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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.
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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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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-
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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 Ca**, 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 Ca®" 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 Ca** channels following membrane rigidification
(Nick 2000; Orvar 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-
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Fig. 1. Scheme illustrating the molecular response of plants to low-tem-
perature stress, realised as changes in transcriptome, proteome, metabolo-
me and phenotype.
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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 CBE/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/DREBIC is a negative regulator of
both CBF1/DREB1B and CBF3/DREB1A. CBF3 is thought to
regulate the expression level of CBF2 (Novillo ef 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 ICEI (inducer of CBF expression), a positive
regulator of CBF3, and HOSI (high expression of osmotically
sensitive), a negative regulator of ICEI. The HOSI 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 LOSI (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 CBFI and CBF2 are bHLH proteins
other than ICEl. 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 CBFI
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

Low temperature LOS4

n

ICE1 CBF1
ice1 <

HOS1 CBF2
(RING E3 ligase)
LOS1

Fig. 2. The CBF (C-repeat-binding factor) pathway in plants. /CE7 (inducer
of CBF expression) is activated by low temperature and is inhibited by
HOST (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 CBFI.
LOS4 (low expression of osmotically responsive genes) is a positive regula-
tor of CBF expression, and LOST a negative regulator.

COR genes
CBF3
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Ca®" concentrations to basal levels following a transient
increase in response to low-temperature stress, is a negative
regulator of CBFI, 2 and 3 (Hirschi 1999; Catala 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
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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 HOSI15 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 CORI4b 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 CORI4b, 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 ef al. 2008).

ENZYMATIC AND METABOLIC RESPONSE

Many enzymes are involved in the cold response machinery.
In addition to those associated with osmolyte metabolism,
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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 e 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 (y-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 ef 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.
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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 erf 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 DHNI (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; Miiller ef 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 8-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 (AOXI1) 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
RNAIi, 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://
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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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