the day and minimises night chilling, since air temperature is
maintained most effectively near the soil surface (Nilsen &
Orcutt 1996). Cold-adapted plants tend to be slow growing,
have the C3 mode of photosynthesis and store sugars in
underground tissues. Plants well adapted to cool environ-
ments have evolved an efficient respiration system, which
allows them to rapidly mobilise stored reserves during the
short growing season. The timing of developmental and
physiological responses to environmental stress is under strict
genetic control (Guy 1999).

STRESS AVOIDANCE AND TOLERANCE

The two distinct strategies taken by plants to combat low-
temperature stress are avoidance and tolerance. Stress avoid-
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Drnovská 507, 161 06 Prague 6, Czech

Republic.

E-mail: janska@vurv.cz

Editor

W. Ernst

Received: 8 October 2009; Accepted: 3

November 2009

doi:10.1111/j.1438-8677.2009.00299.x

ABSTRACT

As sessile organisms, plants are unable to escape from the many abiotic and biotic
factors that cause a departure from optimal conditions of growth and development.
Low temperature represents one of the most harmful abiotic stresses affecting tem-
perate plants. These species have adapted to seasonal variations in temperature by
adjusting their metabolism during autumn, increasing their content of a range of
cryo-protective compounds to maximise their cold tolerance. Some of these mole-
cules are synthesised de novo. The down-regulation of some gene products repre-
sents an additional important regulatory mechanism. Ways in which plants cope
with cold stress are described, and the current state of the art with respect to both
the model plant Arabidopsis thaliana and crop plants in the area of gene expression
and metabolic pathways during low-temperature stress are discussed.

Plant Biology ISSN 1435-8603

Plant Biology 12 (2010) 395–405 ª 2009 German Botanical Society and The Royal Botanical Society of the Netherlands 395



ance entails preventing the freezing of sensitive tissues. Some
succulent species (with thick tissue mass and abundant water
content) are able to accumulate residual heat during the day
and dissipate it slowly during the cold night (Nilsen & Orcutt
1996); many annual herbs survive in the form of dormant
organs or seed; others protect the shoot meristem with leaves
(Kacperska 1999). A more elaborate avoidance strategy
involves supercooling, in which endogenous ice nucleation is
prevented by inhibiting the formation of ice nucleators, even
where the temperature falls as low as )40 �C. Extremely win-
ter hardy species can generate within their cells so-called
‘liquid glass’, a highly viscous solution that prevents ice
nucleation even at )196 �C. Such cells become osmotically,
thermally and mechanically de-sensitised to the presence of
external ice (Wisniewski & Fuller 1999). Where the severity
of the stress is more progressive, tolerant plants have evolved
the ability to acclimatise, defined by Kacperska (1999) as the
non-heritable modification of structure and function in
response to stress, in a way that reduces harm and thereby
improves fitness.

The plant response to low-temperature stress can be
divided into three distinct phases. The first is cold acclima-
tion (pre-hardening), which occurs at low, but above zero
temperatures. The second stage (hardening), during which
the full degree of tolerance is achieved, requires exposure to a
period of sub-zero temperatures. The final phase is plant
recovery after winter (Li et al. 2008). Some plants (especially
trees) need a combination of short photoperiod and low tem-
perature to fully develop their cold tolerance. In these cases,
tolerance can be lost if the temperature is raised above zero
and the photoperiod is lengthened (Juntilla & Robberecht
1999; Kacperska 1999). Plant organs differ in their level of
tolerance – typically the roots are much more sensitive than
the crown (McKersie & Leshem 1994), which is understand-
able given that the crown is the site of the major meristem
responsible for production of new roots and shoots at the
end of the cold period.

COLD ACCLIMATION

Overwintering temperate plant species acclimatise during
autumn, during which their metabolism is redirected towards
synthesis of cryoprotectant molecules such as soluble sugars
(saccharose, raffinose, stachyose, trehalose), sugar alcohols
(sorbitol, ribitol, inositol) and low-molecular weight nitroge-
nous compounds (proline, glycine betaine). These, in con-
junction with dehydrin proteins (DHNs), cold-regulated
proteins (CORs) and heat-shock proteins (HSPs), act to
stabilise both membrane phospholipids and proteins, and
cytoplasmic proteins, maintain hydrophobic interactions and
ion homeostasis, and scavenge reactive oxygen species (ROS);
other solutes released from the symplast serve to protect the
plasma membrane from ice adhesion and subsequent cell dis-
ruption (Hare et al. 1998; Iba 2002; Wang et al. 2003; Gusta
et al. 2004; Chen & Murata 2008). The process of solute
release, especially of vacuolar fructans, to the extracellular
space is a vesicle-mediated, tonoplast-derived exocytosis
(Valluru & Van den Ende 2008). Fructans are transported to
the apoplast by post-synthesis mechanisms, probably in
response to cold stress (Valluru et al. 2008). The activity of
fructan exohydrolase, which generates increased sugar (glu-

cose, fructose, sucrose) content, is an important part of the
hardening process. Symplastic and apoplastic soluble sugar –
not only fructan precursors, but also trehalose, raffinose, as
well as fructo- and gluco-oligosaccharides – contributes
directly to membrane stabilisation (Livingston et al. 2006).
Also important is the increased activity of the antioxidative
enzymes superoxide dismutase, glutathione peroxidase, gluta-
thione reductase, ascorbate peroxidase and catalase, as well as
the presence of a series of non-enzymatic antioxidants, such
as tripeptidthiol, glutathione, ascorbic acid (vitamin C) and
a-tocopherol (vitamin E) (Chen & Li 2002).

In addition to the production of protective compounds that
participate in membrane stabilisation, cold acclimation also
affects cell lipid composition, which is necessary for the main-
tenance of plasma membrane functionality. In particular, the
proportion of unsaturated fatty acids making up the phospho-
lipids is increased (Rajashekar 2000). De Palma et al. (2008)
suggested that both the composition of the phospholipids and
their ability to interact with other protective proteins are
important for generating a higher level of freezing resistance.
Phospholipase D, in particular, participates in the degradation
of phospholipids, and its suppression may therefore be relevant
in improving freezing tolerance (Rajashekar 2000). Some plants
respond to cold stress by the synthesis of proteins that inhibit
the activity of ice nucleators. Some of these so-called ‘anti-
freeze’ proteins are highly similar in sequence to plant patho-
gen-related (PR) proteins (particularly in winter rye), and
accumulate in response to cold, drought or the exogenous sup-
ply of ethylene (Moffatt et al. 2006). These proteins assemble
as oligomers, which can bind to the surface of a newly formed
ice crystal, and thereby influence its subsequent shape and
growth. Their antifreeze activity is modulated by Ca2+, which is
either released from pectin or bound to specific proteins. An
altered ratio of abscisic acid (ABA) to gibberellin content, in
favour of ABA, results in the retardation of growth required for
pre-hardening (Junttila et al. 2002). Gibberellin content is reg-
ulated by a family of nuclear growth-repressing proteins called
DELLAs, and these are components of the C-repeat (CRT)
binding factor 1 (CBF1)-mediated cold stress response. How-
ever, the degradation of DELLAs is stimulated by gibberellins
(Achard et al. 2008).

COLD SENSING AND SIGNALLING

The identity of the plant sensors of low temperature remains
as yet unknown (Chinnusamy et al. 2006). Multiple primary
sensors may be involved, with each perceiving a specific
aspect of the stress, and each involved in a distinct branch of
the cold signalling pathway (Xiong et al. 2002). Potential sen-
sors include Ca2+ influx channels, two-component histidine
kinase and receptors associated with G-proteins (Xiong et al.
2002). Certain cytoskeletal components (microtubules and
actin filaments) participate in cold sensing by modulating the
activity of Ca2+ channels following membrane rigidification
(Nick 2000; Örvar et al. 2000; Abdrakhamanova et al. 2003).
Because of its basic role in separating the internal from the
external environment, the plasma membrane has been con-
sidered as a site for the perception of temperature change
(Sangwan et al. 2002; Uemura et al. 2006; Vaultier et al.
2006; Wang et al. 2006), with its rigidification representing
an early response (Vaultier et al. 2006). The phosphorylation
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of proteins, together with the suppression of protein phos-
phatase activity, may also provide a means for the plant to
sense low temperatures (Rajashekar 2000). Thus, a variety of
signalling pathways is triggered, including secondary messen-
gers, ROS, Ca2+-dependent protein kinases (CDPKs), mito-
gen-activated protein kinase (MAPK) cascades and the
activation of transcription factors (TFs), all of which promote
the production of cold-responsive proteins. These products
can be divided into two distinct groups: regulatory proteins
controlling the transduction of the cold stress signal, and
proteins functionally involved in the tolerance response. The
latter include LEA (late embryogenesis abundant) proteins,
antifreeze proteins, mRNA-binding proteins, chaper-
ones, detoxification enzymes, proteinase inhibitors, transport-
ers, lipid-transfer proteins and enzymes required for
osmoprotectant biosynthesis (Shinozaki & Yamaguchi-
Shinozaki 2000; Xiong & Zhu 2001; Wang et al. 2003;
Grennan 2006; Nakashima & Yamaguchi-Shinozaki 2006;
Yamaguchi-Shinozaki & Shinozaki 2006). An outline of these
processes is given in Fig. 1.

THE CBF ⁄ DREB RESPONSIVE PATHWAY

The CBF ⁄ DREB responsive pathway provides one of the most
important routes for the production of cold responsive pro-

teins. The major cis-acting element involved in CBF ⁄ DREB is
DRE (dehydration-responsive element) ⁄ CRT. Two major
groups of transcription factors bind to DRE ⁄ CRT sequences,
namely CBF ⁄ DREB1 (CRT-binding factor ⁄ DRE-binding pro-
tein) in low-temperature signalling, and DREB2 during
osmotic stress (Nakashima & Yamaguchi-Shinozaki 2006).
CBF1, 2 and 3 are all responsive to low temperature, and
their encoding genes are present in tandem on Arabidopsis
thaliana chromosome 4. The genes carry the conserved
AP2 ⁄ ERF domain DNA-binding motif (Riechmann &
Meyerowitz 1998). CBF2 ⁄ DREB1C is a negative regulator of
both CBF1 ⁄ DREB1B and CBF3 ⁄ DREB1A. CBF3 is thought to
regulate the expression level of CBF2 (Novillo et al. 2004;
Chinnusamy et al. 2006). Thus, the function(s) of CBF1 and
CBF3 differ from those of CBF2, and act additively to induce
the set of CBF-responsive genes required to complete the
process of cold acclimation (Novillo et al. 2007). Upstream
of CBF lie both ICE1 (inducer of CBF expression), a positive
regulator of CBF3, and HOS1 (high expression of osmotically
sensitive), a negative regulator of ICE1. The HOS1 product is
a RING E3 ligase targeting ICE1 for degradation in the pro-
teasome (Dong et al. 2006). Because of the rapid (within a
few minutes) induction of CBF transcripts following plant
exposure to low temperature, ICE1 is unlikely to require de
novo synthesis, but rather is already present in the absence of
cold stress and is only activated when the temperature
decreases (Chinnusamy et al. 2003). The LOS1 (low expres-
sion of osmotically responsive genes) product is a translation
elongation factor 2-like protein, which negatively regulates
CBF expression.

The likely regulators of CBF1 and CBF2 are bHLH proteins
other than ICE1. To obtain transient expression of CBFs, the
levels of CBF1 and CBF3 transcript, after their induction by
ICE1, are subsequently lowered by CBF2. Accordingly, the
peak expression of CBF2 in response to low temperature has
been shown to occur about 1 h later than that of either CBF1
or CBF3 (Novillo et al. 2004). In addition to ICE1, a further
positive regulator of CBF expression is LOS4, an RNA heli-
case-like protein (Gong et al. 2002) (Fig. 2). However, CAX1
(cation exchanger), which plays a role in returning cytosolic

Fig. 1. Scheme illustrating the molecular response of plants to low-tem-

perature stress, realised as changes in transcriptome, proteome, metabolo-

me and phenotype.

Fig. 2. The CBF (C-repeat-binding factor) pathway in plants. ICE1 (inducer

of CBF expression) is activated by low temperature and is inhibited by

HOS1 (high expression of osmotically sensitive). This triggers the expres-

sion of CBF3, which promotes the accumulation of COR (cold regulated)

gene products. CBF3 expression also positively regulates the expression of

CBF2, which, in turn, leads to the down-regulation of CBF3 and CBF1.

LOS4 (low expression of osmotically responsive genes) is a positive regula-

tor of CBF expression, and LOS1 a negative regulator.
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Ca2+ concentrations to basal levels following a transient
increase in response to low-temperature stress, is a negative
regulator of CBF1, 2 and 3 (Hirschi 1999; Catalá et al. 2003).
The ICE1-CBF pathway provides positive regulation of the
expression of certain Zn finger transcriptional repressors and
the SFR6 (sensitivity to freezing) protein, which is required
for CBF function. SFR6 may be part of an adaptor complex
required for CBF action, or alternatively, may be involved in
the translation machinery of CBF transcripts and in CBF pro-
tein stability (Shinozaki & Yamaguchi-Shinozaki 2000; Zarka
et al. 2003; Fowler et al. 2005; Lee et al. 2005; Chinnusamy et
al. 2006; Dong et al. 2006; Van Buskirk & Thomashow 2006).
Further pathways, not under CBF control, are also involved
in the regulation of cold-responsive genes (Fowler & Thoma-
show 2002; Chen & Zhu 2004; Chinnusamy et al. 2006; Van
Buskirk & Thomashow 2006). In particular, Chinnusamy et
al. (2006) have shown that both HOS9 and HOS10 transcrip-
tion factors play a role in the regulation of freezing tolerance
in a CBF-independent manner.

THE CBF ⁄ DREB RESPONSIVE PATHWAY IN CROPS

Knowledge gained from the study of the model plant A.
thaliana has proven to be largely, but not completely, transfer-
able to crop plants. Unfortunately, many key stress responses
are not transferable, e.g. given Oh et al.’s (2007) experience
with over-expression of the barley low temperature induced
gene HvCBF4 in rice, which resulted in the up-regulation of a
set of genes not predicted from the heterologous expression of
AtCBF3 in rice. For cereal species, this disadvantage is to some
extent balanced by the availability of the rice genome
sequence, and its increasing level of annotation, since the cer-
eal species genomes are all closely related to one another
(Moore et al. 1995). In barley, the CBF genes HvCBF3,
HvCBF4 and HvCBF8 are all components of the frost resis-
tance quantitative trait locus (QTL) located on chromosome
5H (Francia et al. 2004). A contrasting approach has targeted
comparisons between spring- and winter-sown cereal cultivars.
Thus, for example, Monroy et al. (2007) observed that spring
and winter wheats share the same initial rapid expression of
cold-inducible genes, but that their transcriptional profiles
diverge widely during cold acclimation. While in winter culti-
vars the expression of cold acclimation genes continues over
time, in spring cultivars, their levels of expression decline and
the cold acclimation process is overridden by the transition
from the vegetative to the reproductive stage.

Although the regulation of genes in the CBF-responsive
pathway has been only marginally explored to date in woody
plants, there are some indications that their regulation is
more complex than in herbaceous species. For example four
Eucalyptus gunnii CBF1 genes displayed differential expression
in response to cold treatment (Kayal et al. 2006; Navarro et
al. 2009).

SIGNALLING CROSS-TALK

The signalling pathway associated with cold stress is believed
to be rather less dependent on ABA than those involved in
the response to either moisture or salinity stress (Shinozaki &
Yamaguchi-Shinozaki 2000; Shinozaki et al. 2003; Zhang et
al. 2004). However, it is clear that some cross-talk does occur

between the various abiotic stress signalling pathways, as the
transcription of members of identical gene families is
induced, and rather similar products are accumulated (Shino-
zaki & Yamaguchi-Shinozaki 2000; Shinozaki et al. 2003;
Chen & Zhu 2004; Chinnusamy et al. 2004). For instance, in
A. thaliana the hydrophilic proteins COR15a and COR78 are
accumulated as a response to both cold and moisture stress
(Rajashekar 2000). Because many abiotic stresses – including
freezing, drought and salinity – result in cellular dehydration,
it is hardly unexpected to find some overlap in the various
signalling pathways that all deliver protection against cellular
dehydration. This commonality presumably lies behind the
involvement of the CBF regulon in the abiotic stress response
(Fowler et al. 2005). A key link between the various pathways
is the ROS network, which balances scavenging with produc-
tion (Torres & Dangl 2005). Plants are thought to have
evolved a high degree of control over ROS toxicity, to the
extent that ROS are exploited as signalling molecules (Timpe-
rio et al. 2008). The plant cell senses ROS via redox-sensitive
transcription factors (e.g. nitrogen permease reactivator or
heat-shock factors), which activate functional proteins
involved in the re-establishment of cellular homeostasis
(Mittler et al. 2004).

Freezing tolerance has been identified as a multigene trait.
Some interspecific variation has been identified among rele-
vant gene products (Rajashekar 2000), but the regulation of
many of the genes induced during cold acclimation are con-
served between species (Cattivelli et al. 2002; Chen & Zhu
2004; Chinnusamy et al. 2006; Nakashima & Yamaguchi-
Shinozaki 2006). Zhu et al. (2008) have suggested that his-
tone acetylation ⁄ deacetylation is an important player in gene
activation and repression during cold acclimation, and in
particular showed that the HOS15 gene product, a nuclear-
localised repressor protein that functions as a histone deacet-
ylator, specifically interacts with histone H4. A recent
research focus has centred on the role of microRNAs
(miRNAs) as regulators of stress responses. Several stress-
related elements are present in the promoter regions of certain
miRNAs, and some miRNAs are known to be inducible by
abiotic stress. miRNA expression profiling has also been used
to demonstrate the existence of cross-talk between the salinity,
cold and drought stress signalling pathways (Liu et al. 2008).

FUNCTIONAL PROTEINS INVOLVED IN COLD
ACCLIMATION

The level of cold hardiness has been successfully correlated
with the level of expression of barley COR genes (Pearce et
al. 1996). During the cold acclimation process, COR genes
such as COR tmc-ap3 and COR14b are up-regulated, as are
BLT (barley low temperature) genes (BLT14, BLT63, BLT801,
BLT4) and ELIP (early light inducible protein) genes (Catti-
velli et al. 2002). Other genes are down-regulated, most typi-
cally those associated with photosynthesis, such LHC (light
harvesting complex) and plastocyanin (Atienza et al. 2004).
Atienza et al. (2004) investigated the induction of the three
genes, DHN5, DHN8 and COR14b, in barley, and found
them to be cold specific. Other up-regulated genes included
those encoding enzymes involved in amino acid metabolism
(chloroplast-dependent, except for proline, which was chloro-
plast-independent).
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LEA PROTEINS

The dehydrins are a group of heat-stable, glycine-rich LEA
proteins thought to be important for membrane stabilisation
and the protection of proteins from denaturation when the
cytoplasm becomes dehydrated. Nakayama et al. (2008) have
suggested that some of them, especially COR15am, function
as a protectant by preventing protein aggregation. The
dehydrins ERD10 (early response to dehydration) and ERD14
function as chaperones and interact with phospholipid vesi-
cles through electrostatic forces (Kovacs et al. 2008). Several
dehydrins are significantly accumulated during cold stress
(Allagulova et al. 2003; Kawamura & Uemura 2003; Renaut et
al. 2004). Microarray experiments have shown that the
expression profile of specific combinations of dehydrin genes
can provide a reliable indication of low temperature and
drought stress (Tommasini et al. 2008). COR413im was iden-
tified by Okawa et al. (2008) as an integral membrane pro-
tein targeted to the chloroplast inner envelope in response to
low temperatures, where it contributes to plant freezing toler-
ance. However, the SFR2 protein, which is protective of the
chloroplast during freezing, is localised in the chloroplast
outer envelope membrane (Fourrier et al. 2008).

HSP PROTEINS

Osmotic, cold and salt stresses are the strongest inducers of
HSP expression in plants (Timperio et al. 2008). Some HSPs
(in particular HSP90, HSP70, several small HSPs and chap-
eronins 60 and 20) increase in abundance following exposure
to low temperature, and unlike the HSPs produced in
response to high temperature stress, which function as molec-
ular chaperones, these have a strong cryoprotective effect,
participating in membrane protection, in the refolding of
denatured proteins and in preventing their aggregation
(Renaut et al. 2006; Timperio et al. 2008). Small HSPs are
not themselves able to refold non-native proteins, but do
facilitate refolding effected by HSP70 and HSP100 (Sun et al.
2002; Mogk et al. 2003).

