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SUMMARY

INTRODUCTION

Plants vary greatly in their ability to survive cold temperatures;
some may withstand extreme freezing conditions, while others will
be irreversibly injured at temperatures above freezing. The maximum freezing tolerance of plants is induced in response to environmental signals. Temperate woody trees need to acclimate to survive
the cold winter. Trees have evolved a complex dynamic process controlling the development of dormancy and cold hardiness that synchronize accurately the onset and termination of winter metabolism.
Only recently has been obtained progress in elucidating the molecular mechanisms of dormancy and freezing tolerance development in
woody plants, and emerging disciplines are opening a wide horizon
for future studies. The purpose of this review is to highlight recent
developments indicating that cold-responsive genes and proteins contribute to freezing tolerance during winter in woody plants.

Low temperature (LT) is one of the most important
abiotic factors limiting growth, productivity and distribution of plants. LT decreases biosynthetic activity inhibits
the normal function of physiological processes and may
cause permanent injuries, which finally lead to death
(Tomashow, 1999; Wisniewski et al., 2004; Puhakainen,
2004a, b).

Index words: Cold hardiness, acclimation, deacclimation, dormancy, genetic control.

RESUMEN
Las plantas varían grandemente en su habilidad para sobrevivir
temperaturas frías; mientras algunas pueden soportar condiciones de
congelación extrema, otras son dañadas irreversiblemente por temperaturas apenas arriba del punto de congelamiento. La máxima
tolerancia de plantas al congelamiento, es inducida en respuesta a
señales ambientales. Los árboles de la zona templada necesitan aclimatarse para sobrevivir al frío invernal; han evolucionado un complejo proceso dinámico que controla el desarrollo del reposo y la resistencia al frío, al sincronizar con precisión el inicio y terminación
del metabolismo invernal. Sólo recientemente ha habido progreso en
elucidar los mecanismos moleculares del reposo y la resistencia al
frío en plantas leñosas, y las disciplinas emergentes abren un amplio
horizonte para futuros estudios. El propósito de esta revisión en
plantas leñosas fue resaltar los desarrollos recientes que señalan la
contribución de los genes y proteínas de respuesta al frío a su tolerancia al congelamiento durante el invierno.
Palabras clave: Resistencia al frío, aclimatación, desaclimatación,
reposo, control genético.
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Plant species vary widely in their ability to tolerate
LT. Chilling-sensitive tropical species can be irreparably
damaged even by non-freezing temperatures. Injuries are
due to an overall impairment of metabolic and cellular
processes and alterations in membrane properties. Chilling-tolerant -but freezing sensitive- plants are able to survive temperatures slightly below zero, but become severely damaged upon ice formation in their tissues. Freezing-tolerant plants, like some woody trees and shrubs, are
able to survive variable levels of freezing, the actual degree of tolerance being dependent upon the species, developmental stage and duration of stress (Gusta et al.,
2005; Welling and Palva, 2006).
Understanding how these woody plants survive such
freezing temperatures is not only a scientific challenge,
but also has important economic implications. Increasing
evidence of multiple functions for stress-induced proteins
in overwintering plants confirms the need for a global approach in the analysis of adaptive mechanisms. From this
perspective, the valorization of rapidly increasing knowledge on the molecular and genetic basis of plants responses to cold, demand multidisciplinary collaborations.
Climate changes also need to be taken into account to
identify the adaptive traits that agricultural and forest
plants require to survive winter. More studies at global
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standards. A LT exotherm, occurring at variable temperatures and depending on species, is produced when the tissue is irreversible damaged, and thus will die; this usually
happens at temperatures well below the freezing point.
The hardy species mentioned above do not frequently exhibit such LT exotherm, thus implying that they can
thrive in very harsh environments (Burke et al., 1974).
Figure 1 presents data from a demonstration experiment
in our lab, showing the freezing exotherm of ‘Red Delicious’ apple (Malus domestica L.) flower buds at the
¨first-pink¨ phenostage run in a scanning calorimeter.
Data from two overlapping populations can be easily distinguished along the exotherm line, suggesting the existence of two flower structures freezing almost simultaneously.