PR PROTEINS – THE CONNECTION BETWEEN BIOTIC
AND ABIOTIC STRESS

Some PR proteins are also responsive to low-temperature
stress. Among these are PR-2 (b-1,3-glucanase), PR-3, PR-4,
PR-5 (thaumatin-like proteins), PR-8, PR-10 (Bet v-1 homo-
logues), PR-11 (chitinases) and PR-14 (lipid transfer pro-
teins). The b-1,3-glucanases, chitinases and thaumatin-like
proteins have antifreeze activity in the apoplastic space,
which means that they are able to inhibit the recrystallisation
of intercellular ice, and even prevent the formation of intra-
cellular ice (Wisniewski et al. 1999; Griffith & Yaish 2004;
Renaut et al. 2006). Because extracellular freezing can cause
cell dehydration, the down-regulation of aquaporins (water
channels that regulate water efflux) may well be important
for cold acclimation (Peng et al. 2008).

ENZYMATIC AND METABOLIC RESPONSE

Many enzymes are involved in the cold response machinery.
In addition to those associated with osmolyte metabolism,

detoxification cascades and photosynthesis, lignin metabo-
lism (caffeic acid 3-O-methyltransferase), secondary metabo-
lism, cell wall polysaccharide remodelling, starch
metabolism, sterol biosynthesis and raffinose family oligosac-
charide (myo-inositol-1-phosphate synthase and galactinol
synthase) synthesis are all participants in the global response
to cold stress (Fowler & Thomashow 2002; Renaut et al.
2006). Whereas the transcription level of genes involved in
photosynthesis, tetrapyrrole synthesis, cell wall, lipid and
nucleotide metabolism is negatively correlated with freezing
tolerance, the level of transcription of genes associated with
carbohydrate, amino acid and secondary metabolism (e.g.
flavonoids) is positively correlated with freezing tolerance
(Hannah et al. 2006).

Much attention has been paid to studying the response of
saccharide metabolism to low-temperature conditions. The
transcriptional up-regulation of the raffinose oligosaccharide
pathway results in accumulation of monosaccharides and di-
saccharides (including glucose, fructose, sucrose, galactinol,
melibiose and raffinose) (Cook et al. 2004; Hannah et al.
2006; Usadel et al. 2008). A key enzyme in the synthesis of
raffinose oligosaccharides is galactinol synthase, which cataly-
ses the first committed step in raffinose synthesis. Transcrip-
tion of this enzyme, along with that of raffinose synthase and
to some extent that of a number of enzymes involved in the
synthesis of precursors for the raffinose pathway, such as
members of the myoinositol phosphate synthase family, is
induced by a fall in temperature (Usadel et al. 2008). Raffi-
nose accumulation on its own, however, is neither sufficient
nor necessary for the induction of freezing tolerance or cold
acclimation in A. thaliana (Zuther et al. 2004). Nishizawa et
al. (2008) have also suggested the possibility that both galact-
inol and raffinose are ROS scavengers. The drought, salinity
and cold tolerance of rice transformed with an over-expressed
Escherichia coli trehalose biosynthetic gene were all signifi-
cantly better than the wild type (Garg et al. 2002). In addi-
tion to those in the raffinose pathway, other sugar
metabolism enzymes are also involved in the cold response.
In A. thaliana, sucrose synthesis genes, among which are
those encoding sucrose phosphate synthase (SPS), are known
to be induced by low temperature (Usadel et al. 2008), while
transcript levels of several members of the invertase family
(along with the overall level of invertase activity in the plant)
are suppressed. In other plant species, such as wheat and
tomato for example, invertase activity is up-regulated by a
fall in temperature, although this effect is weak in accessions
that are chilling tolerant (Artuso et al. 2000; Vargas et al.
2007). Recent research has underlined a key role for metabo-
lite transporters in carbohydrate metabolism under low tem-
perature conditions, as well as their partitioning between the
chloroplast and the cytosol (Kaplan et al. 2007; Guy et al.
2008).

The metabolism of nitrogenous compounds is also respon-
sive to low-temperature stress (Kaplan et al. 2004; Usadel et
al. 2008), in particular that of certain amino acids and poly-
amine compounds (Davey et al. 2009). Transcript signal lev-
els of A. thaliana enzymes involved in amino acid
metabolism are notably affected by cold stress, with some
being increased (especially those associated with proline bio-
synthesis, those within the glutamate and ornithine pathways,
and those encoding cysteine and polyamine synthesis), and
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others, such as the genes responsible for branched-chain
amino acid degradation, tending to be repressed (Kaplan et
al. 2007; Usadel et al. 2008). The metabolic fingerprinting of
several ecotypes of A. lyrata ssp. petraea has suggested a sig-
nificant influence of cold stress on the expression level of
genes within the glutamine-associated pathways (e.g. an
increase in glutamine synthetase and suppression of aspara-
gine synthetase), which are important for the metabolism of
nitrogen (Davey et al. 2009). GABA (c-aminobutyric acid) is
an important amine-containing metabolite associated with
cryoprotection in barley and wheat (Mazzucotelli et al. 2006).
It is synthesised in the cytosol via the decarboxylation of glu-
tamine by glutamate decarboxylase (GAD). In A. thaliana,
GAD genes are rapidly up-regulated by the imposition of
cold stress, well before any observable increase in GABA con-
tent (Kaplan et al. 2007). These data support the notion that
glutamate availability and GAD activity are associated with
freezing tolerance and GABA biosynthesis (Guy et al. 2008).

Transcript levels associated with lipid metabolism genes
are generally suppressed by a decrease in temperature
(Hannah et al. 2006). However, some evidence derived from
A. thaliana shows that a number of lipid catabolism enzymes
(in particular, phospholipase A and D) are activated by a fall
in temperature, and this is followed by a rise in the amount
of free fatty acids present (Wang et al. 2006; Usadel et al.
2008). Another important group of hydrolases, the galactolip-
ases, are less markedly cold-induced than the phospholipases,
although an increase in their activity is thought to contribute
significantly to chilling susceptibility in plants (Kaniuga
2008). Their lipo-hydrolytic activity is more likely to be
linked to freezing tolerance than to cold acclimation (Wang
et al. 2006).

The expression of secondary metabolism genes is generally
well correlated with freezing tolerance (Hannah et al. 2006;
Usadel et al. 2008). In A. thaliana, cold stress induces the
biosynthesis of flavonoids and anthocyanins, glucosinolates,
terpenoids and phenylpropanoids (Kaplan et al. 2007).
Anthocyanin content is also positively correlated with cold
tolerance in some ecotypes, and its level in the leaf has been
observed to rise significantly during cold acclimation (Marc-
zak et al. 2008). This response is also widespread among
other plant species (Chalker-Scott 1999). Above normal levels
of anthocyanin and the blue light absorbing flavonols in the
leaf ensure that chlorophyll is not over-excited under condi-
tions of extreme cold (Hannah et al. 2006; Korn et al. 2008).
The presence of salicylic acid, which plays an important role
in plant defence against pathogens, can also be heightened by
cold stress, together with that of a range of secondary metab-
olism precursors, such as phenylpropanoids, free fatty acids
and branched or aromatic amino acids. This suggests, per-
haps, a link between the plants’ defence machinery and pro-
tection from cold-induced damage. Nevertheless, the
biosynthesis of certain secondary metabolites (e.g. terpenoid
indole alkaloids in Catharanthus roseus) is suppressed by low
temperature (Dutta et al. 2007). Transcriptome profiling
studies have also demonstrated increases in the expression
level of genes associated with ABA signalling, as well as of
ABA responsive genes (Usadel et al. 2008). Finally, genes reg-
ulating other metabolic pathways, along with signalling genes
associated with secondary metabolism products (such as
jasmonic acid and ethylene) are down-regulated by cold.

Overall, these observations underline that the regulation of
secondary metabolism is highly complex in plants.

SUGARS AS SIGNALLING MOLECULES

Sugars represent not just an energy source, but are also car-
bon precursors, substrates for polymers, storage and trans-
port compounds and signalling molecules (Rolland et al.
2006; Wormit et al. 2006). In cold-induced barley cell
cultures, the extracellular sugar concentration regulates
expression of the stress-responsive genes BLT4.9 (non-specific
lipid transfer protein) and DHN1 (Tabaei-Aghdaei et al.
2003). Three different glucose signalling pathways are known
in plants: one is hexokinase-dependent, the second glycolysis-
dependent, and the third hexokinase-independent (Xiao et al.
2000). Hexokinase functions as an intracellular glucose sen-
sor, while some membrane receptors probably act as extracel-
lular sensors (Moore et al. 2003; Rolland et al. 2006). It is
also believed that plants have a disaccharide sensing system,
involving sucrose and trehalose. Sucrose transport to the cell
and its subsequent cleavage by invertase or sucrose synthase
is the source of the signal (Koch 2004; Roitsch & Gonzalez
2004; Rolland et al. 2006; Sauer 2007; Iordachescu & Imai
2008). Trehalose, a disaccharide confined mostly to organ-
isms adapted to situations of extreme desiccation, where its
role is to protect proteins and membranes, plays, together
with its precursor trehalose-6-phosphate, an important regu-
latory role in sugar metabolism and plant development (Iord-
achescu & Imai 2008). In barley, trehalose induces the
expression and activity of fructan biosynthesis enzymes.
However, for fructan accumulation, glucose or mannitol is
also required (Wagner et al. 1986; Müller et al. 2000). From
a microarray analysis following trehalose treatment, Bae et al.
(2005) showed that the expression of a wide range of other
genes was also influenced by trehalose. A role for trehalose
and trehalose-6-phosphate in abiotic and biotic stress signal-
ling has been confirmed by the observation that coordinated
changes occur in transcript levels of the enzymes involved in
their metabolism, especially after exposure to cold, osmotic
and salinity stresses and in response to Pseudomonas syringae
infiltration (Iordachescu & Imai 2008).

Fructose-based polymers (fructans) also contribute to the
cold and drought tolerance of several plant families. These
molecules are synthesised from sucrose by fructosyltransferas-
es, and help to stabilise membranes by binding to the phos-
phate and choline groups of membrane lipids. This
stabilisation results in reduced water loss from the dry mem-
branes (Valluru & Van den Ende 2008). In addition, fructans
are suspected of stimulating the production of alternative
cryoprotectants (Valluru et al. 2008). Both size- and species-
dependent differences are thought to exist among cereal
fructans (Hincha et al. 2007). Some Poaceae species can accu-
mulate fructans (Triticum, Hordeum, Avena, Poa, Lolium),
but others cannot (Oryza). This difference was supposed by
Ji et al. (2006) to reflect an evolutionary event that separated
the Panicoideae (rice, sorghum, maize, etc.) from the Pooidae
(wheat, barley, rye, etc.). Although all cereal species have in-
vertases (from which fructan biosynthesis enzymes evolved),
the fructan non-accumulators lack fructan biosynthesis
enzymes. Some data have also been generated to suggest a
role for ß-amylase during cold and other abiotic stresses. The
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hypothesis put forward by Kaplan et al. (2006) was that this
enzyme provides some protection to photosystem II photo-
chemical efficiency by catalysing the synthesis of maltose.

CONCLUSION

Plants, and in particular crop species, can withstand various
stresses to a certain extent. A combined investigative
approach involving physiological and biochemical analyses,
aided by genomics- and proteomics-based platforms, identi-
fied a number of key basic genes and regulatory elements
underlying the response to cold stress. Spring-sown crop cul-
tivars differ from winter-sown cultivars in the patterns of
expression of various transcription factors, with the conse-
quent induction of a different spectrum of stress responsive
genes. Although many genes and their alleles have been
described and their functions identified, much remains to be
elucidated in the area of gene networking and the interac-
tions between genes, proteins and metabolites.

There is as yet no simple general model that has cap-
tured the complexity of the signalling pathways underlying
the effectiveness of cold acclimation in strengthening freez-
ing tolerance. Some metabolites are clearly multifunctional,
as for example certain sugars, which not only have a role
in osmoprotection, but also in signalling; or certain pro-
teins, which are able to adjust their function according to
the nature of the stress (for example PR-2 and PR-11,
which inhibit their glucanase and chitinase activity during
cold stress, and induce antifreeze activity). The function of
some other proteins is controlled by the composition of
isoforms present, as for example alternative oxidase, where
one form (AOX1) is induced by stress, while the other
(AOX2) is constitutively expressed. In certain gene families,
the function of some members is stress-specific, but others
respond to many stresses (a good example of this is pro-
vided by the dehydrins, some of which are induced specifi-
cally by cold stress, others are drought-induced, and still
others are salinity-responsive).

What then should be the major focus of abiotic stress
research? One possibility is to view the topic as a systems
biology problem, in which an attempt is made to target all
possible levels of the plant response to its environment, along
with the manifold interactions between various stresses. The
alternative view is reductionist, in which individual genes or
pathways are targeted by gene knockout methods (such as
RNAi, or site-directed mutagenesis). Of particular interest
would be to understand the processes of sugar sensing and
signalling, and the role(s) and regulation of alternative oxi-
dase in the face of abiotic stress. The signalling of a number
of environmental and developmental stimuli is effected by
linking receptors with downstream targets, a phenomenon in
which MAP kinases are intimately involved. The specific
expression of various MAPK components is key to the speci-
ficity of many responses and thus a study of these compo-
nents may represent a fruitful source of information as the
science behind the stress (both abiotic and biotic) continues
to develop.

High throughput genomic and transcriptomic technologies
have been developed so far for rather a limited number of
plant species. The number of plant species whose genomes
have been fully sequenced is, however, growing apace (http://

www.phytozome.net/) as the cost of sequencing technology
falls. At the same time, advances in transcript capture and
resequencing are opening new perspectives for unravelling
the molecular mechanisms underlying the many and complex
plant responses to the environment.
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Janská, Maršı́k, Zelenková & Ovesná Cold stress and acclimation in plants

Plant Biology 12 (2010) 395–405 ª 2009 German Botanical Society and The Royal Botanical Society of the Netherlands 405



PAPER 2 

 

Title: Transcriptional responses of winter barley to cold indicate 

nucleosome remodelling as a specific feature of crown tissues  

 

Document type: original paper 

Authors: Janská A, Aprile A, Zámečník J, Cattivelli L, Ovesná J  

Functional and Integrative Genomics 11: 307–325, 2011 

	  



ORIGINAL PAPER

Anna Janská & Alessio Aprile & Jiří Zámečník &

Luigi Cattivelli & Jaroslava Ovesná

Received: 25 October 2010 /Revised: 31 January 2011 /Accepted: 2 February 2011 /Published online: 1 March 2011
# The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract We report a series of microarray-based compar-
isons of gene expression in the leaf and crown of the winter
barley cultivar Luxor, following the exposure of young
plants to various periods of low (above and below zero)
temperatures. A transcriptomic analysis identified genes
which were either expressed in both the leaf and crown, or
specifically in one or the other. Among the former were
genes responsible for calcium and abscisic acid signalling,
polyamine synthesis, late embryogenesis abundant proteins
and dehydrins. In the crown, the key organ for cereal
overwintering, cold treatment induced transient changes in
the transcription of nucleosome assembly genes, and
especially H2A and HTA11, which have been implicated

in cold sensing in Arabidopsis thaliana. In the leaf, various
heat-shock proteins were induced. Differences in expression
pattern between the crown and leaf were frequent for genes
involved in certain pathways responsible for osmolyte
production (sucrose and starch, raffinose, γ-aminobutyric
acid metabolism), sugar signalling (trehalose metabolism) and
secondary metabolism (lignin synthesis). The action of
proteins with antifreeze activity, which were markedly
induced during hardening, was demonstrated by a depression
in the ice nucleation temperature.

Keywords Barley . Differentially expressed genes . Cold
acclimation . Crown . Leaf .Metabolic pathways

Introduction

Both the survival and productivity of crop plants are
heavily dependent on the environmental conditions in
which they are grown. Low temperature is one of the most
influential factors limiting where temperate plants can be
cultivated. To survive periods of cold, plants have devel-
oped two distinct strategies—avoidance and acclimation.
The former describes a capacity to prevent the freezing of
sensitive tissues by, for example, preventing the formation
of ice nucleators (Wisniewski and Fuller 1999). Acclima-
tion relates to the process of acquiring certain non-heritable,
but beneficial modifications in structure and function as a
response to external stress (Kacperska 1999). The first stage
of cold acclimation (CA), sometimes also referred to as the
first phase of hardening (1PH), begins at low temperatures
above 0°C, while the second stage (second phase of
hardening (2PH)) requires lower, but still non-lethal
temperatures.

As exposure to sub-zero temperatures represents such an
important environmental stress in temperate cropping areas,
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considerable efforts have been devoted to identifying the
genes and their products responsible for tolerance active
during both the first (e.g. Campoli et al. 2009; Ganeshan et
al. 2008; Kocsy et al. 2010; Monroy et al. 2007) and the
second (Herman et al. 2006; Livingston and Henson 1998)
phases of CA. Many of the cold-induced changes are
triggered by stress signals generated by a small number of
regulatory mechanisms (reviewed by Yamaguchi-Shinozaki
and Shinozaki 2006). Although the identity of the temper-
ature sensors is not yet known (Penfield 2008), potential
targets for its perception include changes in membrane
fluidity (Sangwan et al. 2002; Uemura et al. 2006; Vaultier
et al. 2006; Wang et al. 2006), photosystem II excitation
pressure (Gray et al. 1997; Ndong et al. 2001) or specific
histone variants (Kumar and Wigge 2010). Secondary
messengers, such as Ca2+, Ca2+-dependent protein kinases,
mitogen-activated protein kinases and reactive oxygen
species can induce various transcription factors (TFs). This
induction is known to drive the expression of a large
number of “cold-regulated” (COR) genes, the products of
which are associated with frost tolerance (Century et al.
2008). The C-repeat binding factor (CBF) transduction
pathway is the most well defined in Arabidopsis thaliana
(e.g. Gilmour et al. 2004; Novillo et al. 2004; Van Buskirk
and Thomashow 2006) as well as in wheat and barley (e.g.
Campoli et al. 2009; Cattivelli et al. 2002; Skinner et al.
2005; Sutton et al. 2009), although other CA regulatory
mechanisms have been identified such as WRKY TFs in
wheat (Skinner 2009; Talanova et al. 2009; Winfield et al.
2010) or certain chloroplast factors in barley (Svensson et
al. 2006).

Cold-induced alterations in plant metabolism reflect the
increases in amount and activity of enzymes involved in the
production of osmolytes, in detoxification cascades and in
secondary metabolism (Fowler and Thomashow 2002;
Renaut et al. 2006). Since sugar accumulation is generally
insufficient to provide full osmotic adjustment, it has been
suggested that they may also act as signalling molecules
(Iordachescu and Imai 2008). The small nitrogenous
molecules proline (Hare et al. 1998) and γ-aminobutyric
acid (GABA) are both involved in the CA response (Guy et
al. 2008; Mazzucotelli et al. 2006). Heat-shock proteins
(HSPs) and late embryogenesis abundant (LEA) proteins
represent a major class of cryo-protective molecules
(Kovacs et al. 2008; Timperio et al. 2008; Tommasini et
al. 2008). Other proteins strongly induced by low temper-
ature stress include antifreeze and ice recrystallisation
inhibition proteins, since these all limit the extent of ice
formation in the apoplastic space (Griffith et al. 1992;
Griffith and Yaish 2004; Winfield et al. 2010; Wisniewski
et al. 1999).

A prominent morphological feature of winter-sown
cereal plants is the meristematic structure lying at the

junction of the root and the stem, called the crown. This
structure is responsible for the re-establishment of growth
when permissive conditions return in the spring (Winfield
et al. 2010) and thus makes a significant contribution to
winter survival (Olien 1967). Survival depends on the
viability of specific tissues within the crown (Livingston et
al. 2006). Despite this knowledge, the majority of CA gene
expression studies to date have ignored this important
organ. However, the crown’s physiological, transcriptomic,
proteomic and metabolomic responses to cold stress have
begun to be explored (Ganeshan et al. 2008; Livingston et
al. 2006; Pearce et al. 1998; Sutton et al. 2009; Winfield et
al. 2010), with some attention being paid to both 2PH
(Herman et al. 2006; Livingston and Henson 1998;
Zámečník et al. 1994) and the adjustment of the post-
acclimation transcriptome (Skinner 2009).

Here, we tested the hypothesis if specific molecular
mechanism(s) characterise the cold response of the crown,
the key organ for winter survival. A time course experiment
covering 1PH and 2PH was carried out to compare leaf and
crown transcriptomes of winter barley cv. Luxor. As well as
identifying what genes were cold-regulated in both organs,
sequences (and their corresponding metabolic processes)
have been revealed which were specifically activated in the
crown or the leaf as a response to cold stress.

Materials and methods

Stress treatment

Pre-germinated winter barley cv. Luxor seedlings were
raised in semi-sterile conditions under a 12 h photoperiod
(irradiation intensity ∼200 μmol m−2 s−1) and a day/night
temperature of 18/13°C. When the second leaf was fully
expanded, the seedlings were exposed for up to 3 weeks
at +3/2°C (day/night temperature)—the first phase of harden-
ing (1PH), at an irradiation intensity of ∼120 μmol m−2 s−1. A
set of seedlings were also exposed after the 21 day
acclimation period to −3°C for 1 day (the second phase of
hardening, 2PH). The plants (the second leaf and crown
separately) were sampled in the middle of the lit period after
0, 1, 3, 7 and 21 days at +3/2°C and after the day at −3°C.
The plant tissue was snap-frozen in liquid nitrogen and
stored at −80°C, before being used for RNA extraction based
on the TRIZOL reagent (Invitrogen, CA, USA). The RNA
was purified by passing through an RNeasy column in the
presence of DNase (Qiagen, Hilden, Germany). RNA quality
was assessed by both agarose gel electrophoresis and
analysis in an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, USA). Each biological sample was represented by
three independent replicates, each of which consisted of a
bulk of four seedlings.
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Expression profiling

Each RNA sample was hybridised to the Affymetrix 22 K
Barley1 GeneChip Genome Array (Close et al. 2004).
GeneChip® hybridization quality was ensured by using
standard controls supplied by Affymetrix, and B2 oligonu-
cleotides were added to each hybridization cocktail. PolyA
controls (lys, phe, thr, dap) and hybridization controls
(BioB, BioC, BioD and Cre) were used to monitor labelling
and hybridization. Raw intensity values were normalised by
applying the Robust Multi-array Average method (Irizarry
et al. 2003), using the R package Affymetrix library
(Irizarry et al. 2006). R2 correlation coefficients were
calculated among the three biological replicates. The R
package Affymetrix library was also used to apply the MAS
5.0 algorithm to the raw data to generate a detection call
(“present”, “marginal” or “absent”) for each probe set, and
this output was used as an initial filter, so that only those
calls for which all three replicates were recorded as
“present” in at least one sample were retained. The filtered
data were analysed using Genespring GX 7.3 (Agilent
Technologies, Santa Clara CA) software. Differentially
expressed genes (DEGs) were identified by means of a
Hochberg false discovery rate corrected Welch t test
(Benjamini and Hochberg 1995). Expression differences
were considered significant when their p value was <0.05,
and their induction (or repression) ratio was ≥2.

Clusters of genes sharing similar expression patterns
were identified using a K-means cluster analysis, based
on Spearman correlations. Over-represented functional
gene categories within a given cluster were determined
by a search of FunCat (Ruepp et al. 2004; http://mips.
gsf.de/projects/funcat). Blast searches were performed
within www.harvest.ucr.edu, and an E-value cut-off of
e−10 was chosen. Expression fold changes (FC) in leaf and
crown were calculated and analysed using MapMan
software (http://mapman.gabipd.org; Thimm et al. 2004;
Usadel et al. 2005).

Freezing test, dry weight, ice nucleation and osmotic
potential

Freezing damage was assessed by measuring electrolyte
leakage, using a modified version of the protocol developed
by Prášil and Zámečník (1998). The plant material (two
replicates, each consisting of 16 leaf discs or four crowns)
was cooled to −30°C at 9°C h−1 in a controlled alcohol
bath. The plant material of each replicate was placed inside
a thin glass tube, which was then seeded with ice crystals
at −1.5 +/−0.2°C (plants sampled at −3°C were seeded
at −3 +/−0.2°C) and held for 30 min at −1.5 +/−0.2°C
(plants sampled at −3°C were held at −3 +/−0.2°C). The
frozen samples were thawed slowly in ice trash and then

immersed for 2 h in distilled water at 25°C. Samples were
removed from the freezing bath after reaching the 12 target
temperatures (temperature sensors were placed inside the
tubes). The extent of electrolyte leakage was calculated
from the ratio between the electrical conductivity of the
solution measured before and after boiling the same sample.
Lethal temperature (LT50) was defined as the temperature
responsible for 50% electrolyte leakage. For the evaluation
of crown regrowth, the same protocol was used, but here,
intact plants were cooled, then replanted and cut above the
crown, and their survival rate calculated during the next
week. Here, LT50 was defined as the temperature at which
50% of the plants died. LT50s for both electrolyte leakage
and crown regrowth were estimated from the inflection
point of the sigmoidal relationship between electrolyte
leakage/plant survival and freezing temperatures. The
resulting data were statistically evaluated following Janáček
and Prášil (1991). Dry weights (DWs) were calculated from
the mean of 20 crowns or detached leaves at each sampling
point once their fresh weight had reached constant weight at
85°C. Leaf areas obtained from scans of individual
detached leaves were divided by the leaf’s DW to obtain
a specific leaf area. Osmotic potential was estimated by
means of the dew-point method, using a Wescor C-52
chamber connected to a HR-33T psychrometer–hygrometer
(Wescor, Logan, UT, USA). The plant material was
hermetically sealed within a plastic syringe, and its osmotic
potential measured from the sap released after the loss of
turgor pressure following a freeze/thaw cycle. The osmotic
potential and DW data were evaluated with STATISTICA
v6.1 (StatSoft, USA) software. Ice nucleation activity and
melting temperature were assessed using a differential
scanning calorimeter (TA 2920, TA Instruments, Inc., New
Castle, DE, USA). The measurements were taken from
hermetically sealed 5-mm diameter leaf discs and crown
pieces, following a cooling/warming cycle of 10°C min−1.
The samples were freshly harvested, but their surface was
free of free moisture. During controlled warming (10°C
min−1), the extrapolated onset temperature of endothermic
heat flow peak was defined as the melting temperature. The
resulting data were evaluated using Universal Analysis 2000
software (TA Instruments-Waters LLC, New Castle, DE,
USA) and STATISTICA v6.1 (StatSoft, USA) software.

Results

Monitoring cold acclimation

A clear increase in freezing tolerance was observed during
the 21 days of CA. The LT50s of both the leaf and crown
declined rapidly over the first 3 days, then more slowly up
to day 21. CA was further enhanced when the 21-day

Funct Integr Genomics (2011) 11:307–325 309

http://mips.gsf.de/projects/funcat
http://mips.gsf.de/projects/funcat
http://www.harvest.ucr.edu
http://mapman.gabipd.org


acclimated plants were exposed for a further day at −3°C
(Fig. 1a). Although the crown regrowth method showed a
similar trend in LT50 up to the day 21 of 1PH and was
followed by a slight decrease during 2PH (Fig. 1b), the
LT50s were lower, indicating improved survival. Thus,
plasma membrane injury appears to be a good although
imperfect indicator of plant survival at low temperatures.
The dry weight of the crown increased after 1 week of
hardening and continued up to day 21 (Fig. 2), and a
similar, but not statistically significant trend was apparent
for leaf DW (expressed as specific leaf area; Fig. 2). An
important component of the cold acclimation process is the
accumulation of osmotically active sugars, sugar alcohols
and amino acids (Rapacz et al. 2000). The osmotic potential
of the leaf increased from −1.15 to −0.7 MPa over the first
3 days of acclimation and then slowly declined over the
remainder of the acclimation period to −1.02 MPa; expo-
sure to −3°C produced a further decline to −1.23 MPa

(Fig. 3). In contrast, in the crown, osmotic potential
declined gradually from −0.95 to −1.44 MPa over the
whole cold acclimation period, while exposure to −3°C
increased it slightly to −1.40 MPa. The most rapid change
in osmotic potential occurred between days 3 and 7 of
acclimation. The ice nucleation temperature of the leaf was
lower than that of the crown throughout the cold acclima-
tion period. Thus, for the leaf, this varied from −10.4±0.2
to −13.9±1.1°C during the measurement period, while in
the crown, the equivalent temperatures were −9.6±0.2°C
and −13.2±2.3°C. The linear regression between the ice
nucleation temperature and the length of acclimation time was
highly significant (p≤0.05) for both the leaf and the crown
(Fig. 4). The melting temperature of the crown decreased
significantly between days 3 and 7 of 1PH and decreased
slightly more during the transition to 2PH (Fig. S1). Overall,
the response of crown to low temperature seemed to be more
significant than the equivalent response of the leaf.

Fig. 1 a The degree of freezing
tolerance of the leaf and crown
of winter barley cv. Luxor as
determined by an electrolyte
leakage method. Plants were
exposed to 12 target temper-
atures. Points shown represent
the mean (n=2) freezing toler-
ance (LT50 value) in each of the
six treatments (C: no cold
exposure; 1, 3, 7 and 21 days
exposure to +3°C; 21 days
exposure to +3°C, followed by
1 day at −3°C). Means assigned
a different letter differ signifi-
cantly from one another at
p≤0.05. b The low temperature
survival of the crown during the
first phase of hardening (1PH)
and the second phase of hard-
ening (2PH). Plants were
exposed to 12 target temper-
atures. After thawing, they were
cut above the crown and left to
recover for 1 week. LT50 was
defined as the temperature at
which 50% of the plants died.
Points shown represent the mean
(n=4) LT50 in each of the
following six treatments: C no
cold exposure; 1, 3, 7 and
21 days exposure to +3°C; and
21 days exposure to +3°C,
followed by 1 day at −3°C.
Standard deviations are only
shown by bars when their size
exceeded that of the circlet.
Means assigned a different letter
differ significantly from one
another at p≤0.05
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Differentially expressed genes (DEGs)

R2 coefficients between the three replicates of each sample
ranged from 0.97 to 0.99. The proportion of “present” calls
was 64.0% in the leaf and 68.9% in the crown samples.
Most of the crown DEGs were detectable following 3 days
of hardening (1,456), but as for the DEGs identified
following 1 day of hardening, more than 50% of them
were down-regulated (52% after 1 day of hardening, 55%
after 3 days). However, upon transition to 2PH, up to 82%
of the crown DEGs were up-regulated, including various
transcription factors responsible for production of cold
protective compounds. About one half of all the leaf DEGs
were up-regulated during 1PH and nearly three quarters
during 2PH.

The three separate cluster analyses carried out were
based on DEGs common to both the leaf and crown (1,371
genes, nine clusters, Fig. S2), those which were leaf-
specific (4,827 genes, nine clusters, Fig. S3) and those
which were crown-specific (999 genes, nine clusters,
Fig. S4).

DEGs common to both the leaf and crown Clusters 1, 4 and
7 (Fig. 5) contain genes which were up-regulated following
a 1 day exposure to +3°C, then further up-regulated by the
transfer to −3°C. FunCat analysis identified five over-
represented categories, namely 01. metabolism, 20. cellular
transport, 32. cell rescue, defense and virulence, 34.
interaction with the environment and 36. systemic interac-
tion with the environment.

Fig. 2 Accumulation of dry
matter in the crown and leaf of
non-acclimated and acclimated
(21 days at +3°C, followed by
1 day at −3°C) winter barley cv.
Luxor. The mean dry weight
(DW) of 20 crowns was
expressed in g per crown.
Specific leaf area (n=20) was
calculated from leaf area/DW.
The contrasting trends shown by
the two curves can be inter-
preted as meaning that in both
organs, dry matter accumulated
during hardening. Means
assigned a different letter
(separately for the leaf and
crown) differ significantly from
one another at p≤0.05. Bars
represent standard deviation

Fig. 3 Time course of osmotic
potential in the leaf and crown
of non-acclimated and
acclimated (21 days at +3°C,
followed by 1 day at −3°C)
winter barley cv. Luxor, as
measured by the dew-point
method. Means (n=3) assigned
a different letter (separately for
the leaf and crown) differ
significantly from one another
(p value ≤0.05)
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Downstream protein components are believed to trans-
late the information encoded by transient changes in
calcium concentrations into stress specific cellular adapta-
tion responses (D’Angelo et al. 2006). Two candidate
protein families in this transduction process have been
identified recently, specifically the calcineurin B-like
calcium sensors (CBLs) and the CBL-interacting serine–
threonine protein kinases (CIPK, D’Angelo et al. 2006).
Barley homologues of CIPK1 (At3g17510), CIPK12
(At4g18700) , CIPK16 (At2g25090) and CBL1
(At4g17615) were present in these clusters. In addition,
the calcium-transporting plasma-type ATPase 8 (ACA8,
At5g57110) was co-regulated with CIPK and CBL. Clusters
1, 4 and 7 also contain a number of genes (LEAs, dehydrins
and drought-related transcription factors) known to be

responsive to changes in either water status or ambient
temperature, as well to treatment with exogenous abscisic
acid (ABA).

Clusters 2 and 9 (Fig. 5) show a similar expression trend
as clusters 1, 4 and 7, with the exception that they were not
further responsive at sub-zero temperature. Some of the
sequences in clusters 2 and 9 share homology with genes
already assigned a role in the cold acclimation process.
Among these was SEX1 (Starch Excess 1; At1g10760), a
gene which, when mutated in A. thaliana, induces cold
sensitivity resulting from a failure to break down starch
(Yano et al. 2005). Also represented are the homologues of
COR413-PM (At2g15970), COR314-TM2 (At1g29390)
and the ABA-responsive genes ATHVA22E (At5g50720)
and RAB18 (At5g66400). Homologues of the drought

Fig. 4 The ice nucleation tem-
perature of the leaf and crown of
non-acclimated and acclimated
(21 days at +3°C, followed by
1 day at −3°C) winter barley cv.
Luxor. The ice nucleation
temperature was assessed by
differential scanning calorime-
try. Each point represents the
mean of three independent
measurements

Fig. 5 Clusters 1, 2, 4, 7 and 9 of genes regulated in both the leaf and
crown in response to cold acclimation. X axis: the number of days of
exposure to low temperature and organ type; Y axis: gene expression

level. The curve represents the mean expression level of all the genes in
the respective cluster
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stress response genes STO (At1g06040), ATOSM34
(At4g11650) and OST1 (At4g33950) were also represented,
along with those of three genes involved in proline
metabolism, namely P5CS (δ 1 pyrroline-5-carboxylate
synthase; At2g39800) a gene encoding a key proline
synthesis enzyme, proline oxidase (At5g38710) and
Δ-OAT (ornithine δ-aminotransferase; At5g46180) and the
gene involved in ABA metabolism (zeaxanthin epoxidase,
At5g67030). Cuevas et al. (2008) have noted that the
accumulation of putrescine is essential for cold acclimation
in A. thaliana, since mutants defective for its synthesis
show low tolerance to freezing. The clusters also contained
an ADC2 homologue (arginine decarboxylase; At4g34710),
a gene responsible for a key enzyme in the putrescine
pathway.

Leaf-specific DEGs A demonstration that the leaf and
crown are morphologically and physiologically distinct
from one another was that nearly 5,000 DEGs were leaf-
specific. These clustered into nine clades. Members of
clusters 2 and 9 (839 genes) were all up-regulated after
1 day exposure to +3°C (Fig. 6). FunCat analysis identified
five over-represented categories, namely 01. metabolism,
14. protein fate, 20. cellular transport, 32. cell rescue,
defense and virulence and 34. interaction with the environ-
ment. Genes encoding chloroplast-localised proteins were
also over-represented, supporting the notion that plastid-
localised proteins are important for cold acclimation
(Svensson et al. 2006). Several HSP homologues, in
particular HSP17.4 (At1g54050), HSP70 (At3g12580) and
HSP101 (At1g74310), as well as transcription factors

responsive to salinity stress (STO, At1g06040) and heat
stress (HSF3, At5g16820) also belonged to these two
clusters, as did a homologue of the dehydrin encoding
gene DHN (At1g54410) and the papain family protease
encoding gene RD21 (At1g47128).

The expression of the 292 genes in cluster 3 increased in
the leaf both when the temperature was reduced to +3°C,
and then again to −3°C (Fig. 6). Four functional categories
were over-represented, namely 14. protein fate, 32. cell
rescue, defense and virulence, 34. interaction with the
environment and 40. cell fate. The cluster also contained
genes encoding calmodulin (CAM1, At5g37780),
calmodulin-dependent kinases (CPK7, At5g12480 and
CPK1, At3g17510) and a calmodulin-binding heat-shock
protein (lipase3, At5g37710), along with the transcription
factor SLT1 (At2g37570) and various cold-regulated genes
(ERD4, At1g30360; ERD7, At2g17840; LEA, At2g46140;
RCI2A, At3g05880; HSP 17.6II, At5g12020).

The 781 genes within clusters 5 and 7 were transiently
down-regulated immediately following the first day of
exposure to +3°C. Thereafter, their expression increased
gradually over the rest of the acclimation period, to reach a
level higher than that of the same genes in the non-cold
treated samples. Their subsequent transfer to −3°C trig-
gered at most a slight reduction in expression (Fig. 6). As
for the genes present in clusters 2 and 9, there was an over-
representation of genes belonging to 01. metabolism, 14.
protein fate, 20. cellular transport, 34. interaction with the
environment, as well as of several calcium-dependent
protein kinases, calmodulins and HSPs. Homologues were
recognised of the osmotic regulator ATOSM34 (At4g11650),

Fig. 6 Clusters 2, 3, 5, 7 and 9 of genes regulated specifically in the
leaf in response to cold acclimation. X axis: the number of days of
exposure to low temperature and organ type; Y axis: gene expression

level. The curve represents the mean expression level of all the genes
in the respective cluster
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P5CS which encodes a key enzyme in the proline synthesis
pathway, three genes involved in glycine betaine synthesis
(ALDH10A9, At3g48170; ALDH7B4, At1g54100;
ALDH2C4, At3g24503), the two osmotically responsive
genes LOS1 and LOS2 (At1g56070, At2g36530) and
AREB3 (At3g56850), which encodes an ABA-responsive
DNA binding protein.

Crown-specific DEGs The expression of most of the 999
crown-specific DEGs was characterised by a slower
response, with 3 days of cold acclimation being required
to reach a peak (or trough) of expression. Only the genes in
cluster 3 showed any increase in expression after 1 day
at +3°C (Fig. 7). Cluster 1 captured a number of
homologues of genes involved in the response to external
stimuli, including an ABA-responsive DNA binding factor
(ABF3/DPBF5, At4g34000) and an auxin response factor
(ARF16, At4g30080). The presence of the latter suggested a
role for auxin in cold stress sensing, as also noted in A.
thaliana (Hannah et al. 2005). There is also some evidence
for an interaction between ABA and auxin during cold
acclimation (Brady et al. 2003; Suzuki et al. 2001).

The expression level of the 345 genes in clusters 2 and 5
fell gradually at the beginning of the cold acclimation
period, but, from the third day onwards, it rose again; upon
exposure to −3°C, their level of expression was marginally

reduced (Fig. 7). The over-represented functional categories
included 01. metabolism, 10. cell cycle and DNA process-
ing, 16. protein with binding function or cofactor require-
ment and 42. biogenesis of cellular components. Many of
the genes in these clusters are involved in nucleosome
assembly—for instance, those encoding histones H1.2
(At2g30620), H2A (At4g27230), H2B (At5g22880,
At2g37470) , H3 (At5g10400, At5g10390) , H3.2
(At1g5600, At1g13370), H4 (At5g59970) , HTB4
(At5g59910), HTB11 (At3g46030), HTA11 (At3g54560)
and HTA12 (At5g02560). Of these, H2A and HTA11 have
been shown to be directly involved in the perception of
temperature during nucleosome remodelling (Kumar and
Wigge 2010).

Many of the genes grouped into cluster 3 are involved
with photosynthesis and so were, as expected, expressed at
a high level in the leaf. Some were marginally up-regulated
in the crown after a short exposure to +3°C (Fig. 7). Those
in clusters 6 and 7 were gradually down-regulated over the
course of the first 3 days of cold acclimation, after which
their expression level remained relatively constant (Fig. 7).
As in other clusters, the over-represented functional
categories in these two clusters were 01. metabolism, 02.
energy and 32. cell rescue, defense and virulence, which is
rather typical of the general plant response to environmental
stress.

Fig. 7 Clusters 1, 2, 3, 5, 6, and
7 of genes regulated specifically
in the crown in response to cold
acclimation. X axis: the number
of days of exposure to low
temperature and organ type;
Y axis: gene expression level.
The curve represents the mean
expression level of all the genes
in the respective cluster
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Metabolic pathways potentially activated during cold
acclimation

MapMan software (http://mapman.gabipd.org; Thimm et al.
2004; Usadel et al. 2005), which was developed as a means
of translating transcriptomic into metabolic data, was
employed to identify the potential metabolic consequences
of cold-induced gene expression changes. We considered
three key contrasts, namely untreated vs. 1 day at +3°C,
untreated vs. 3 days at +3°C, and 21 days at +3°C vs.
21 days at +3°C followed by 1 day at −3°C. Mean FC
values of the genes involved in the metabolic pathways
described below are given in Tables 1 (leaf) and 2
(crown). The gene chip is designed to include multiple
probe sets for each target gene, but, in some cases, these
detected distinct expression profiles, suggesting the pres-
ence of gene isoforms. Thus, the probe sets which
generated a uniform expression profile were considered
as fully redundant, whereas those which generated distinct
profiles were taken to have detected distinct isoforms.
Because reference to MapMan enabled gene function in
barley to be predicted, the spectrum of isoforms present in
barley may be different to what has been described in A.
thaliana (see Tables 1 and 2).