and regional scales are needed to assess the potential impact of climate warming on plant adaptation to winter
(Breton et al., 2000; Tomashow, 1999; Horvath et al.,
2003; Chinnusamy et al., 2006).
The goal of this review is to discuss the metabolic
strategies woody plants use to survive these stresses
caused by LT and the primary mechanisms that plants use
to control freezing dynamics and reduce freezing injury in
living tissues, as well as the physiological and molecular
transformations that take place along winter metabolism.
PLANT ADAPTATION TO WINTER LOW
TEMPERATURES
Winter survival is a complex phenomenon that does
not solely rely on the plant ability to withstand the direct
effects of extreme LT. During long overwintering periods, plants are exposed to multiple abiotic (ice encasement, frost heave, desiccation, anoxia) and biotic (snow
mould and other psychrophylic pathogens) stresses. An
interesting example on the way both factors interact is
found in asymptomatic grapevines (Vitis vinifera L.) systemically infected with Agrobacterium vitis; once a freezing episode occurs, trunks split because of the freezing
injury and, only then, galls caused by this bacterium develop, eventually girdling trunks and killing the whole
vine (Burr and Otten, 1999). Tolerance to these stresses is
partly based on shared adaptive traits and, consequently,
cross-adaptation to environmental stresses is a key aspect
of plant adaptation to cold (Tomashow, 1999; Breton et
al., 2000).
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Figure 1. Freezing exotherm under a controlled test by differential
scanning calorimetry of an apple flower bud at the first pink phenophase. Areas under curves are the energy liberated as heat is released by water molecules during freezing. The main signal is separated by second derivative analysis into two water molecule populations, suggesting different compartments freezing almost simultaneously.

Plant diversity in tolerance to low temperature
Within the plant kingdom there is a wide range of diversity in LT tolerance, from low levels of hardiness (0 to
-5 °C) in herbaceous species such as potatoes (Solanum
tuberosum L.), to intermediate levels of hardiness (-5 to 10 °C ) in winter annuals such as wheat (Triticum vulgare
L.) and rye (Secale cereale L.), to high levels of hardiness (-10 to -20 °C) in winter annuals and perennials such
as winter cereals, grasses and trees, to extremely hardy
deciduous trees and shrubs such as black locust (Robinia
pseudoacacia), red osier dogwood (Cornus sericea) and
aspen (Populus tremuolides), whose cells may survive to
temperatures as low as -196 °C (Guy, 1990; Gusta et al.,
2005; Larcher, 2005).

Within a given species the range in hardiness can be
substantial, and within a plant there is also a wide range
in cold hardiness among different tissues and organs. For
example, roots are less tolerant to subzero temperatures
than shoots; flower buds are more sensitive than vegetative buds. In general, most temperate plants acquire chilling and freezing tolerance upon exposure to cold stress,
although many agronomical important crops are incapable
of cold acclimation (Breton et al., 2000; Larcher, 2005).

A differential thermal analysis is used for recording
heat release when water freezing occurs in a tissue sample. A high temperature exotherm is produced when extracellular water is frozen, which occurs at temperatures
close to 0 °C, being considered ¨high¨ for cold hardiness

Strategies to resist low temperatures
The mechanisms that allow plants to withstand subfreezing temperatures are classified into two main categories: (1) avoidance of freezing through supercooling and
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regulated target genes appear to be shared (Welling and
Palva, 2006).

(2) tolerance of freezing by extracellular ice formation.
Both survival strategies are present in woody plants
(Levitt, 1980; Tomashow, 1999).

Adaptive mechanisms to low temperature
during winter

1) Freezing avoidance. Tissues display deep supercooling, implying that some of the cellular water remains
liquid well below the freezing point. As early as 1974, the
theoretical limit of supercooling was set at –38.1 ºC for
pure water droplets in emulsion (Burke et al., 1974). In
the plant cell deep supercooling is enabled by an effective
isolation of the protoplast from the nucleating effect of
extracellular ice. In general, freezing avoidance occurs in
some tissues and organs of woody trees: xylem ray cells
of many hardwoods, flower buds of angiosperms and both
shoot and floral primordia of conifers. A particular mention should be done to the cold hardy azalea (Azalea
spp.), in which a phenolic-rich barrier isolates flower
buds from stems and prevents ice crystals from xylem to
grow towards the buds. When such barrier was disrupted,
either by mechanical means or sublethal heat stress, the
supercooling capacity disappeared since no hydrophobic
obstacle was met by ice crystals (Chalker-Scott, 1992).