Sucrose and starch metabolism The expression of a
number of genes involved in sucrose/starch metabolism
responded to the cold acclimation treatment. The largest
changes in expression in the leaf occurred after 3 days of
acclimation, while the further temperature reduction to −3°C
had very little effect. Most of these genes were up-, rather than
down-regulated by the cold treatment. Of the four vacuolar
invertases which responded within 3 days of acclimation,
three were up-, and the fourth was down-regulated. The
expression of cell wall invertases (two isoforms present) was
greatly induced by the cold treatment, while that of the two
isoforms of leaf neutral invertase was repressed. Lowering the
temperature to below freezing led to further rises in the
expression level of the vacuole and cell wall invertases. The
up-regulation of the two sucrose synthase (SUS) isoforms
after 3 days of CA suggested an enhanced level of sucrose
cleavage activity. The increase in sucrose phosphate synthase
and starch synthase transcript abundance during cold accli-
mation suggested that sucrose-6-phosphate and amylose may
be accumulated early during the cold stress period. Starch is
cleaved in planta by a combination of alpha- and beta-
amylases and phosphorylase. Although at least three alpha-
and beta-amylase genes were among the DEGs, this was not
the case for phosphorylase, whose expression declined after
3 days of cold treatment. After 1 day, the expression of
hexose transporter, and after 3 days that of a triose phosphate
translocator was observed. The transcriptomic data, as a
body, suggest that both the cold and the freezing treatments

produced an accumulation of maltose and glucose in the
leaves.

In the crown, the expression of genes involved in
sucrose/starch metabolism was only marginally affected
by low temperature. Among the few genes significantly up-
or down-regulated was a sucrose transporter (up-regulated),
while a number of genes encoding enzymes involved in
sucrose degradation (one isoform of cell wall invertase;
vacuolar invertase; neutral invertase; fructokinase) were all
down-regulated; this suggests that sucrose was exported rather
than cleaved into fructose and glucose. Only at the beginning
of the cold acclimation process was one isoform of vacuolar
invertase up-regulated. Some starch degradation enzymes
were down-regulated (alpha-glucosidase), but others were up-
regulated (alpha-amylase; beta-amylase), which would be
consistent with the accumulation of maltose—believed to be a
cryoprotectant as well as a precursor for soluble sugar
metabolism (Kaplan et al. 2006)—at the beginning of the
stress period. Both maltose and glucose were likely
accumulated after 3 days of cold acclimation. The exposure
to sub-zero temperature resulted in the further up-regulation
of some of the genes involved in sucrose degradation (cell
wall invertase) and starch degradation (beta-amylase; alpha-
amylase), suggesting a further accumulation of glucose and
maltose as the response to freezing.

Trehalose metabolism The expression of starch degradation
genes agrees well with that of the two trehalose metabolism
genes TPS (trehalose-6-phosphate synthase) and TPP
(trehalose-6-phosphate phosphatase), which reacted differ-
entially to cold acclimation. Here, TPS was down-regulated
by low temperature in both the crown and the leaf.
Additionally, three further putative TPS isoforms were also
down-regulated in the leaf at the beginning of the
acclimation period. In contrast, one of the two TPP
isoforms was down-regulated in both crown and leaf in
response to low temperature exposure, while the other was
up-regulated at the beginning of the acclimation period in
the leaf and by the sub-zero temperature in both the leaf and
the crown. These observations are consistent with the
accumulation of trehalose, the absence of trehalose-6-
phosphate and the breakdown of starch.

Raffinose metabolism The expression of a number of genes
encoding enzymes involved in raffinose metabolism—such
as galactinol synthase and raffinose synthase—was affected
by the acclimation treatment. In the leaf, the transcript
abundance of one isoform of galactinol synthase was
reduced by the treatment, while that of two other isoforms
was increased. The expression level of none of the isoforms
was further modified by exposure to −3°C. Similarly, one
raffinose synthase gene was up-regulated, while that of a
putative isoform was down-regulated after 3 days of
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Table 1 Fold change (FC) values of differentially expressed genes encoding key leaf enzymes

Metabolism,
leaves

Annotation Probe set ID Arabidopsis
Accn

FC: C vs
1 day (3°C)

FC: C vs
3 days (3°C)

FC: 21 days (3°C)
vs 1 day (−3°C)

sucrose and
starch

Vacuolar invertase Contig4521_s_at; AT1G12240.1; 30.91 12.86 NDEG
HVSMEn0014H06r2_s_at AT1G62660.1

Contig13653_at; AT1G62660.1; 35.49 16.55 NDEG
Contig2492_s_at; AT1G62660.1;

Contig2499_s_at; AT1G62660.1;

Contig3392_at; AT1G62660.1;

HA11P12u_s_at AT1G62660.1

rbah48h06_s_at AT1G62660.1 100.19 13.42 NDEG

Contig2495_s_at AT1G62660.1 NDEG 0.37 3.57

Cell wall invertase Contig6787_at AT3G13790.1 2.56 2.72 NDEG

Contig11241_at AT3G52600.2 175.58 44.15 9.45

Neutral invertase Contig7027_at; AT1G56560.1; 0.38 0.29 NDEG
S0000700018E12F1_s_at AT1G22650.1

Contig11836_at AT1G22650.1 0.36 0.27 NDEG

Sucrose synthase Contig361_s_at; AT3G43190.1; NDEG 2.96 NDEG
Contig689_s_at AT3G43190.1

Contig460_s_at AT3G43190.1 NDEG 2.01 NDEG

Sucrose phosphate
synthase

Contig16475_at AT4G10120.2 4.81 3.89 NDEG

Contig6496_at; AT5G11110.1; 2.53 2.64 NDEG
HVSMEc0008G05r2_s_at AT5G20280.1

Starch synthase Contig1808_at AT5G24300.1 2.32 NDEG NDEG

Alpha-amylase Contig14542_at AT1G69830.1 2.03 NDEG NDEG

Contig14990_at AT4G09020.1 5.17 2.54 NDEG

Contig7088_at AT4G25000.1 2.36 3.24 NDEG

Beta-amylase Contig11522_at AT4G17090.1 16.16 5.52 7.01

Phosphorylase Contig6517_at AT3G46970.1 NDEG 0.39 NDEG

Hexose transporter Contig6135_at; AT5G16150.3; 0.31 NDEG NDEG
Contig6135_s_at AT5G16150.3

Triose phosphate
translocator

Contig3114_at AT5G46110.1 NDEG 0.48 NDEG

SUSIBA2 Contig7243_at; AT4G26640.2; 0.40 NDEG NDEG
rbaal15j13_s_at AT4G26640.2

raffinose Galactinol synthase Contig3812_at AT1G56600.1 0.39 0.36 NDEG

Contig3810_at AT1G09350.1 4.54 2.72 NDEG

Contig3811_at; AT2G47180.1; 3.60 3.55 NDEG
Contig3810_s_at AT1G09350.1

Raffinose synthase Contig26196_at AT5G40390.1 8.61 5.52 2.35

Raffinose synthase, putative Contig23948_at; AT5G20250.3; NDEG 0.35 NDEG
Contig4459_at; AT3G57520.1;

HV11P22r_s_at AT3G57520.1

Alpha-galactosidase Contig4187_at AT5G08370.2 0.15 0.29 NDEG

Contig10284_at – 0.47 NDEG NDEG

UGE Contig10066_at AT4G10960.1 4.07 2.61 NDEG

Contig9721_at AT1G12780.1 NDEG 0.15 NDEG

trehalose TPS Contig12019_at AT1G78580.1 NDEG 0.38 NDEG

TPS, putative Contig11529_at; AT1G68020.2; 0.36 NDEG NDEG
Contig3375_at AT1G68020.2

Contig3373_s_at; AT1G70290.1; 0.48 NDEG NDEG
HVSMEk0022L04r2_s_at AT1G68020.2

Contig4657_at AT1G06410.1 0.38 NDEG NDEG

TPP Contig24583_at AT5G51460.1 0.24 NDEG NDEG
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Table 1 (continued)

Metabolism,
leaves

Annotation Probe set ID Arabidopsis
Accn

FC: C vs
1day (3°C)

FC: C vs
3days (3°C)

FC: 21days (3°C)
vs 1day (−3°C)

Contig14870_at; AT4G12430.1; 3.71 NDEG 6.75
Contig2825_at; AT1G35910.1;

HS16E24u_s_at AT1G35910.1

proline P5CS Contig3814_at AT2G39800.1 26.53 78.98 NDEG

GABA GAD Contig1380_s_at; AT2G02000.1; 9.65 10.07 NDEG
Contig1388_at AT2G02010.1

Contig1385_at AT5G17330.1 NDEG 0.29 NDEG

Contig1373_at AT5G17330.1 NDEG NDEG 3.60

ABA 9-cis-epoxycarotenoid dioxygenase Contig4988_at AT4G19170.1 0.19 NDEG NDEG

HT11N18r_s_at – NDEG NDEG 3.95

Zeaxanthin epoxidase Contig3181_at AT5G67030.1 NDEG 2.31 NDEG

lignin PAL1 Contig1795_at; AT2G37040.1; 2.12 NDEG 8.02
Contig1800_at; AT2G37040.1;

Contig1800_s_at; AT2G37040.1;

Contig1800_x_at AT2G37040.1

Contig1799_s_at AT2G37040.1 5.70 5.55 2.81

Contig1803_at; AT2G37040.1; NDEG 0.41 NDEG
HVSMEm0015M15r2_s_at AT2G37040.1

Contig1805_s_at AT2G37040.1 NDEG NDEG 3.62

4CL Contig4674_at; AT1G51680.1; 3.32 3.88 NDEG
Contig4677_at AT1G65060.1

Contig4676_at AT1G51680.1 2.16 NDEG 2.03

HCT Contig6770_at; AT5G48930.1; 5.02 3.34 3.60
Contig6770_s_at AT5G48930.1

Contig7815_s_at; AT5G48930.1; NDEG 2.77 NDEG
HVSMEf0012H17r2_at AT5G48930.1

CCR1 Contig8527_at AT1G15950.1 2.19 NDEG NDEG

Contig14426_at AT1G15950.1 NDEG NDEG 2.27

CAD Contig19854_at; AT4G37980.1; 6.27 5.31 NDEG
Contig19854_s_at; AT4G37980.1;

HM05N11r_at AT4G37990.1

HVSMEh0081I20r2_s_at; AT4G37980.1; 2.12 NDEG 5.10
Contig20411_at AT4G39330.1

rbags23e03_at AT4G39330.1 4.74 4.09 NDEG

Contig13997_at AT4G37980.1 0.41 0.29 NDEG

Contig4260_at AT4G37980.1 NDEG NDEG 5.00

COMT Contig2947_at AT5G54160.1 0.32 0.19 NDEG

CCoAOMT Contig24054_at; AT3G62000.1; 0.38 0.48 NDEG
Contig406_s_at AT4G34050.1

Laccase Contig10632_at; AT3G09220.1; 6.85 3.87 2.13
Contig10632_s_at AT3G09220.1

Each FC value refers to the mean expression fold change of one isoform

ABA abscisic acid, CAD cinnamyl alcohol dehydrogenase, CCoAOMT caffeoyl-CoA 3-O-methyltransferase, CCR1 cinnamoyl-CoA reductase 1,
COMT caffeic acid o-methyltransferase, GABA gamma-aminobutyric acid, GAD glutamate decarboxylase, HCT hydroxycinnamoyl-CoA:
shikimate hydroxycinnamoyl transferase, NDEG not differentially expressed gene, PAL1 phenylalanine ammonia-lyase 1, P5CS delta 1 pyrroline-
5-carboxylate synthase, SUSIBA2 sugar signalling in barley 2, TPP trehalose-6-phosphate phosphatase, TPS trehalose-6-phosphate synthase, 4CL
4-coumarate:CoA ligase, UGE UDP-glucose 4-epimerase
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Table 2 Fold change (FC) values of differentially expressed genes encoding key crown enzymes

Metabolism,
crowns

Annotation Probe set ID Arabidopsis
Accn

FC: C vs
1 day (3°C)

FC: C vs
3 days (3°C)

FC: 21 days (3°C)
vs 1 day (−3°C)

Sucrose and
starch

Sucrose transporter Contig4612_at AT1G09960.1 NDEG 2.60 NDEG

Vacuolar invertase Contig2495_s_at AT1G62660.1 NDEG 0.41 NDEG

Contig4521_s_at; AT1G12240.1; 2.12 NDEG NDEG
HVSMEn0014H06r2_s_at AT1G62660.1

Cell wall invertase Contig7811_s_at; AT3G13790.1; NDEG 0.43 NDEG
Contig6539_s_at AT3G52600.2

Contig11241_at AT3G52600.2 NDEG NDEG 3.43

Neutral invertase Contig6108_at AT1G22650.1 NDEG 0.44 NDEG

Fructokinase Contig101_at AT2G31390.1 NDEG 0.40 NDEG

Alpha-glucosidase Contig7937_s_at AT5G11720.1 NDEG 0.40 NDEG

Alpha-amylase Contig7088_at AT4G25000.1 NDEG 2.08 2.15

Beta-amylase Contig11522_at AT4G17090.1 2.41 NDEG 6.00

Raffinose Galactinol synthase Contig3810_at; AT1G09350.1; 12.18 15.44 2.89
Contig3811_at AT2G47180.1;

Contig3810_s_at AT1G09350.1 11.83 12.18 2.24

Raffinose synthase Contig26196_at AT5G40390.1 3.15 2.35 3.65

Trehalose TPS Contig12019_at AT1G78580.1 0.44 0.27 NDEG

TPP Contig24583_at AT5G51460.1 0.31 0.29 NDEG

Contig14870_at; AT4G12430.1; NDEG NDEG 2.63
Contig2825_at; AT1G35910.1;

HS16E24u_s_at AT1G35910.1

Proline P5CS Contig3814_at AT2G39800.1 5.62 6.21 NDEG

GABA GAD Contig1380_s_at; AT2G02000.1; NDEG 2.43 NDEG
Contig1388_at AT2G02010.1

GAD Contig1373_at AT5G17330.1 0.28 0.10 NDEG

ABA 9-cis-epoxycarotenoid dioxygenase HT11N18r_s_at – NDEG NDEG 2.99

ABA 8-hydroxylase Contig11708_at AT1G48400.1 3.39 2.60 2.18

Lignin PAL1 Contig1795_at; AT2G37040.1; NDEG 0.39 NDEG
Contig1800_at; AT2G37040.1;

Contig1800_s_at; AT2G37040.1;

Contig1800_x_at AT2G37040.1

Contig1805_s_at AT2G37040.1 0.38 0.23 NDEG

4CL Contig4676_at AT1G51680.1 NDEG NDEG 2.11

CCR1 Contig6799_at AT1G15950.1 NDEG 0.35 NDEG

CAD HVSMEh0081I20r2_s_at; AT4G37980.1; NDEG 0.45 NDEG
Contig20411_at AT4G39330.1

COMT Contig2532_at; AT5G54160.1; 2.02 NDEG NDEG
Contig5311_at; AT5G54160.1;

Contig5313_s_at; AT5G54160.1;

Contig6251_at AT5G54160.1

Contig2947_at AT5G54160.1 NDEG 0.37 NDEG

Laccase Contig10632_at; AT3G09220.1; 2.10 2.59 3.04
Contig10632_s_at AT3G09220.1

Each FC value refers to the mean expression fold change of one isoform

ABA abscisic acid, CAD cinnamyl alcohol dehydrogenase, CCoAOMT caffeoyl-CoA 3-O-methyltransferase, CCR1 cinnamoyl-CoA reductase 1,
COMT caffeic acid o-methyltransferase, GABA gamma-aminobutyric acid, GAD glutamate decarboxylase, HCT hydroxycinnamoyl-CoA:
shikimate hydroxycinnamoyl transferase, NDEG not differentially expressed gene, PAL1 phenylalanine ammonia-lyase 1, P5CS delta 1 pyrroline-
5-carboxylate synthase, TPP trehalose-6-phosphate phosphatase, TPS trehalose-6-phosphate synthase, 4CL 4-coumarate:CoA ligase
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acclimation. These observations are consistent with the
accumulation of galactinol in the leaf as a response to low
temperature, and with the accumulation of raffinose both at
the beginning of the +3°C and the −3°C treatments. The
early down-regulation of an alpha-galactosidase gene is
suggestive of the accumulation of melibiose in the leaf. In
the crown, the two galactinol synthase isoforms were both
up-regulated by the cold stress, as was the raffinose
synthase gene. These data suggest that the crown is able
to accumulate galactinol and raffinose in response to cold
acclimation.

Proline and GABA metabolism Together with the possible
accumulation of soluble sugars, that of both proline and
GABA probably also contributed to the decrease in osmotic
potential which occurred during acclimation (Fig. 3). The
expression of P5CS increased rapidly during acclimation in
both the leaf and the crown, suggesting the steady
accumulation of proline in both organs. However, proline
synthesis probably ceases at sub-zero temperatures. The
gene encoding glutamate decarboxylase (GAD) was down-
regulated in the crown at +3°C, while two isoforms were
up-regulated after 3 days of acclimation. In contrast, in the
leaf, GAD was up-regulated, with one of its isoforms down-
regulated after 3 days of acclimation. One of the GAD
isoforms was induced in the leaf at −3°C. The expression
data suggest that GABA was accumulated at the beginning
of 1PH and 2PH in the leaf but not in the crown.

ABA metabolism NCED, the gene encoding 9-cis-epox-
ycarotenoid dioxygenase was down-regulated in the leaf
(but not in the crown) after just 1 day of acclimation, but
was induced at −3°C in both the leaf and the crown. This
behaviour suggests that ABA was accumulated as a
response to the dehydration associated with exposure to
sub-zero temperatures. A detailed study of NCED expres-
sion during periods of water stress has demonstrated a tight
correlation between transcript abundance, protein level and
ABA content in dehydrated leaves and roots of bean,
indicating a regulatory role for NCED in ABA biosynthesis
(Qin and Zeevaart 1999).

Lignin metabolism Little is known of the role (if any) of
lignin metabolism during cold acclimation, but the
expression profiles of many genes involved in lignin
synthesis were changed markedly by this treatment in
barley. Particularly notable were some of the genes
involved in secondary metabolism, especially those
responsible for the enzymes participating in lignin
synthesis. The transcriptomic data indicated a global
up-regulation of lignin synthesis in the leaf but its down-
regulation (or absence of effect) in the crown. In the leaf,
the accumulation of cinnamic acid was suggested by the

up-regulation during acclimation of two PAL1 (phenyl-
alanine ammonia-lyase 1) isoforms (the third being
down-regulated), while all three isoforms were induced
by exposure to −3°C; at the same time there was little or
no change in the abundance of C4H (cinnamate 4-
hydroxylase) transcript. The genes encoding key
enzymes for the synthesis of lignin precursors, namely
PAL, HCT (hydroxycinnamoyl-CoA:shikimate hydroxy-
cinnamoyl transferase), CCR1 (cinnamoyl-CoA reductase
1) and CAD (cinnamyl alcohol dehydrogenase) were all
up-regulated after 1 day of cold acclimation. After the
third day of acclimation, all but CCR1 remained up-
regulated, while upon the plants’ removal to −3°C, the
expression of all five genes was boosted. At +3°C, both
COMT (caffeic acid o-methyltransferase) and CCoAOMT
(caffeoyl-CoA 3-O-methyltransferase) were down-
regulated in the leaf. In the crown, genes involved in the
synthesis of lignin precursors were mostly down-regulated
following exposure to +3°C (PAL1 after 1 day and 3 days,
CCR1, CAD and COMT after 3 days). Of these, only
COMT was up-regulated at the beginning of acclimation
(C vs 1d). 4CL (4-coumarate:CoA ligase) was up-
regulated following exposure to −3°C. The cold-induced
up-regulation of the gene encoding laccase occurred in
both the leaf and crown (Tables 1 and 2). On the other
hand, the peroxidase genes presumably involved in lignin
polymerization were down-regulated.

Discussion

The application of microarray technology has generated a
large volume of gene expression data associated with CA in
barley and other cereals. While much benefit can be gained
from the wealth of information available in relation to gene
identity and pathways in A. thaliana, some caution needs to
be exercised in extrapolating this to barley. To date, much
of the focus of cereal transcriptome analysis has been at the
level of the whole plant (e.g. Campoli et al. 2009; Kocsy et
al. 2010; Monroy et al. 2007) or in the leaf (e.g. Atienza et
al. 2004; Badawi et al. 2007), although it is clear from
physiological studies that in the temperate cereals, the
critical organ for winter survival is the crown (summarised
by Livingston et al. 2005). The modulation of the crown
transcriptome in response to low temperature has received
some attention (Ganeshan et al. 2008; Herman et al. 2006;
Pearce et al. 1998; Skinner 2009; Sutton et al. 2009;
Winfield et al. 2010), but there has been little, if any, focus
on any specific mechanism(s) which differentiate the
responses to cold of the crown from the leaf. The present
study represents an attempt to contrast gene expression in
the winter barley leaf with that in the crown over the course
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of CA and subsequent sub-zero temperature hardening. We
explored the notion that the crown possesses specific cold
responsive features, which can explain its key role in winter
survival.

The development of freezing tolerance during the course
of 1PH has been documented previously (Fowler 2008;
Gusta et al. 2001), and that freezing tolerance can be further
improved by exposure to non-lethal sub-zero temperature
has been known for many years (Trunova 1965). The 2PH
is associated with extensive physiological, morphological
and molecular changes, particularly because the very low
temperatures are accompanied by a redistribution of water
to the extracellular space (Herman et al. 2006). The cell
dehydration associated with exposure to sub-zero temper-
atures was signalled in the present experiments by the
induction during 2PH, in both the leaf and the crown, of
NCED, which encodes a key enzyme of ABA biosynthesis,
as well as by the expression of certain dehydration
responsive genes. Crown tissue DW continued to increase
from the end of the first week of 1PH until day 21 and was
accompanied by a fall in osmotic potential; this behaviour
is suggestive of the accumulation of cryo-protective
compounds in this key organ for the purpose of winter
survival.

The nucleation temperature of intrinsic ice nuclei
decreased by approximately 3.6°C in both leaf and crown
during the acclimation process, consistent with the behav-
iour of oilseed rape (Gusta et al. 2004). The theoretical ice
nucleation temperature for low molecular weights calculated
according to Franks (1985) varied from −7.4 to −10.9°C in
the crown, and from −8.5 to −11.8°C in the leaf. During the
first 7 days of acclimation, the measured ice nucleation
temperature values (Fig. 4) lay within the theoretical range.
However, by 21 days of acclimation, as well as for the
measurement taken after the further 1 day at −3°C, the
predicted ice nucleation temperature was higher than the
observed one. The ice nucleation temperature depression
during the cold acclimation period was 4.0–6.5 times
(crown) and 5.0–9.0 times (leaf) greater than the predicted
ice nucleation temperature depression due exclusively to
osmotic potential (Franks 1985). The conclusion from these
measurements was that during the acclimation process, the
production of ice nucleation substances in both the leaf and
the crown was suppressed, correlating therefore with the
rapid up-regulation of genes encoding the major antifreeze
(chitinases, glucanases, thaumatin-like proteins) and ice
recrystallization inhibition proteins (Fig. 6, clusters 2 and 9;
Fig. 5, cluster 1; Fig. S2, cluster 5). Genes encoding ice
recrystallization inhibition proteins are strongly up-regulated
in the wheat crown as well (Herman et al. 2006; Winfield et
al. 2010). During the transition from 1PH to 2PH, the
abundance of a number of proteins associated with antifreeze
activity also rose in this organ (Herman et al. 2006).

Differentially expressed genes (DEGs)

As might have been predicted, the leaf and crown do share
some aspects of the acclimation response. The first and
transient common response (within 1 day of exposure
to +3°C and −3°C) included the expression of genes
involved in Ca2+ signalling (Ca2+-transporting ATPase,
Ca2+ sensors (CBLs) and CBL-interacting protein kinases)
and certain co-regulated genes (drought-related TFs, LEAs,
DHN). The more delayed response (after 3 days of low
temperatures) included genes involved in hormone (ABA,
putrescine) signalling and osmotic adjustment (starch
breakdown, proline biosynthesis), together with the expres-
sion of COR genes. These transcriptomic changes may be
considered as a common (or basal) response to low
temperature stress.

However, it has become clear that both these organs
also display some specific features during response to
low temperatures. Thus, in the leaf, the rapid transient
response consisted of Ca2+ signalling via calmodulin
(CAM), CAM-dependent kinases (CPK) and CAM-
binding HSP (lipase3); some small HSPs and CORs were
co-regulated. A rapid but more long-lasting response was
shown by genes encoding chloroplast-localised proteins, a
small HSP and HSPs 70 and 101, HSF and DHN.
Additional classes of genes induced after 3 days following
their initial partial suppression at 1 day included those
encoding components of glycine betaine synthesis, as well
as P5CS, OSM34, LOS1 and 2. The product of LOS1 is
known to negatively regulate CBFs (Guo et al. 2002).
Many of the CBF genes were not identified as DEGs
because their expression tended to be very rapid (within a
few hours of exposure to cold) and was typically no longer
detectable after 24 h of stress exposure. However, a barley
homologue of TaCBF9 was clearly up-regulated in both
the leaf and the crown after 1 day exposure to +3°C
and −3°C.

The crown’s rapid response to low temperature included
some small-scale changes in the expression of genes
involved in photosynthesis. These genes were more highly
expressed in the leaf, but there, their expression was
unaffected by cold stress. The surprising induction of genes
related to photosynthesis in this non-photosynthetic organ
has already been noted by Skinner (2009), who suggested a
protective rather than a photosynthetic role for them. The
more delayed response included genes responsive to ABA
and auxin as well as some involved in nucleosome
assembly. The local unwrapping of DNA is needed for
RNA polymerase in order to transcribe the up-regulated
genes as well as for the ability of repressors to bind to DNA
and block the transcription of down-regulated genes
(summarised by Kumar and Wigge 2010). In A. thaliana,
the histone H2A.Z appears to wrap the DNA more tightly at
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lower temperatures (12°C), but it changes to its more
permissive canonical form H2A at higher temperatures
which allows to transcribe the “warm transcriptome”
(Kumar and Wigge 2010). Here, a number of histone
genes, but especially H2A and HTA11, were transiently
down-regulated and co-regulated with the expression of a
histone-like TF (nuclear factor-Y; At1g07980) as a response
to cold stress; note that the AtHTA11 sequence shares high
homology with various H2A.Z orthologues (March-Díaz
and Reyes 2009). The down-regulation of HTA11 barley
homologue, which began after the first day at +3°C and
peaked in the crown between days 3 and 7, could therefore
have led to a transient release of the DNA from histone
wrapping and a subsequent burst of transcription of the
“cold transcriptome”. Correlating, temporally at least, with
the highest number of crown-specific DEGs (identified
from the sample taken after 3 days of cold stress) and the
aspects of the crown’s physiology (freezing survival,
osmotic potential, dry weight and melting temperature)
were also at their most dynamic between days 3 and 7.
Thus, our data imply involvement of nucleosome remodel-
ling in cold stress response as a specific feature of crown
tissues in winter barley.

Metabolic pathways potentially activated during cold
acclimation

Genes involved in some of the pathways responsible for
osmolyte production or secondary metabolism frequently
behaved differently in the crown and leaf.

Proline and GABA metabolism There was a pronounced
level of proline accumulation during 1PH in both the leaf
and crown, with a particularly high expression of P5CS in the
leaf (producing an FC of 26.5 after 1 day and 79.0 after
3 days). The GABA biosynthesis gene GAD was expressed
in the leaf at the beginning of 1PH (FC of ∼10.0) and 2PH.
Data support the suggestion of Mazzucotelli et al. (2006) that
proline, as opposed to GABA, is not accumulated at sub-zero
temperatures. Although the major role of both proline and
GABA is in osmoprotection during stress, other roles during
abiotic stress have been suggested for both proline (Kaul et
al. 2008) and GABA (Kang and Turano 2003).

Sucrose and starch metabolism There is clear evidence that
symplastic and apoplastic sugar contributes directly to
membrane stabilisation and that the increased content of
the soluble sugars glucose, fructose, sucrose and raffinose
is an important component of the hardening process
(Hincha and Hagemann 2004; Livingston and Henson
1998; Livingston et al. 2006; Pennycooke et al. 2003;
Valluru et al. 2008). However, they have also been
implicated as signalling molecules (Iordachescu and Imai

2008; Koch 2004; Roitsch and Gonzalez 2004; Rolland et
al. 2006; Sauer 2007; Tabaei-Aghdaei et al. 2003).

The expression profiles suggested that maltose and
glucose were accumulated in the leaf and crown during
both 1PH and 2PH, as a consequence of the up-regulation
of genes encoding starch and sucrose degradation enzymes.
While in the crown, there is evidence for sucrose transport,
in the leaf both vacuolar (FC >100.0 after 1 day at +3°C)
and apoplastic (FC 175.6 after 1 day at +3°C) invertases
were up-regulated during 1 and 2PH; this activity implies
the consumption of sucrose by the leaf. The apoplastic
invertase was up-regulated in the crown only at sub-zero
temperatures (and down-regulated after 3 days of CA). This
observation suggests that the alteration of invertase activity
in the crown during 2PH is a specific adaptive response
which aids plant survival in the face of extreme cold
(Livingston and Henson 1998). Both α- and β-amylase
encoding genes were induced in the crown during 1PH and
2PH, and in leaf during 1PH; β-, but not α-amylase genes,
were further up-regulated in the leaf during the transition to
2PH, consistent with the observations of Kocsy et al.
(2010). Note that maltose, a product of starch hydrolysis
driven by β-amylase, is believed act as a cryoprotectant, as
well as representing a precursor for soluble sugar metabo-
lism (Kaplan and Guy 2004; Kaplan et al. 2006).

Trehalose metabolism Trehalose-6-phosphate (T6P), the
product of TPS activity, is an indicator of sucrose
availability and an inhibitor of starch breakdown. The
presence of trehalose (produced from T6P by TPP
activity), and the absence of T6P have opposite effects
on sugar signalling, starch breakdown, leaf development
and flowering (Lunn et al. 2006; Lunn et al. 2010; Paul
2007). The expression patterns of TPS and TPP were
consistent with the possible absence of T6P and induction
of genes coding for starch breakdown enzymes in both
crown and leaf. Both TPP isoforms expressed in barley are
homologous to AtTPPA, which encodes a functional
enzyme (Vogel et al. 1998) similar to OsTPP1 (Pramanik
and Imai 2005). The transient expression of TPP induced
by low temperature in both the leaf and the crown,
together with the transient accumulation of trehalose at
low temperatures in rice (Pramanik and Imai 2005),
support the hypothesis that both trehalose and trehalose-
6-phosphate act as signalling molecules rather than as
osmolytes. The expression data show that T6P was down-
regulated during both 1 and 2PH in both the leaf and the
crown. During 1PH, the level of T6P may have been
depressed by the down-regulation of TPS. On the other
hand, during 2PH, its level was probably restricted by the
action of TPP, which forms trehalose from T6P. The
consequence of this reaction is an accumulation of TPS
substrates (UDP-glucose and glucose-6-phospate) during
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1PH, and possibly also of trehalose during exposure to
sub-zero temperatures.

Raffinose metabolism Although there is some evidence for
raffinose accumulation as a response to cold stress and
some confirmation of its role as an osmoprotectant (Liu et
al. 2007; Salerno and Pontis 1989), there is little difference
between the freezing tolerance of A. thaliana plants
differing in their raffinose content (Zuther et al. 2004).
Our results, however, suggest that raffinose is accumulated
in the crown over the whole cold acclimation period,
whereas in the leaves this only occurs in the early stages of
exposure to both low and sub-zero temperature stress.
Galactinol was probably accumulated during 1PH in the
leaf and during both 1PH (the galactinol synthase FC
was >10.0) and 2PH in the crown. Overall, the raffinose
oligosaccharides appear to be important components of the
cold acclimation process in winter barley. Significant
increases, measured during 1PH, in the abundance of
galactinol synthase transcript, have been noted in wheat
(Winfield et al. 2010). Both galactinol and raffinose are
believed to protect cells against oxidative damage (Nishizawa
et al. 2008).

Lignin metabolism The cold-induced up-regulation of PAL,
4CL, HCT, CCR and CAD in the leaf, and also of the gene
encoding laccase in both the leaf and crown (Tables 1 and
2) suggests that polymerization of monolignols could be
protective against damage caused by reactive oxygen
species (Takahama and Oniki 1997) and/or by the presence
of free phenols (Whetten and Sederoff 1995), given that the
esterified forms of phenolic acids allow their transport into
the plant vacuole (Dixon and Paiva 1995). On the other
hand, the peroxidase genes presumably involved in lignin
polymerization were down-regulated by low temperature.
Because lignin (and its precursors) is an important
component of the cell wall, any change in lignin content
and/or composition is bound to have an impact on the
physical properties of the cell wall. Such changes may
perhaps help avoid the mechanical stress caused by the
formation of ice at sub-zero temperatures. Unlike in the
leaf, the expression during CA of genes involved in
monolignol synthesis was either down-regulated or unaf-
fected in the crown. Similar investigation of the response of
the wheat leaf and crown to cold stress (Olenichenko and
Zagoskina 2005) showed that lignin content was unaffected
in the leaf and increased in the crown, while PAL activity
was reduced in both the crown and the leaf. On the other
hand, low temperature reportedly increases PAL activity in
both the oilseed rape leaf (Solecka and Kacperska 1995)
and the soybean root (Janas et al. 2000). Overall, the
suggestion is that monolignols, rather than lignin polymers,
are synthesised in the leaf of barley in response to

acclimation, while in the crown, lignin polymers are
favoured over monolignols.

The induction of expression of genes responsible for
sucrose degradation in the leaf, and the up-regulation of
many of the enzymes participating in monolignol synthesis
support the hypothesis proposed by Rogers et al. (2005)
that lignin synthesis depends on the availability of hexose
carbohydrates. However, in the crown, it was the expres-
sion of sucrose transporter genes, rather than of the sucrose
degradation machinery, which was induced, and the lignin
synthesis enzyme genes were largely down-regulated; this
implies that the crown enhances the polymorphism of its
lignin via methyltransferase activity, rather than via any
promotion of lignin precursor synthesis.

Summary

This study has represented an attempt to focus on
specific processes and genes involved in the response
of the barley crown to cold stress, based on the
recognition that the crown is key for the successful
overwintering of cereals. The most noteworthy features
of this response were the transient changes observed in
the transcription of nucleosome assembly genes and
especially in the expression of H2A and HTA11 which
have been implicated in temperature sensing in A. thaliana
(Kumar and Wigge 2010).

Many of the genes involved in pathways responsible for
osmolyte production and secondary metabolism had distinct
expression profiles in the crown and leaf. A number of
genes responsible for sucrose degradation were induced in
the leaf during CA, whereas, in the crown, it was the
expression of sucrose transporter genes, rather than of the
sucrose degradation machinery, which was induced. The
gene expression data implied that raffinose oligosaccharides
are likely to be important in the winter barley CA response,
especially in the crown. The idea that both trehalose and
trehalose-6-phosphate act as signalling molecules rather
than as osmolytes was also supported by the data.
Monolignols, rather than lignin polymers, are synthesised
in the leaf of barley during CA, while in the crown, lignin
polymers are favoured over monolignols. In addition, the
crown enhances the polymorphism of its lignin via
methyltransferase activity, rather than via the promotion of
lignin precursor synthesis.

A major direction of our research effort is to characterise
the crown/leaf responses to cold in both spring and winter
barley cultivars which contrast for their degree of freezing
tolerance, because an understanding of the basis of this
tolerance should help formulate strategies to improve the
crop’s winter hardiness.
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Abstract We report a series of microarray-based leaf
and crown transcriptome comparisons involving three
barley cultivars (cvs. Luxor, Igri and Atlas 68) which
express differing degrees of frost tolerance. The tran-
scripts were obtained following the exposure of seed-
lings to low (above and below zero) temperatures,
aiming to identify those genes and signalling/metabolic
pathways which are associated with frost tolerance.
Both the leaves and the crowns responded to low tem-
perature by the up-regulation of a suite of abscisic acid
(ABA)-responsive genes, most of which have already
been recognized as components of the plant low tem-
perature response. The inter-cultivar comparison indicat-
ed that genes involved in maintaining the leaf's capacity
to synthesize protein and to retain chloroplast activity
were important for the expression of frost tolerance. In

the crown, the repression of genes associated with nu-
cleosome assembly and transposon regulation were the
most relevant transcriptional changes associated with
frost tolerance, highlighting the role of gene repression
in the cold acclimation response.

Keywords Cold acclimation . Cold-responsive genes .

Crown . Chloroplast . Leaf

Introduction

Frost tolerance, an important component of winter survival
(Livingston et al. 2007), can be induced by exposing plants to
a period of low (slightly >0 °C) temperature, in a process
referred to as the first phase of hardening. The treatment
triggers a series of physiological changes, along with the re-
setting of the expression level of a large number of genes; the
products of which are presumably associated with helping the
plant to survive exposure to low temperature. The second
phase of hardening, which further increases the level of frost
tolerance, involves a period of exposure to sub-zero tempera-
tures (Trunova 1965). Similarly, this treatment is associated
with extensive physiological, morphological and molecular
changes (Herman et al. 2006), which are thought to enable
the successful over-wintering survival of autumn-sown cereal
crops (Livingston et al. 2007).

The sensing of low temperature may be facilitated via
changes to membrane fluidity (Sangwan et al. 2002;
Uemura et al. 2006; Vaultier et al. 2006; Wang et al.
2006), photosystem II excitation pressure (Gray et al.
1997; Ndong et al. 2001) or the formation of specific
histone variants (Kumar and Wigge 2010; Janská et al.
2011). After the initial release of secondary messengers,

Electronic supplementary material The online version of this article
(doi:10.1007/s10142-014-0377-0) contains supplementary material,
which is available to authorized users.

A. Janská : J. Zámečník : J. Ovesná
Department of Molecular Biology, Crop Research Institute, v.v.i.,
Drnovská 507, 161 06 Prague 6, Czech Republic

A. Janská (*)
Faculty of Science, Charles University in Prague, Viničná 5, 128
44 Prague 2, Czech Republic
e-mail: janska@vurv.cz

A. Aprile : L. de Bellis
Department of Biological and Environmental Sciences and
Technologies, University of Salento, Ecoteckne prov.le
Monteroni-Lecce, 73100 Lecce, Italy

L. Cattivelli
Consiglio per la Ricerca e la sperimentazione in Agricoltura,
Genomics Research Centre, via S. Protaso, 302, I-29017 Fiorenzuola
d’Arda, PC, Italy

Funct Integr Genomics (2014) 14:493–506
DOI 10.1007/s10142-014-0377-0

The up-regulation of elongation factors in the barley leaf
and the down-regulation of nucleosome assembly genes
in the crown are both associated with the expression
of frost tolerance

http://dx.doi.org/10.1007/s10142-014-0377-0


various signalling pathways are triggered, prompting the
transcription of low temperature-regulated genes, as well
as of genes involved in metabolic adjustment. The C
repeat-binding factor/dehydration-responsive element-
binding factor (CBF/DREB) signalling pathway is well defined
in both Arabidopsis thaliana (e.g. Novillo et al. 2004; van
Buskirk and Thomashow 2006) and the cereals (e.g.
Campoli et al. 2009; Skinner et al. 2005; Sutton et al.
2009). Additional regulatory mechanisms have been
identified, notably the WRKY transcription factors
(TFs) (Skinner 2009; Talanova et al. 2009; Winfield
et al. 2010) and certain chloroplast factors in barley
(Svensson et al. 2006). The plasma membrane regulates
the flow of molecules into and out of the cell, so the
maintenance of its function during a stress episode is
crucial. Thus, the metabolism of lipids and fatty acids is
also influenced during cold acclimation, a process in-
volving the induction of desaturases (Gibson et al.
1994; Kodama et al. 1995) and lipid transfer proteins
(LTPs, Lev 2012) which maintain plasma membrane
fluidity and thereby its function, as well as participating
in lipid reorganization and protection against freezing
damage (Zhang and Schläppi 2007). A further important
component of cold acclimation is the synthesis of com-
patible osmolytes (such as proline, sugars and polyols)
(Hare et al. 1998), antifreeze proteins (Griffith et al.
1992; Griffith and Yaish 2004; Winfield et al. 2010),
heat shock proteins (HSPs; Timperio et al. 2008) and
LEA proteins (late embryogenesis abundant; Goyal
et al. 2005; Kovacs et al. 2008; Tommasini et al. 2008).

Frost tolerance is a genetically variable character in
barley and other temperate crop species. Considerable
efforts have been devoted to identifying the genes and
their products involved in both the first (e.g. Campoli
et al. 2009; Kocsy et al. 2010) and second (e.g. Herman
et al. 2006; Livingston and Henson 1998) phases of
hardening, as well as in the discovery of specific mo-
lecular changes (genes and/or proteins) representing
markers for frost tolerance (Houde et al. 1992; Kosová
et al. 2013). However, there is no consensus as yet
regarding either the identity of the relevant signalling
pathways or their mode of regulation. Our aim here was
to identify the set of genes and signalling or metabolic
pathways which discriminate frost-tolerant from suscep-
tible barley cultivars. Recognizing the likely complexity
of the physiological adaptation to low temperature, the
transcriptomic analysis was conducted on the leaves and
crowns separately (the latter is the meristematic struc-
ture at the base of the stem, from where re-growth is
initiated when temperature permissive conditions return
in spring (Winfield et al. 2010)). The crown has been
identified as making a significant contribution to winter
survival in over-wintering cereals (Olien 1967).