Woody plants of the temperate zone are exposed to LT
each winter. Their ability to survive is based on adaptive
mechanisms by which plants enter a state of dormancy
and to become cold hardy. In this manner, they develop
freezing tolerance during cold episode periods, reaching a
LT tolerance at levels otherwise lethal to unhardened
plants. The degree of hardening varies in relation to the
plant growth stage and is closely associated with the winter dormant period. Because winter dormancy and cold
hardiness are overlapping events in plants, the processes
involved are difficult to distinguish and separate. Nevertheless these mechanisms include a complex dynamic
process that controls not only the development of rest and
freezing tolerance, but secures their accurate initiation
and termination. This process includes a temporary suspension of visible growth of any plant structure with a
meristem, the down-regulation of photosynthesis and respiration, the partial or total loss of aerial organs, the formation of specialized organs such as buds, and the buildup of cryoprotective substances. These active physiological changes in trees are also important to complete the
freeze tolerance process, which allow survival at the very
LT encountered in high latitudes and elevated sites (Kontunen-Soppela et al., 2002; Puhakainen et al., 2004b). An
hypothetical example based in our own experience is presented in Figure 2a, showing the typical weather conditions in a apple growing area located at 2000 masl in
northern México; Figure 2b shows that during endodormancy the respiration rate in root tips is faster than in
buds, a behavior that is reversed during ecodormancy.

2) Freezing tolerance. This mechanism involves water migration into intercellular spaces and a gradual
growth of extracellular ice. At slow cooling rates, cold
acclimated tissues undergo equilibrium freezing; i. e., diffusion of cellular water is rapid enough to maintain the
chemical equilibrium between the protoplasm and the ice.
In contrast, a rapid cooling may result in chemical disequilibrium and induction of intracellular freezing. Tolerance of extracellular freezing and the ensuing dehydration
stress is the major survival mechanism of woody plants
(Breton et al., 2000; Puhakainen, 2004b).
According to Tomashow (1999) and Welling and
Palva (2006) a third mechanism can be found in herbaceous plants. These plants may cold acclimate very rapidly in response to nonfreezing-LT by short transient periods in their growing season; this adaptation has been
extensively studied in Arabidopsis and the molecular
mechanisms involved are well characterized. However,
this class of cold acclimation is limited just to 5 to 8 °C
for a few days. In winter they must survive through a different strategy of avoidance: they die, leaving behind a
protected seed, bulb or tuber source. While this strategy
is used by herbaceous, the long-living woody species
which retain their above-ground biomass, require the
strategies described above to persist the winter months.

Before getting into a description of dormancy and cold
hardiness, it is important to be aware that there has been
frequent conflicting reports about them. For example,
Faust et al. (1991) using magnetic resonance imaging hypothesized that apple bud endodormancy is characterized
by the bound conditions of its water molecules, although
this is highly unlikely since under such conditions cells
would become dehydrated. Previously, however, Vertucci
(1990) demonstrated in dormant pea (Pisum sativum L.)
seeds that the bound water fraction is formed by two
populations, one being transient; and in any case this
physical evidence is more related to cold hardiness than to
dormancy itself. Figure 3 (Gardea, 1992; Pers. communication1) shows a dramatic change in bound water in

Elucidated molecular mechanisms of cold acclimation,
indicate that herbaceous and woody plants could share
some mechanisms. Both the signal process and the cold-

1

Alfonso A. Gardea (1992) Water partitioning and respiration activity
of dormant grape buds. PhD thesis. Oregon State University. 121 p.
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development and assume a dormant and freezing-tolerant
state, even when temperatures still favor growth, a strategy that protects against a sudden arrival of winter. Later
in winter they may already anticipate spring by breaking
dormancy while freezing tolerance remains high. This
synchrony between of growth and seasons – referred to as
‘dormancy cycling’ – has received considerable attention,
but many of the underlying mechanisms have remained
unsolved for buds, as well as for seeds (Rinne et al.,
2001; Horvath et al., 2003).

overwintering grapevine buds, according to the definition
by Burke et al. (1974) that ¨bound water is that one remaining liquid at temperatures as low as -30 °C¨. Although no morphological differences may be distinguished
on buds, their cold hardiness changed dramatically between sampling dates.
Dormancy. Perennial plants of the temperate zones
have developed unique mechanisms to anticipate the regular environmental changes that occur along the seasons
progression. At the end of the growing season they cease
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Figure 2. Descriptive development proposed for some aspects of winter metabolism of deciduous fruit species. a) Temperature conditions showing
monthly maximum and minimum averages and frost probabilities. b) Dormancy phases (para-, endo- and ecodormancy) as defined by the time required to budbreak by field growing plants transferred to growing conditions at fixed intervals along the dormant period. Dotted lines show buds
and roots respiration patterns. c) Cold hardiness as expressed by the low temperature required to kill 50 % of the buds, showing the acclimation,
maximum hardiness and deacclimation periods. Dotted lines show an approximate common bloom period for many genotypes in the northern hemisphere.
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Figure 3. H-NMR spectra of ‘Pinot Noir’ winegrape primary buds sampled on A) January, when fully hardy; and B) on April once deacclimation
ended. Area under a curve represents water remaining liquid at the labeled temperatures; thus, liquid water at -30 °C represents the bound fraction (A. Gardea, 1992; Pers. Communication; Opus cited).