Materials and methods

Low temperature treatment

Pre-germinated barley seedlings of the winter and highly
frost-tolerant cv. Luxor, the winter, but less tolerant cv. Igri
and the spring frost-susceptible cv. Atlas 68 were raised under
a 12-h photoperiod (irradiation intensity ~200 μmol m−2 s−1)
and a day/night temperature of 18/13 °C (for statistically
significant differences in winter hardiness of the three
cultivars, see Kosová et al. 2008).

When the second leaf had become fully expanded, the
seedlings were exposed for 21 days to a day/night temperature
of +3/2 °C, at an irradiation intensity of ~120 μmol m−2 s−1. A
set of seedlings was further exposed for 1 day to −3 °C. The
plants were sampled before the cold treatment (day 0), after
1 day at +3/2 °C and after the exposition for 1 day at −3 °C.
RNA was extracted from the sampled plant tissues (second
leaf and crown, which were snap frozen in liquid nitrogen and
stored at −80 °C) using the TRIzol reagent (Invitrogen, CA,
USA), and purified by passing through an RNeasy column in
the presence of DNase (Qiagen, Hilden, Germany). The qual-
ity of the RNA extracted was assessed by both agarose gel
electrophoresis and by analysis in an Agilent 2100
Bioanalyzer (Agilent Technologies, USA). Each biological
sample was represented by three independent replicates, each
of which consisted of a bulk of four seedlings.

Transcription profiling

Each RNA sample was hybridized to the Affymetrix 22K
Barley1 GeneChip Array (Close et al. 2004). Standard con-
trols, supplied by Affymetrix, and B2 oligonucleotides were
added to each hybridization cocktail. PolyA controls (lys, phe,
thr and dap) and hybridization controls (BioB, BioC, BioD
and Cre) were used to monitor labelling efficiency and hy-
bridization quality. R2 correlation coefficients were calculated
among the three biological replicates. Analysis of raw data
was performed using the open source R programming lan-
guage (Ihaka and Gentleman 1996). Background adjustment,
summarization and quantile normalization were performed
using the “Affy” package (Irizarry et al. 2006). Differentially
transcribed genes (DTGs) were identified by a linear model
analysis (Smyth 2004) using the limma package with a Bayes-
ian correction and applying an adjusted p value of 0.001 and a
|FC|≥2. The R “Affy” library was also used to apply the MAS
5.0 algorithm to the raw data to provide a “present”, “margin-
al” or “absent” call for each probe, and this output was used as
an initial filter so that only those calls for which all three
replicates were recorded as present in at least one sample were
retained. Genes transcribed at a level below background were
eliminated from the analysis. Clustering was performed by
applying the Self-Organizing Maps (SOM) algorithm

494 Funct Integr Genomics (2014) 14:493–506



(Kohonen et al. 1996). Over-represented functional gene cat-
egories within a given cluster were determined by a search of
FunCat (Ruepp et al. 2004; http://mips.gsf.de/projects/funcat).
BLAST searches were performed within www.harvest.ucr.
edu, applying an E value threshold of e−10.

Avalidation of the chip-based transcriptomics data showed
that the estimates of transcript abundance derived from the
Affymetrix GeneChip hybridization concurred with those de-
rived from qRT-PCR (Janská et al. 2013).

Hybridization quality

The RNA degradation plot shown in Supplementary Fig. 1
illustrates the mean intensity of each probe, ordered from the
5′ to the 3′ end of the gene. All the curves were of comparable
slope, thereby validating the quality of the hybridization step.
The mean background ranged from 35.7 to 47.6 units of
transcription, well within the parameters defined by
Affymetrix and comparable with outcomes from similar
experiments using the same microarray format (e.g. Janská
et al. 2011). The percentage of present calls ranged from 51.0
to 70.5 %, with crown tissue showing a higher proportion of
present calls (67.3 %) than the leaf tissue (57.7 %). The
Pearson correlation calculated between pairs of replicates
ranged from 0.970 to 0.997.

Freezing test

Freezing damage was assessed by measuring electrolyte leak-
age, using a modified version of the protocol developed by
Prášil and Zámečník (1998). The plant material (two repli-
cates, each consisting of 16 leaf discs and four crowns) was
cooled to −30 °C at −9 °C/h in an alcohol bath. Each sample
was placed within a thin glass tube, which was then seeded
with ice crystals at −1.5±0.2 °C (plants sampled at −3 °Cwere
seeded at −3±0.2 °C) and held for 30 min at −1.5±0.2 °C

(plants sampled at −3 °C were held at −3±0.2 °C). The frozen
samples were then thawed slowly on ice and immersed for 2 h
in distilled water at 25 °C. Samples were removed from the
freezing bath after reaching a particular (of 12) target temper-
ature, detected by including a temperature sensor inside the
tube. The extent of electrolyte leakage was calculated from the
ratio between the electrical conductivity of the solution mea-
sured before and after boiling the sample. The LT50 was
defined as the temperature responsible for 50 % electrolyte
leakage and was derived from the inflection point of the
sigmoidal relationship between electrolyte leakage and the
applied temperature. The resulting data were statistically eval-
uated following Janáček and Prášil (1991) and analysed with-
in the STATISTICA v6.1 (StatSoft, USA) software package.

Results

Monitoring cold acclimation

As measured by the electrolyte leakage method, the leaves of
plants sampled at days 0 and 1 showed a higher level of frost
resistance than the crown, but following the exposure to
−3 °C, the leaves' and crowns' frost tolerance became indis-
tinguishable from one another, and both were enhanced in all
three cultivars (Fig. 1). The least tolerant plants were those of
cv. Atlas 68, and the most tolerant were those of cv. Luxor.
The tolerance of cv. Atlas 68 plants was less than that of cv.
Luxor plants in both the crowns and leaves, irrespective of the
tissue sampling point. The highest level of tolerance was
displayed by the crowns of the cv. Luxor after exposure to
−3 °C (Fig. 1). The freezing test confirmed cv. Atlas 68 to be
the least hardy and cv. Luxor the most hardy of the three
cultivars. This applied to both the leaf and the crown and
was particularly apparent at the beginning of the second phase

Fig. 1 The degree of freezing
tolerance of the leaf and crown of
barley cvs. Luxor, Igri and Atlas
68 during the first (1PH) and
second (2PH) phase of hardening,
as determined by an electrolyte
leakage method. The data
illustrated represent the mean (n=
2) LT50 value after each
temperature treatments (control,
18 °C; treatment #1, 1-day
exposure at +3 °C; treatment #2,
21 days at +3 °C, followed by
1 day at −3 °C). Means assigned a
different letter differ significantly
from one another at p≤0.05

Funct Integr Genomics (2014) 14:493–506 495

http://mips.gsf.de/projects/funcat
http://www.harvest.ucr.edu/
http://www.harvest.ucr.edu/
http://1/


of hardening, which coincided with the development of frost
tolerance (Fig. 1).

Differential transcription in the leaf

A set of 5,232 DTGswas identified in the leaf (Supplementary
Table 1a), of which 3,385 were present in cv. Atlas 68, 3,344
in cv. Igri and 3,689 in cv. Luxor; thus, the most winter hardy
cultivar featured about 300 more DTGs than in the less hardy
ones. Around 60 % of the DTGs were cultivar-specific
(Fig. 2). Since the aim was to identify genes and signalling/
metabolic pathways associated with the degree of frost toler-
ance, the full set of DTGs was divided into “common” (those
responding similarly in all three cultivars, comprising 1,959
probe sets [list A in Fig. 3]) and “cultivar-specific” (detected
in only one or two of the cultivars [3,273 probe sets, list B in
Fig. 3]) cold-responsive genes. A Pearson correlation analysis
of the list A genes was used to compare the cv. Atlas 68 vs cv.
Igri, cv. Atlas 68 vs cv. Luxor and cv. Igri vs cv. Luxor
responses. Those DTGs for which the correlation was at least
0.9 in all three comparisons were assembled as list C (760
probe sets). Those in list A but not list C were re-classified as
either group 1 (up-regulated by low temperature) or group 2
(down-regulated by low temperature) genes. The list B genes
which were up-regulated only in cvs. Igri and Luxor were
assigned as group 3 genes (149 probe sets), while group 4
gathered those list B genes which were down-regulated only
in cvs. Igri and Luxor (Fig. 3). The list C and groups 1–4
members were analysed using the Kohonen et al. (1996) Self-
Organizing Maps algorithm, which generates a two-
dimensional structure, where each cluster is denoted by a label

in the form “XxY”. A short description of the main gene
categories present in each cluster follows.

List C: cold-responsive genes behaving similarly in each
cultivar

The list C DTGs formed three clusters: 0×2, 3×0 and 3×3.
Cluster 3×0 (172 probe sets) comprised genes up-regulated
strongly at +3 °C and to a lesser extent at −3 °C. The major
functions represented were osmoregulation, signalling and
proteins associated with the abscisic acid (ABA) signalling
pathway (Figs. 3 and 4 and Table 1). Cluster 0×2 (308 probe
sets) featured genes induced marginally at +3 °C but highly
up-regulated at −3 °C (Figs. 3 and 4). Gene products partici-
pating in protein synthesis (83 genes), particularly translation
proteins (80 genes), including ribosomal proteins (40 genes)
were well represented. Included in this cluster was a gene
encoding the zinc finger protein Zat12 [at5g59820], known to
regulate a suite of low temperature-responsive genes and to
possibly be a component of the CBF pathway (Vogel et al.
2005). Other prominent members encoded a Ca2+-dependent
lipid-binding protein participating in G protein signalling
[at4g34150], LOS1, an elongation factor 2-like protein spe-
cifically required for transcription of low temperature-
responsive genes [at1g56070] (Guo et al. 2002), β-1,3-
glucanase 2 [at3g57260], two distinct 60S ribosomal proteins
[at2g27720 and at3g49910] and themitochondrial chaperonin
hsp60 [at3g23990]. Cluster 3×3 (162 probe sets) members
were down-regulated at +3 °C and highly down-regulated at
−3 °C (Figs. 3 and 4). Most of these genes were associated
with chloroplast activity, specifically related to light
absorption/photosynthesis, detoxification and sulphur metab-
olism. The former included genes encoding chlorophyll a/b-
binding protein [at1g15820, at1g76570, at3g47470,
at3g54890, at3g61470 and at5g01530] and photosystem I
subunit O [at1g08380].

Group 1: genes up-regulated by low temperature in a
cultivar-specific manner

Group 1 formed two clusters (0×0 and 1×0, Figs. 3 and 4).
The defining characteristic of these genes was that their in-
ducibility by low temperature was correlated to the level of the
cultivar's frost tolerance. For the cluster 0×0 members, the
correlation was more evident at +3 °C than at −3 °C, while for
the cluster 1×0 members, it was vice versa. Cluster 0×0 (410
probe sets) was populated by a number of genes encoding
proteins involved in RNA transport and splicing, as well as
ribosome biogenesis (33 genes, including 13 encoding ribo-
somal proteins) and translation (36 genes), which implied that
de novo protein synthesis is an important component of ad-
aptation to low temperature. Three known genes involved in
translational control belonged to the cluster, namely AUX 2-11

Fig. 2 The population of differentially transcribed genes (DTGs) in the
leaf. The Venn diagram illustrates the distribution of DTGs in the three
cultivars. Almost 40 % of the DTGs were shared among all cultivars
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[at5g43700], LOS1 [at1g56070, probably different isoform
from that induced in list C, cluster 0×2] (encoding an elonga-
tion factor 2-like protein specifically needed for the low
temperature-induced transcription of cold-responsive genes
(Guo et al. 2002)) and the plastid-targeted elongation factor
gene EFG/EF2 [at2g45030]; the latter's product is known to
be essential for plant growth (Ruppel and Hangarter 2007).
The cluster also harboured genes encoding phospholipase D
[at4g35790], ZAT10 [at3g45640] and the stromal heat shock
protein 70 [at5g49910] involved in protein import into the
chloroplast (Latijnhouwers et al. 2010) and a set of genes
encoding chloroplast-localizing proteins: deoxyxylulose-5-
phosphate synthase [at4g15560], glutamate-1-semialdehyde-
2,1-aminomutase [at5g63570] (both involved in chlorophyll
synthesis, with the former essential for chloroplast develop-
ment [Phi l l ips et al . 2008]) , L-diaminopimelate

aminotransferase [at4g33680] (salicylic acid (SA)-mediated
signalling, Song et al. 2004) and porphobilinogen deaminase
[at5g08280] (SA synthesis; Quesada et al. 2013). The prom-
inent members of cluster 1×0 (91 probe sets) were early light-
inducible protein (ELIP) [at3g22840], the ABA-responsive
genes LTI 30 [at3g50970] and HVA22E [at5g50720] (Chung
and Parish 2008; Shen et al. 2001), and ATTIL [at5g58070]
which encodes a protein peripherally associated with the
plasma membrane and thought to protect lipids against per-
oxidation (Chi et al. 2009).

Group 2: genes down-regulated by low temperature in a
cultivar-specific manner

The group 2 cluster 3×3 (438 probe sets) genes were more
strongly down-regulated at +3 °C in cv. Luxor than in cv.

Fig. 3 The strategy used to
classify the differentially
transcribed genes (DTGs) and the
major classes of DTGs identified
in the low temperature stressed
barley leaf. List A: DTGs shared
by all three cultivars. List B: the
full set of DTGs after the removal
of list A genes (DTGs in one or
two but not all three cultivars).
The list A genes were subjected to
a Pearson correlation analysis (cv.
Atlas 68 vs cv. Igri, cv. Atlas 68 vs
cv. Luxor and cv. Igri vs cv.
Luxor); those giving a correlation
value >0.9 in all three
comparisons were assigned to list
C. This was followed by a “Self-
Organizing Maps” clustering
analysis. List A minus list C
produced groups 1 and 2, and
within each group, a clustering
analysis was performed. Genes
induced only in cv. Luxor and cv.
Igri (and not in cv. Atlas 68) were
selected from list B to give group
3. Similarly, group 4 represented
genes repressed in cv. Luxor and
cv. Igri (but not in cv. Atlas 68).
ABA—abscisic acid; LTPs—lipid
transfer proteins
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Atlas 68, with their transcript abundance in cv. Igri being
generally intermediate (Figs. 3 and 4). Many of these genes
encoded proteins localizing to the chloroplast, some involved
in antioxidation and others in light absorption/photosynthesis.
Known stress response genes included those encoding L-
ascorbate peroxidase [at1g07890], thylakoid-bound ascorbate

peroxidase [at1g77490], myo-inositol 1-phosphate synthase
[at1g22240], phenylalanine ammonia lyase [at1g37040],
two peroxidases [at1g38380, at5g05340], acid phosphatase
type 5 [at3g17790], SNF1-related protein kinase 2.6 respon-
sive to ABA [at4g33950] and two glycine hydroxymethyl
transferase-like proteins [at4g37930 or at4g09010]. Other

Fig. 4 The “Self-Organizing Maps” clustering analysis of leaf differen-
tially transcribed genes (DTGs) in plants undergoing cold acclimation.
Groups and clusters are as described in Fig. 3. Transcript abundance is

plotted on the y axis. The fitted curve represents the mean transcript
abundance of the set of genes within a given cluster

Table 1 Leaf differentially transcribed genes (DTGs) classified into list C and cluster 3×0

Annotation Arab Accn Description References

STO at1g06040 Salinity tolerance protein Rodriguez-Franco et al. (2008)

SNF1-related protein kinase at1g10940 Kline et al. (2010),
McLoughlin et al. (2012)

OST1 at4g33950

CBL1 at4g17615

VAMP7C at4g32150 Involved in ROS localization
and the subsequent closure
of the stomata induced by ABA

Leshem et al. (2010)

COR47 at1g20440

RCI2H at2g38905 Low temperature- and salinity-responsive
protein probably involved in the
regulation of membrane potentials

Medina et al. (2007)

at2g01770 An iron transporter participating in
metal ion homeostasis

Zhang et al. (2013)

at5g55630 An outward rectifying
potassium channel

Latz et al. (2012)

Glucosyltransferase at2g36770, at2g36800

Glucosyltransferase at2g36970 Involved in the phospholipase
C signalling pathway

Vergnolle et al. (2005)

Digalactosyl diacylglycerol synthase at3g11670

UDP-D-glucuronate-4-epimerase at3g23820 Involved in pectin synthesis Usadel et al. (2004)
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known function genes also belonging to this cluster encoded
MAPKK2 [at4g29810], a TCH4 protein involved in cell wall
biogenesis [at5g57560], CBF3 [at4g25480], cysteine protein-
ase RD19A [at4g39090], amino acid permease 6
[at5g49630], H+-PPase [at1g15690], the salinity-responsive
protein SLT1 [at1g37570] and a high temperature stress-
related protein 17.6 kDa HSP [at1g53540]. Further members
were those encoding proteins involved in channel/pore trans-
port, such as two plasma membrane intrinsic proteins (PIPs)
[at1g16850, at4g35100], a tonoplast intrinsic protein
[at1g25810], a MIP-like protein [at4g10380], a water channel
protein [at4g01470], an anion channel protein [at5g40890]
and a nuclear pore-forming protein [at1g45000]. The impli-
cation was that low temperature stress probably inhibits water
transport.

Group 3: genes up-regulated by low temperature in cvs. Luxor
and Igri

Group 3 clustered 149 probe sets; these genes were only
induced in the winter cvs. Igri and Luxor (Figs. 3 and 4).
Over-represented genes in this group encoded proteins local-
izing to the mitochondria and involved in mitochondrial trans-
port such as the uncoupling protein UCP1/PUMP1
[at3g54110] required for efficient photosynthesis (Sweetlove
et al. 2006). Genes encoding the potential antifreeze proteins
endochitinase [at1g43590] and class IV chitinase [at3g54420]
also fell into group 3, as did several genes encoding proteins
participating in lipid/fatty acid transport, such as lipid transfer
protein [at1g73560], a predicted GPI-anchored protein
[at5g64080], the acyl-carrier protein 2 [at1g54580] and
pEARLI1 [at4g12480].

Group 4: genes down-regulated by low temperature in cvs.
Luxor and Igri

The group 4 genes (148 probe sets) were down-regulated in
both winter type cultivars but not in the spring type cv. Atlas
68 (Figs. 3 and 4). Of these, 28 encoded a protein localizing to
the chloroplast and three to the nuclear membrane (e.g. the
nuclear pore-forming protein [at1g45000]). Notably, as illus-
trated in Fig. 4, these genes were not differentially transcribed
in cv. Atlas 68, in which their transcript abundance was
already low at 18 °C. Many of the genes in this cluster were
associated with specific metabolic pathways. With respect to
glutamate metabolism, the genes involved encoded alanine
aminotransferase [at1g70580], ferredoxin-dependent gluta-
mate synthase [at5g04140], glutamate decarboxylase 1
[at5g17330] and glutamine synthase [at5g37600]. Those as-
sociated with phosphate, sugar, glucoside, polyol and carbox-
ylate metabolism encoded β-glucosidase [at1g02850], a
granule-bound starch synthase-like protein [at1g32900], β-
fructofuranosidase [at1g55120], trehalose-6-phosphate

synthase [at1g06410, at1g78580], fructose-bisphosphate
aldolase-like proteins [at4g26530, at4g38970] and the
apospory-associated protein C-like protein [at5g66530].

Differential transcription in the crown

A set of 1,826 DTGs was identified in the crown (Supple-
mentary Table 1b); of these 1,093 were identified in cv. Atlas
68, 1,170 in cv. Igri and 1,013 in cv. Luxor (Fig. 5), and 498
were detected in all three cultivars; a proportion which was
substantially lower (27 vs 37 %) than was the case in the leaf.
The same classification system was applied as for the leaf
DTGs, resulting in a list A harbouring 498 members, a list B
of 1,328 members and a list C of 276 members (Fig. 6).

List C: cold-responsive genes behaving similarly in each
cultivar

The list C genes were sub-classified into the three major
clusters: 0×0, 0×2 and 2×1 (Figs. 6 and 7). Cluster 2×1 (88
probe sets) comprised genes down-regulated at +3 °C and
even more so at −3 °C. There was a concentration of genes
encoding proteins involved in cell wall synthesis and/or prod-
ucts localizing to the cell wall. Examples were a serine
carboxypeptidase-like protein [at1g28110] and the expansins
[at1g69530, at1g65680] (proteins which participate in cell
wall modification prior to cell expansion as well as in response
to certain environmental cues [Lee et al. 2001]). Other prom-
inent members encoded leucine-rich repeat/extensin 3
[at4g13340], a potential antifreeze thaumatin-like protein
[at1g28790], a peroxidase-like protein involved in oxidative
stress reactions [at3g28200], NADH-cytochrome b5

Fig. 5 The population of differentially transcribed genes (DTGs) in the
crown. The Venn diagram illustrates the distribution of DTGs in the three
cultivars. Almost 30 % of the DTGs were shared among all cultivars
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reductase [at5g17770] and the vacuolar-type H+-ATPase sub-
unit E1 [at4g11150]. Cluster 0×0 (106 probe sets) featured
largely those genes which were strongly up-regulated after a
1-day exposure to +3 °C, with some slight additional up-
regulation upon exposure to −3 °C. Many of these genes were
associated with the response to ABA and/or drought stress and
osmotic adjustment. Examples were the genes encoding δ-1-
pyrroline 5-carboxylase synthetase [at1g39800, P5CS],
dehydrin Xero 2 [at3g50970] and a WCOR413-like protein
[at1g15970]. P5CS encodes an important enzyme in proline
synthesis—the significance of proline is that it functions not
only as a compatible osmolyte but also as a reactive oxygen
species (ROS) scavenger (Székely et al. 2008). The products
of AT3G50970 and AT1G15970 are associated with the re-
sponse to moisture deficit. Other stress-associated genes

belonging to this cluster were those encoding STO
[at1g06040], ELIP1 [at3g22840] and heat shock protein 18
[at5g59720]. Cluster 0×2 (78 probe sets) gathered those
genes which were up-regulated both at +3 °C and at −3 °C.
Many of the products of these genes are involved in lipid
binding and transport (for example, the lipid transfer-like
protein LTP [at3g18280]). Other members of the cluster were
genes encoding proteins participating in polyphosphoinositol-
mediated signal transduction or the low temperature response,
such as the plastid outer membrane protein OEP16
[at1g28900]. Although in A. thaliana this protein is involved
in the import of protochlorophyllide oxidoreductase A into the
plastid and is predominantly transcribed in leaves (Samol et al.
2011), a grass homologue of this membrane channel has been
identified which acts as a peroxisome channel induced by

Fig. 6 The strategy used to
classify the differentially
transcribed genes (DTGs) and the
major classes of DTGs identified
in the low temperature stressed
barley crown. List A: DTGs
shared by all three cultivars. List
B: the full set of DTGs after the
removal of list A genes (DTGs in
one or two but not all three
cultivars). The list A genes were
subjected to a Pearson correlation
analysis (cv. Atlas 68 vs cv. Igri,
cv. Atlas 68 vs cv. Luxor and cv.
Igri vs cv. Luxor); those giving a
correlation value >0.9 in all three
comparisons were assigned to list
C. This was followed by a “Self-
Organizing Maps” clustering
analysis. List A minus list C
produced groups 1 and 2, and
within each group, a clustering
analysis was performed. Genes
induced only in cv. Luxor and cv.
Igri (and not in cv. Atlas 68) were
selected from list B to give group
3. Similarly, group 4 represented
genes repressed in cv. Luxor and
cv. Igri (but not in cv. Atlas 68).
ABA—abscisic acid; LTPs—lipid
transfer proteins; ProDH2—
proline dehydrogenase 2; TF—
transcription factor
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ABA, low temperature, cold, drought and late embryogenesis
(Wu et al. 2005).

Genes regulated by low temperature in a cultivar-specific
manner

Unlike the group 1 and group 2 leaf DTGs, there were no
crown DTGs which mirrored the differential frost tolerance of
the three cultivars. However, the 60 probe sets present in
cluster 0×0 (Figs. 6 and 7) were up-regulated in response to
low temperature and especially so in cv. Luxor plants exposed
to +3 °C. The cluster contained low temperature-responsive
genes such as those encoding RCI2E [at4g30650] and SNF1-
related protein kinase 2.6 [at4g33950] and also GIGANTEA
[at1g22770], a gene which is integral to the circadian clock
mechanism (Fowler and Thomashow 2002) and ATTIL
[at5g58070] (Chi et al. 2009). The product of the up-
regulated gene encoding galactinol synthase [at1g47180] ca-
talyses the formation of galactinol from uridine diphosphate
(UDP)-galactose and myo-inositol and is important in the
context of various stresses, probably because of the ability
of galactinol and raffinose to scavenge ROS (Nishizawa et al.
2008). The cluster also included a gene encoding an extremely
high temperature-resistant α-amylase-like protein
[at4g25000] known to be produced in response to various
biotic and abiotic stresses (Doyle et al. 2007), along with
several genes encoding Ca2+-binding proteins which carry
EF-hand Ca2+-binding motifs [at4g38810, at5g39670 and
at5g54490] and a proline dehydrogenase 2 gene [at5g38710].

Genes markedly down-regulated by low temperature in
cvs. Luxor and Igri were grouped into cluster 2×1 (94 probe
sets). Their transcript abundance at 18 °C was lower in cv.
Atlas 68 than in the other two cultivars, to the extent that there
was an almost twofold difference in fold repression between
cv. Atlas 68 and cv. Luxor when compared to their abundance
at +3 °C (Figs. 6 and 7). A number of genes encoding various
histones [at5g02560, at5g10400 and at5g59690] belonged to
this cluster, along with the DNA conformation modification
gene CMT3 [at1g69770]. The cluster not only contained
several genes encoding proteins involved in oxidative stress
response (e.g. peroxidase [at5g66390] and glutathione-S-
transferase [at1g30870]), cinnamoyl-CoA reductase 1
[at1g15950] (involved in the metabolism of lignins, Ruel
et al. 2009), but also genes encoding expansin B2
[at1g65680] and cytoskeletal components actin 2/7
[at5g09810] (Kandasamy et al. 2001) and a tubulin β-2/β-3
chain [at5g62700] already documented as being down-
regulated by low temperature (Chu et al. 1993).

Genes regulated by low temperature in cvs. Luxor and Igri

Group 3 members (37 probe sets) were up-regulated statisti-
cally significant in cvs. Igri and Luxor but not in cv. Atlas 68
(Figs. 6 and 7). Among the genes in this cluster was a se-
quence encoding a bZip transcription factor [at1g42990] in-
volved in various signalling pathways and known to respond
to various phytohormones as well as to both biotic and abiotic
stress (Moreno and Orellana 2011). In addition, a gene puta-
tively encoding a ribonuclease [at1g02990] active during the

Fig. 7 The “Self-Organizing Maps” clustering analysis of crown differ-
entially transcribed genes (DTGs) in plants undergoing cold acclimation.
Groups and clusters are as described in Fig. 6. Transcript abundance is

plotted on the y axis. The fitted curve represents the mean transcript
abundance of the set of genes within a given cluster
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wounding response as well as in ABA signalling (Hillwig
et al. 2008) and a gene encoding an ABA-induced dehydrin
RAB 18-like protein [at5g66400] were also in this cluster. The
group 4 members (84 probe sets) were down-regulated in the
two winter type cultivars (Figs. 6 and 7). Many of these were
involved in sugar metabolism, such as those encoding
trehalose-6-phosphate synthase [at1g78580], an α-
galactosidase-like protein [at5g08370] and an α-glucosidase
[at5g11720].

Identification of low temperature-regulated genes mapping
in regions harbouring frost tolerance QTL

While transcriptomic analysis can identify which genes are
up- or down-regulated in response to a given treatment (such
as low temperature), the genomic location of the genes re-
sponsible for a given phenotype normally requires quantita-
tive trait loci (QTL) analysis. Combining the two approaches
can help to suggest candidate genes underlying a specific
QTL. An in silico analysis was carried out to couple the
present transcriptomic data with QTL locations as reported
in the literature. HarvEST:Barley 2.02 software (Close et al.
2004) was used to scan the consensus genetic map of barley
(Close et al. 2009) for chromosomal regions harbouring QTL
responsible for frost tolerance (Fisk et al. 2013). Six regions
stood out: two on chromosome 1H—one (region #1)
stretching from 0 to 7 cM and the second (region #2), which
harbours Fr-H3 (Fisk et al. 2013) from 35 to 55 cM; region #3
on chromosome 4H from 120 to 140 cM, which is the site of a
low temperature tolerance QTL described by Fisk et al.
(2013); two on chromosome 5H—region #4 stretching from
85 to 110 cM, a region which harbours Fr-H2 (Francia et al.
2007), and region #5 from 129 to 154 cM, the site of both Vrn-
H1 and Fr-H1 (Francia et al. 2007); and finally region #6 on
chromosome 7H from 132 to 142 cM, which is the site of a
low temperature tolerance QTL described by Fisk et al.
(2013). The unigene content of each of these regions was
derived from the consensus map, and their sequences were
then subjected to a BLASTn search against the Affymetrix
GeneChip Barley Genome Array probe set. Supplementary
Table 2 lists the set of genes, detected by microarray analysis
which map within the regions where frost tolerance QTL have
been reported.

Region #1 harbours ten leaf and seven crownDTGs, region
#2 40 leaf and 12 crown DTGs, region #3 15 leaf and six
crown DTGs, region #4 20 leaf and ten crown DTGs, region
#5 44 leaf and nine crown DTGs and region #6 five leaf and
three crown DTGs (Supplementary Table 3). Among the leaf
DTGs mapping in the vicinity of a relevant QTL, 17 out of the
28 belonging to list A–C fell within cluster 3×3. The full A–C
set involved 1,199 probe sets, of which 438 belonged to this
cluster, so the implication is that the frost tolerance QTL-
harbouring regions have a higher than expected content of

cluster 3×3 genes (those down-regulated by low temperature
in a cultivar-specific manner, see Fig. 4 and Supplementary
Table 4a). The four probe sets mapping to region #4wereCBF
(CBF2 [At4g25470], CBF4 [At5g51990], Dreb1A/CBF3
[At4g25480] and TaCBF9 (no A. thaliana homologue), and
two of these, namely Dreb1A/CBF3 and CBF9, were identi-
fied as DTGs.CBF 9was up-regulated in cvs. Atlas and Igri in
both the leaf and the crown, while CBF3 was down-regulated
in both the leaf (Supplementary Table 4a) and the crown
(Supplementary Table 4b). Region #2 harboured the DTG
expansin B2 [At1g65680], while region #3 harboured the
DTG tubulin β-2/β-3 chain [At5g62700].

Discussion

Our focus was to identify those genes and signalling/
metabolic pathways likely to be associated with differential
frost tolerance in barley. The tolerance of leaves to frost has
been intensively studied, while the crown has been identified
as making a significant contribution to winter survival in over-
wintering cereals (Olien 1967). Both the leaf and the crown
responded to low temperature by up-regulating a suite of
ABA-responsive genes, most of which have been previously
identified in the osmotic adjustment process occurring in
A. thaliana. Osmotic stress-regulated genes can be activated
through either an ABA-dependent or ABA-independent path-
way (Thomashow 1999; Shinozaki and Yamaguchi-Shinozaki
2000). Because of the prominent role of ABA-responsive
genes in the low temperature response, the pattern of tran-
scription of the ABA synthesis geneNCED (Qin and Zeevaart
1999) was of particular interest. A differential signal based on
two probe sets targeting homologues of this gene (HvNCED2
and NCED4) was produced in the leaf, but in neither case did
the response fit into any of the clusters described above.
Specifically, the probe set targeting HvNCED2 (no homo-
logue in A. thaliana) was up-regulated only in cv. Luxor plants
exposed to −3 °C, while NCED4 [at4g19170] was induced in
the same treatment in both winter type cultivars. Although
NCED transcript abundance after the −3 °C treatment was
correlated with the level of frost tolerance, the expression of
ABA downstream genes clustered, for the most part, into list
C, cluster 3×0, with only a small number falling into group 1,
cluster 1×0. The source of this apparent anomaly may be
related to a difference in the timing of the expression of
NCED compared to that of the ABA downstream genes, with
ABA synthesis being triggered well before the downstream
genes were induced. In plants exposed to +3 °C, the ABA-
responsive genes are up-regulated and the NCED expression
is not detected (anymore), while at −3 °C, NCED is up-
regulated, but the ABA-responsive genes in group 1, cluster
1×0 do not show (yet) an enhanced expression. Note that Qin
and Zeevaart (1999) were also unable to demonstrate any up-
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regulation of NCED in plants subjected to temperatures above
0 °C. Extracellular freezing is associated with cellular dehy-
dration as well as with induction of possible antifreeze pro-
teins. Extracellular freezing also influences the plasma mem-
brane because of water transport and mechanic pressure dur-
ing freezing, freezing-induced dehydration and subsequent
thawing, so the induction of genes encoding LTPs were also
awaited. LTPs facilitate lipid transport between membranes
and regulate vesicular trafficking, signal transduction and lipid
metabolism (Lev 2012). Several LTP genes were classified as
group 3 members (up-regulated exclusively in the leaf of the
two winter type cultivars); one of these was pEARLI1, sug-
gested to be an ABA-responsive protein involved in SA-
mediated signalling (Xu et al. 2011). Zhang and Schläppi
(2007) have proposed that its proline-rich domainmay interact
with both the cell wall and the plasma membrane to protect
cells during freezing stress. The induction of such genes in the
winter type cultivars suggested that they could be part of the
process of acquiring frost tolerance, acting to protect and re-
organize the plasma membrane. Guo et al. (2013) have shown
that LTP3 is involved in both freezing and drought tolerance
in a CBF-independent way. ATTIL, which is an LTP-like gene,
was up-regulated in the crown; its product is a component of
thermotolerance, probably protecting against lipid peroxida-
tion (Chi et al. 2009).

In the leaf, the most prominent signalling pathways fea-
tured phospholipases C and D and CBF/DREB. Phospholi-
pase Cwas induced to a similar extent in all three cultivars, but
phospholipase D was up-regulated in cv. Luxor much more
strongly than in cv. Atlas 68. Phospholipases are known to be
involved in the transduction of stress signals (Xiong et al.
2002) and the identification of a phospholipase which is
expressed in a fashion which mirrors overall frost tolerance
may indicate that the phospholipase-mediated pathway has
some influence over the determination of frost tolerance in the
barley leaf. In the leaf, but not in crown, one of the responses
to low temperature was the modulation of some genes
encoding components of the plant's protein synthesis
machinery and others responsible for proteins involved in
chloroplast activity. The data support the suggestion made
by Svensson et al. (2006) that both chloroplast development
and the transcription of genes encoding chloroplast-localizing
proteins are vital for the process of cold acclimation. The
large-scale up-regulation of genes involved in protein synthe-
sis supports the idea that de novo protein synthesis is required
to drive metabolism towards cold acclimation (Guy 1990;
Perras and Sarhan 1989). The induction of genes involved in
the synthesis of new proteins and proteins involved in chlo-
roplast activity can perhaps explain the differential acclima-
tion capacity of hardy and non-hardy cultivars.

Genes encoding chlorophyll a/b-binding proteins were
generally down-regulated by low temperature. This repression
is believed to be a photo-protective mechanism inhibiting the

generation of ROS during an episode of low temperature
stress (Vergnolle et al. 2005). Genes encoding proteins local-
izing to the mitochondrion or involved in mitochondrial trans-
port were up-regulated specifically in the leaf of the two
winter type cultivars. In particular, the one which encodes
the uncoupling protein UCP1/PUMP1 required for efficient
photosynthesis (Sweetlove et al. 2006) has been shown to
contribute towards tolerance in a number of abiotic stress
responses, via its capacity to mitigate oxidative stress and
drive stomatal closure (Begcy et al. 2011). On the other hand,
low temperature tends to repress water transport. Although the
low temperature-induced down-regulation of PIP genes is
commonplace in both chilling sensitive and tolerant rice cul-
tivars, their transcription during the post-stress recovery peri-
od tends to be higher in more tolerant cultivars, suggesting the
participation of PIPs in the re-establishment of water balance
following the stress episode (Yu et al. 2006).

Within the crown, a proline dehydrogenase 2 gene
(ProDH2, at5g38710] was prominently induced, which is
consistent with the Funck et al. (2010) suggestion that proline
homeostasis in the vasculature is important, especially under
stressful conditions. While ProDH1 was transcribed constitu-
tively, ProDH2 was specifically up-regulated by salinity
stress. A gene encoding a bZip transcription factor was in-
duced in the crown of the winter type cultivars. The over-
expression of this gene in A. thaliana has been shown to
enhance the plant's salinity, drought and low temperature
tolerance via the regulation of transcription of certain Ca2+-
dependent protein kinase genes (Tang and Page 2013).
Among the genes specifically repressed in the crown were
those encoding proteins localizing to the cell wall or involved
in cell wall synthesis. The down-regulation of genes either
participating in cell wall synthesis or encoding products which
are deposited in the apoplast is consistent with the suggestion
made by Dinari et al. (2013) that the cell wall makes a major
contribution to stress tolerance. A number of genes associated
with nucleosome assembly, transposon regulation, histones
and cytoskeletal proteins were down-regulated in the crown,
in a manner consistent with the ranking of the cultivars' frost
tolerance. The gene encoding the cytoskeletal protein tubulin
β-2/β-3 chain [At5g62700] has previously been documented
as being down-regulated by low temperature (Chu et al.
1993); this gene maps to region #3 (chromosome 4H 120–
140 cM), which is also the site of a frost tolerance QTL
identified by Fisk et al. (2013).

The implication is that there is a measure of epigenetic
regulation of transcription during low temperature stress. Of
particular significance is the down-regulation ofCMT3, which
encodes a methylase preferentially targeting transposon-
related sequences (Pillot et al. 2010). The down-regulation
of this enzyme can lead to hypomethylation and subsequent
transposon activation, reminiscent of the observation that in
Antirrhinum majus , low temperature can induce
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hypomethylation and a consequent burst of Tam-3 transposon
activity (Hashida et al. 2006).

The overall picture painted by the transcriptomic data set
indicated that the maintenance of protein synthesis (through
the induction of several elongation factors) and chloroplast
function in the leaf is the key difference between a frost-
tolerant and a frost-susceptible cultivar. On the other hand,
the most important feature of the crown lies in its ability to
selectively repress genes associated with nucleosome
assembly and transposon regulation. The results provide
support to the proposal made by Fowler and Thomashow
(2002) that the selective repression of genes is likely to rep-
resent a major component of the cold acclimation response.
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Received: 7 May 2013 / Accepted: 9 July 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract Drought and low temperature are the two most

significant causes of abiotic stress in agricultural crops and,

therefore, they pose considerable challenges in plant science.

Hence, it is crucial to study response mechanisms and to

select genes for identification signaling pathways that lead

from stimulus to response. The assessment of gene expres-

sion is often attempted using real-time RT-PCR (qRT-PCR),

a technique which requires a careful choice of reference

gene(s) for normalization purpose. Here, we report a com-

parison of 13 potential reference genes for studying gene

expression in the leaf and crown of barley seedlings sub-

jected to low temperature or drought stress. All three cur-

rently available software packages designed to identify

reference genes from qRT-PCR data (GeNorm, NormFinder

and BestKeeper) were used to identify informative sets of up

to three reference genes. Interestingly, the data obtained

from the separate treatment of leaf and crown have led to the

recommendations that HSP70 and S-AMD (and possibly

HSP90) to be used as the reference genes for low-tempera-

ture stressed leaves, HSP90 and EF1a for low-temperature

stressed crowns, cyclophilin and ADP-RF (and possibly

ACT) for drought-stressed leaves, and EF1a and S-AMD for

drought-stressed crowns. Our results have demonstrated that

the gene expression can be highly tissue- or organ-specific in

barley and have confirmed that reference gene choice is

essential in qRT-PCR. The findings can also serve as

guidelines for the selection of reference genes under differ-

ent stress conditions and lay foundation for more accurate

and widespread use of qRT-PCR in barley gene analysis.

Keywords Crowns � Drought � Leaves � Low

temperature � Normalization � Real-time RT PCR
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Introduction

Humans have been using barley as food or barley-based

alcoholic drink and for animal feed for centuries. To this

end, barley production ranks fourth among the cereals

following maize, rice and wheat (FAO 2013). Increased

interest in nutrition and health together with barley’s

reputation as a stress-tolerant crop bode well for its

present and future usefulness. However, the information

on barley genome expression and adaptation capacity is

lacking. During a typical life cycle and due to climatic

changes, plants undergo environmental stresses, such as

low temperatures or long-term water deficiencies. To

survive such adverse conditions, plants employ strategies

that trigger a cascade of events that alter gene expression

and lead to biochemical and physiological changes

(Achard et al. 2008). The molecular responses to cold,

heat, drought, and salt have been evaluated in different

species by monitoring genes with enhanced expression in

plants under environmental stress (Nicot et al. 2005;

Milella et al. 2006; Cao et al. 2011; Ovesná et al. 2011;

Rapacz et al. 2012).

Real-time quantitative PCR (qRT-PCR) represents the

current state-of-the-art approach for measuring gene

expression; and the method has numerous applications in

both biology and biomedicine (Vandesompele et al. 2002;

Terzi et al. 2010). In cereal crops, the correct targeting of

gene expression with qRT-PCR demonstrated to be crucial

(Demidenko et al. 2011; Rapacz et al. 2012).

Although qPCR is a robust technique, results can vary

depending on factors such as RNA integrity, reverse

transcriptase (RT) efficiencies, sample-to-sample varia-

tions in amplification efficiency, and variation in cDNA

sample loading. Using equal sample sizes, assessing RNA

integrity and equalizing RNA concentrations prior to RT

are fundamental normalization steps in qPCR. Still, nor-

malization to some internal control is essential for accurate

qPCR to balance sample-to-sample variations within the

RT and PCR reactions. Currently, the preferred internal

control is achieved using reference genes or better a nor-

malization factor based on several reference genes calcu-

lated using e.g. geNorm or other statistic tools (Nicot et al.

2005; Martin et al. 2008; Cao et al. 2011; Sharoni et al.

2012; Ovesna et al. 2012). The sensitivity of the method

relies heavily on the choice of reference gene(s) to nor-

malize the expression data (Wong and Medrano 2005) and

the general strategy is to choose gene(s) the expression of

which is as much as possible independent of the environ-

mental treatments under consideration and the tissue types

being assayed (Faccioli et al. 2007; Migocka and Papier-

niak 2011; Ovesna et al. 2012). This requirement is, at best,

only approximately satisfied with the most commonly used

reference genes, such as those encoding ubiquitin, actin or

tubulin. Previous papers suggested the use of multiple

reference genes to overcome this weakness, (Vandesomp-

ele et al. 2002; Rapacz et al. 2012). The reason is that in

contrast to plant resistance to biotic stress, the response to

abiotic stress is a complex and multigene-controlled

mechanism (Vinocur and Altman 2005; Milella et al.

2011). Moreover, a strong interaction was observed

between barley leaf response to drought and developmental

factors (Rapacz et al. 2012). Thus, to improve drought and

temperature tolerance, a better understanding of the genetic

bases and the mechanism of drought response in different

plant tissues is required. To address this issue, our study is

focused on the drought- and cold-induced changes in the

expression of genes involved in signaling and regulatory

pathways or genes encoding proteins related to stress tol-

erance. Here, we assess the utility of a selection of refer-

ence genes to act as internal standards for a qRT-PCR

experiment targeting for the first time the different

response of barley tissues to low temperature and drought

stress.

Materials and methods

Plant material and stress treatments

Low-temperature stress

Grain of the barley cvs. Luxor (very winter hardy), Igri

(mildly winter hardy) and Atlas 68 (spring type) were pre-

germinated and the seedlings were raised under a 12 h

photoperiod (irradiation intensity *200 lmol m-2 s-1)

and a day/night temperature of 18/13 �C. When the second

leaf was fully expanded, the seedlings were exposed for

3 weeks to ?3 �C during the lit hours (irradiation intensity

*120 lmol m-2 s-1) and ?2 �C during the dark hours.

At the end of this acclimation period, the seedlings were

subjected to -3 �C for 24 h. Destructive samples of the

second leaf and the crown were taken in the middle of the

lit period after 0, 1, 3, 7 and 21 days at ?3/2 �C and fol-

lowing the -3 �C treatment.

Drought stress

Grain of the barley cvs. Amulet (drought tolerant) and

Tadmor (highly drought tolerant) were pre-germinated and

the seedlings were raised under a 14 h photoperiod (irra-

diation intensity *350 lmol m-2 s-1) and a day/night

temperature of 25 �C/20 �C. Well-watered 16-day-old

seedlings (30 wt%) were taken as a control, while the

drought treatment consisted of withholding water for

9 days from 11-day-old seedlings (10 wt% Amulet, 11

wt% Tadmor).
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RNA isolation

Plant tissue was snap–frozen and stored at -80 �C

for \2 weeks before being used for RNA extraction based

on the TRIZOL reagent (Invitrogen, Carlsbad, CA, USA).

The resulting RNA was purified by passage through an

RNeasy column in the presence of DNase (Qiagen, Hilden,

Germany). RNA quality was assessed both by agarose gel

electrophoresis and by analysis with an Agilent 2100 Bio-

analyzer (Agilent Technologies, Santa Clara, USA). RNA

was quantified using a NanoDrop ND-1000 spectropho-

tometer (NanoDrop Technologies, Inc., USA). Each bio-

logical sample was represented by three replicates, made up

from the bulked tissue harvested from four seedlings.

Primer design

Target cDNA sequences were derived from the Affymetrix

Barley Genome Array EST. PCR primers were designed

using Primer 3 Plus software (Untergasser et al. 2007), and

their specificity was verified by a BLAST search of the

NetAffxTM Analysis Center and NCBI databases.

Two-step real-time reverse transcription

PCR (qRT-PCR)

The RNA was diluted to 150 ng ll-1 of which a 2 ll ali-

quot was used as template in a reverse transcription reac-

tion carried out in a volume of 100 ll using TaqMan

Reverse Transcription Reagents (Applied Biosystems,

Foster City, CA, USA), according to manufacturer’s

protocol. A 2 ll aliquot of the reaction product was then

taken as the template for a subsequent 20 ll qRT-PCR

containing 7.2 llH2O, 10 ll Power SYBR Green PCR

Master Mix (Applied Biosystems, USA) and 200 nM of

each relevant primer. The amplification regime comprised

a 10 min denaturation at 95 �C, followed by 40 cycles of

95 �C/15 s and 60 �C/60 s. The signal was recorded during

the annealing phase of each cycle. Melting curves of PCR

products were also recorded. The specificity of the ampli-

con was checked by electrophoresis through a 2 % w/v

agarose gel and the melting curves were evaluated (data not

shown). Three technical replicates of each biological

sample were included.

The qRT-PCR efficiency for each target gene was cal-

culated by the formula 100-[ABS (100-(10-1/slope-

1) 9 100)]. Only sequences associated with an efficiency

of[90 % were taken forward (Table 1). The suitability of

each candidate reference gene for use with a particular

abiotic stress and organ was evaluated using three pro-

grams implemented within Microsoft Excel, namely

GeNorm (Vandesompele et al. 2002), NormFinder

(Andersen et al. 2004) and BestKeeper (Pfaffl et al. 2004).

Results

Selection of candidate reference genes, amplification

specificity and PCR efficiency

The set of 13 candidate reference sequences was based on

prior micro-array-based gene expression experiments

Table 1 Primer sequences of the candidate reference genes, amplicon lengths and amplification efficiencies

Gene name Primer sequences

(forward/reverse)

Length of PCR

product (bp)

Amplification

efficiency cold

Amplification

efficiency drought

ACT tggatcggagggtccatcct/gcacttcctgtggacgatcgctg 105 1.91 1.97

a-TUB aaggtccagagggctgtgtg/accagtggacaaaggcacgcttg 115 1.89 1.97

GAPDH gttggcaaggtgctcccaga/gctcataggtggctggcttg 121 1.90 1.93

IF5A cgtccaagacctaccctatgcagg/tagcatgaccgtgctttcca 123 1.88 1.91

Cyclophilin Burton et al. (2004) 122 1.84 1.92

S-AMD TC130707; (Faccioli et al. 2007) 101 1.92 1.98

EF1a TC146566; (Faccioli et al. 2007) 101 1.94 1.96

GR TC146685; (Faccioli et al. 2007) 112 1.89 1.95

ADP-RF TC138681; (Faccioli et al. 2007) 127 1.90 1.95

HSP70 TC138926; (Faccioli et al. 2007) 102 1.95 1.96

HSP90 TC131381; (Faccioli et al. 2007) 101 1.93 1.98

HOGAPDH TC146536; (Faccioli et al. 2007) 105 1.88 1.91

SIGPRP TC139176; (Faccioli et al. 2007) 102 1.93 1.95

ACT actin, a-TUB a-tubulin, GAPDH glyceraldehyde-3-phosphate dehydrogenase, IF5A translation elongation factor 5A, S-AMD homologue of

S-adenosylmethionine decarboxylase, EF1a elongation factor 1a, GR homologue of an RNA-binding glycine-rich protein, ADP-RF ADP-

ribosylation factor 1-like protein, HSP70 homologue of heat shock protein 70, HSP90 cytosolic heat shock protein 90, HOGAPDH homologue of

a putative glyceraldehyde-3-phosphate dehydrogenase, SIGPRP similar to GPRP (proteins rich in glycine and proline)
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carried out in the leaf and crown of cv. Luxor (Janská et al.

2011). Four of the qRT-PCR primer pairs were designed

from the Affymetrix barley arrays sequence; the genes

targeted were Actin (ACT, Contig1390_3_s_at), a-Tubulin

(a-TUB, Contig333_3_x_at), Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH, Contig865_3_s_at) and Trans-

lation elongation factor 5A (IF5A, Contig2580_3_s_at).

The primer sequences for the remaining genes were

obtained from the literature (Table 1, references).

The qRT-PCR conditions for each target were optimized

to provide a single amplicon of expected length, and con-

trols were included (genomic DNA, no template, qRT-PCR

mastermix). The negative controls proved uniformly neg-

ative with respect to amplification, and neither primer-

dimers nor non-specific products were detected. The

amplification efficiency of each of the candidate reference

genes is shown in Table 1.

Expression stability of candidate reference genes

Ct values, representing the mean of the three technical

replicates included, varied from 17 to 24 for the low-

temperature stress (Online resource 1) and from 18 to 25

for the drought stress (Online resource 2). The Ct values

were used either directly (BestKeeper), or transformed

using a comparative Ct method (GeNorm and

NormFinder).

GeNorm analysis

GeNorm software generates a measure of gene stability

M for each gene, and calculates the measure of pairwise

variation V which reflects inherent machine, enzymatic and

operator variation (Vandesompele et al. 2002). The most

stable genes for the cold treatment (the lowest M value)

Fig. 1 a Determination of the most stable reference genes in the low-

temperature stress treatment according to GeNorm. For GeNorm, the

most stable genes are those with the lowest values. b Determination of

the optimal number of reference genes. A pairwise variation \0.15

indicates no significant contribution made by the inclusion of an

additional reference gene. The optimal number of reference genes was

three
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were EF1a (0.45), GAPDH (0.45) and ACT (0.56), and the

least stable was SIGPRP (1.021) (Fig. 1a). The pairwise

variation V, based on the comparison between NFn (nor-

malization factor) and NFn?1, resulted in a suggested

number of reference genes for the cold treatment of three,

because the V value of the third best-performing gene was

0.13 (Fig. 1b), which is below the recommended threshold

of 0.15 (Vandesompele et al. 2002). The best-performing

set of three reference genes for the drought treatment was

GAPDH (0.096), HOGAPDH (0.096) and ACT (0.281), and

the least stable gene was IF5A (0.819) (Fig. 2a). In this

case, the recommended number of reference genes was two

(the V value for the second best gene was 0.124) (Fig. 2b).

NormFinder analysis

NormFinder estimates the overall expression variation of

the candidate reference genes and assesses the variation

between sample subgroups. Its output is a stability value

for each candidate reference gene, with the lowest value

indicating the most stable expressed gene (Andersen et al.

2004). The best-performing genes for the cold treatment

were HSP70 (0.149), ADP-RF (0.169) and ACT (0.215),

while for the drought stress, the genes were ADP-RF

(0.128), EF1a (0.162) and GAPDH (0.222), and the least

stable genes for the two stress treatments were SIGPRP

(1.181) and IF5A (0.717), respectively.

BestKeeper analysis

The BestKeeper calculation is based on the calculation of a

Pearson correlation coefficient between the ‘‘BestKeeper

index’’ (a geometric mean of candidate reference genes’ Ct

values) and the pairwise correlation of all possible gene

pairs (Pfaffl et al. 2004). In contrast to the other two

methods, BestKeeper operates on raw Ct values. Genes

Fig. 2 a Determination of the most stable reference genes in the

drought stress treatment according GeNorm. For GeNorm, the most

stable genes are those with the lowest value. b The determination of

the optimal number of reference genes. A pairwise variation \0.15

indicates no significant contribution made by the inclusion of an

additional reference gene. The optimal number of reference genes was

two
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associated with a Ct value standard deviation (SD) of [1

are considered inconsistent and are discarded. The best

correlations were obtained for ACT (0.968), HSP70 (0.937)

and EF1a (0.927) in the low-temperature treatment, and for

a-TUB (0.989), HSP70 (0.985) and GAPDH (0.979) in the

drought treatment. The least stable genes were SIGPRP

(-0.2) and GR (0.843), respectively. The full list of genes

showing an SD \ 1 were S-AMD, ADP-RF, HSP70 and

ACT in the low-temperature treatment (Fig. 3a) and

cyclophilin, ADP-RF, EF1a and GR in the drought treat-

ment (Fig. 3b). The overall SDs for the two methods were

0.64 and 0.99, respectively, and, therefore, was considered

for further work.

Sets of reference genes dependent on organ type

and nature of the abiotic stress treatment

The conclusions were based on the full data set, so an

analysis was also carried out separately for the leaf and

crown. The V parameter produced by GeNorm was used to

determine the optimal number of reference genes. Across

the full data sets, two reference genes appeared to be suf-

ficient for normalization in the leaf (Fig. 4a, b), but not in

the crown (Fig. 5a, b) and, therefore, had to be extended to

three reference genes. In the leaves exposed to low-tem-

perature stress, GeNorm identified the three reference gene

sets as S-AMD (0.325), HSP70 (0.325) and ADP-RF

(0.362), while the NormFinder identified HSP70 (0.143), S-

AMD (0.178) and ADP-RF (0.202). The BestKeeper cor-

relation coefficient was highest for SIGPRP (0.915),

HSP90 (0.904) and S-AMD (0.903). The BestKeeper SD

for all of the candidate genes was \1 (data not shown). In

the crowns exposed to low temperature, the gene sets

selected by GeNorm, NormFinder and BestKeeper were

ACT (0.192), HSP90 (0.192) and HSP90 (0.039), and ACT

(0.131), HSP70 (0.963) and S-AMD (0.957), respectively.

A similar analysis focused on the drought-stressed leaf

resulted in the choice of HOGAPDH (0.101), GAPDH

Fig. 3 Determination of the most stable reference genes in the low

temperature (a) and in the drought stress (b) treatments according to

BestKeeper, the higher the correlation coefficient, the more stable the

gene’s expression, the lower the standard deviation (SD), the more

stable the gene’s expression
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(0.101) and cyclophilin (0.214) using GeNorm; ADP-RF

(0.052), cyclophilin (0.081) and HOGAPDH (0.127) using

NormFinder; and ACT (0.994), cyclophilin (0.987) and

ADP-RF (0.987) through BestKeeper software. In the

drought-stressed crown, the two optimal reference genes

were S-AMD (0.077) and EF1a (0.077) using GeNorm,

EF1a (0.088) and IF5A (0.113) using NormFinder, while

the BestKeeper showed GAPDH (1.00) and HOGAPDH

(0.999). The SD for all these genes was \1 (data not

shown).

Expression of a non-reference gene based on different

sets of reference genes

As an example of how the estimation of the expression

level of a non-reference gene can depend on the choice of

reference gene(s), the leaf and crown expression of RS, a

gene encoding raffinose synthase, during the low-temper-

ature stressed treatment was monitored. The reference gene

sets ACT, HSP70, ADP-RF, GAPDH and SIGPRP and their

combinations (ACT ? HSP70 ? ADP-RF, GAPDH ?

ACT ? HSP70, ACT ? HSP70) were chosen. However,

the single reference genes were considered as the least

stable of all the potential reference genes. In all three

varieties, the expression of RS in the leaf increased during

the acclimation period peaking after day one at ?3 �C. The

RS gene expression was further enhanced when the plants

were exposed to -3 �C. This general temporal expression

profile was consistent with whichever set of reference

gene(s) was used but with the exception of SIGPRP.

However, the estimated level of expression depended on

the choice of reference gene(s) (Fig. 6a). RS expression in

the crown was rather different than in the leaf, showing a

mild increase over the first day at ?3 �C, and then a very

marked increase when the plants were exposed to -3 �C,

irrespective of the choice of reference gene(s). When the

expression was normalized based on SIGPRP as a refer-

ence, the estimated RS expression level was very different

from all the other estimates. Similar to leaf tissue, the

combinations ACT ? HSP70 ? ADP-RF, GAPDH ?

Fig. 4 Determination of the most stable reference genes in the leaf of

low temperature (a) and drought (b) stressed plants. The determina-

tion of the optimal number of reference genes. A pairwise variation

\0.15 indicates no significant contribution made by the inclusion of

an additional reference gene. The optimal number of reference genes

was two in both cases
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ACT ? HSP70, ACT ? HSP70 can be expected to give a

better level of precision than the reliance on just a single

reference gene (Fig. 6b).

Discussion

qRT-PCR has been widely exploited to assess gene

expression (Bustin and Dorudi 1998; Czechowski et al.

2004; Maciá-Vicente et al. 2009; Terzi et al. 2010;

Zampieri et al. 2010; Takahashi et al. 2010; Chi et al.

2012). It has been recognized that the quality of the data

can be affected by a number of experimental factors

(Faccioli et al. 2007; Zhong et al. 2011), but many of these

problems can be addressed by the appropriate choice of

internal controls and the application of appropriate statis-

tical analysis (Faccioli et al. 2007). The assumption is that

the reference gene(s) employed should be involved in

cellular processes which are as much as possible inde-

pendent of any exogenous influence (Schmittgen and

Zakrajsek 2000; Cappelli et al. 2008), while genes

encoding certain specific cytoskeletal proteins, GAPDH,

EF1a, 18S or 25S rRNA etc. (Silveira et al. 2009; Zhong

et al. 2011) have been recommended, these have not pro-

ven to be universally appropriate. Hong et al. (2008) have

suggested that any reference gene(s) needs to be validated

prior to its use for normalization, while Vandesompele

et al. (2002) suggested that a single reference gene cannot

provide a sufficient degree of control. A set of potentially

informative reference genes were recommended for use in

barley by Faccioli et al. (2007), and Rapacz et al. (2012) in

relation to barley leaf response to drought stress only and in

comparison to developmental factors. Thus, to improve

drought and temperature tolerance, a better understanding

of the genetic bases and the mechanism of drought

response in different plant tissues is required. To address

this issue, we describe here a comparison of various can-

didate reference genes in the context of the response of

barley to drought or low-temperature stress, and for the first

time targeting the different response of barley leaf and

crown to both low temperature and drought stresses It was

possible to show that the use of a single reference gene was

Fig. 5 Determination of the most stable reference genes in the crown

of low temperature (a) and drought (b) stressed plants. The

determination of the optimal number of reference genes. A pairwise

variation \0.15 indicates no significant contribution made by the

inclusion of an additional reference gene. The optimal number of

reference genes in this case was three
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insufficient for normalization purposes. Specifically, raw

Ct plots (Online resources 1 and 2) did not allow a clear

choice of reference gene.

Three software packages (GeNorm, NormFinder and

BestKeeper) have been developed to identify sets of ref-

erence genes. As reported by Demidenko et al. (2011), they

do not necessarily yield exactly the same set of recom-

mended reference genes from a given data set, but their

predictions did not greatly diverge from one another. In

barley seedlings exposed to low-temperature stress, the

optimal reference genes for estimating gene expression in

the leaf were ACT, HSP70 and ADP-RF. All three software

packages identified the expression of ACT as being quite

stable, while that of HSP70 was only classed as very stable

by NormFinder and BestKeeper, and that of ADP-RF only

by NormFinder. Neither GAPDH nor EF1a featured in the

set, because BestKeeper analysis indicated an SD of[1 for

both. With respect to the drought treatment, the optimal

reference gene set consisted of GAPDH, HOGAPDH and

EF1a. GAPDH expression was classified as very stable by

all three packages, EF1a by NormFinder and BestKeeper,

and HOGAPDH by GeNorm. Although, GeNorm predicted

that two reference genes would be sufficient for normali-

zation, a third was included for greater precision. Note that

Vandesompele et al. (2002) have made a general recom-

mendation that the reference gene set should include three

Fig. 6 Normalized expression of RS (encoding raffinose synthase)

during low-temperature stress in the leaf (a) and the crown (b) of the

barley cultivars Luxor (Lux), Igri (Ig) and Atlas 68 (At). The

expression of RS was normalized using as reference gene(s) either

ACT ? HSP70 ? ADP-RF, GAPDH ? ACT ? HSP70, ACT ? HSP70,

ACT alone, HSP70 alone, ADP-RF alone, GAPDH alone or SIGPRP alone
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members. Given that gene expression can be highly tissue-

or organ-specific, there is an argument for optimizing the

reference gene set for each tissue/organ under study. A

separate treatment of the leaf and crown expression data

led to the recommendations that HSP70 and S-AMD (and

possibly HSP90) be used as the reference genes for low-

temperature stressed leaves, HSP90 and EF1a for low-

temperature stressed crowns, cyclophilin and ADP-RF (and

possibly ACT) for drought-stressed leaves, and EF1a and

S-AMD for drought-stressed crowns.

The results confirmed that reference gene expression is a

primary need in qRT-PCR in barley and demonstrated that

the correct choice of appropriate genes is essential and

strictly related to stress and plant tissues. These results

provide for the first time clear guidelines for the selection

of reference genes in barley leaf and crowns under tem-

perature and drought-stress conditions. This information

would contribute toward more accurate and widespread use

of qRT-PCR in barley gene analysis which is crucial to

understand response mechanisms and to select genes for a

transgenic approach.
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