thought of as occurring separately, any individual bud
might be simultaneously controlled by any or all of the
signals regulating these aspects of dormancy (Yamaguchi
et al., 1999; Rinne et al., 2001; Wisniewski et al., 2004;
Ramos et al., 2005). A descriptive proposal is shown in
Figure 2b.

In boreal tree species the acquisition of dormancy,
triggered by the reduction in daylength, is a prerequisite
for cold hardening. In order to cease growth and acquire
dormancy in a timely fashion, perennials often sense photoperiod changes by means of phytochromes (Weiser,
1970). Phytochromes shuttle between the cytoplasm and
the nucleoplasm and generate a putative signal (or set of
signals) that is sent out from the leaves, via petioles and
stems, towards the shoot apex. The shoot apex, as the actual target of the signal, ceases its morphogenic activity
and responds by transforming itself into a dormant bud,
which is also freezing-tolerant (Weiser, 1970). Subsequently, the dormant bud recovers the potential for further growth and development, only after it has received
adequate chilling exposure (Fuchigami and Nee, 1987).

1) Paradormancy is the best studied of the three types
of dormancy, and is sometimes referred to as apical
dominance or correlative inhibition. This process allows
plants to devote resources to reproduction and plant architecture control; also for maximizing light harvesting,
while allowing for regeneration when individual shoots
become damaged. Plants undergo adaptive changes as
early as the middle of summer. The shoot apices cease
active growth and become enclosed in protective bud
scales to form dormant buds. Leaf and flower bud meristems become also differentiated as late as the end of
summer. Following terminal bud formation, generally
there is a period in which axillary buds can be forced to
grow by removing the terminal bud that exerts apical
dominance; even whole-tree defoliation will stimulate bud
growth (Muthalif and Rowland, 1994; Levi et al., 1999;
Horvath et al., 2003). If field growing plants are defoliated, their apical buds removed and transferred to conditions conductive to grow, axillary buds will break; the

More recent studies have identified conditions under
which bud growth is inhibited by signals generated inside
the vegetative bud or as the direct response to unfavorable
conditions for growth. Lang et al. (1987) categorized
these seemingly separate growth-inhibited or dormant
states as: (1) paradormancy, the inhibition of growth by
distal organs; (2) endodormancy, the inhibition of growth
by internal bud signals; and (3) ecodormancy, the inhibition of growth by temporary unfavorable environmental
conditions. Although these types of dormancy are usually
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stage known as deacclimation (3) occurs in late winter and
early spring; hardiness is progressively lost due to increasing temperatures (Kontunen-Soppela et al., 2002;
Welling and Palva, 2006).

required period for growth induction will increase as buds
get into an endodormant state.
2) Endodormancy is an important mechanism for protecting buds by ensuring that meristems will not resume
growth until the return of stable permissive conditions.
This is caused by plant endogenous factors, which once
established, no growth can be achieved until a particular
chilling requirement (CR) has been satisfied. In order for
budbreak to occur, plants must be exposed to LT for a
cumulative time. By mid to late autumn, as days become
increasingly shorter and night temperatures decrease, inhibitory control of bud growth shifts to reside within the
bud itself so that plants are incapable of emerging from
this status by removal of terminal buds or by defoliation.
Resumption of growth and budbreak require sufficient exposure to LT. This CR is determined genetically and can
be calculated rather differently depending on the model
used; one example is the number of hours between 0 and
7 °C necessary for > 50 % budbreak upon exposure to
higher temperatures. CR can range widely depending on
species and genotype (Muthalif and Rowland, 1994;
Horvath et al., 2003).

1) Acclimation. In woody plants the cold acclimation
process consists of two stages. The first stage is triggered
by a short photoperiod and changes in light spectrum,
while the second is induced by LT (Weiser, 1970; Li et
al., 2002). Photoperiod has a central role as the primary
signal to induce growth cessation and dormancy development as mentioned before, but also to initiate cold acclimation. Subsequent LT exposure is the main factor required to increase freezing tolerance. Freezing tolerance
development in deciduous trees is rather a slow process,
but ultimately results in a very high tolerance, down to 196 ºC in buds and stems of boreal species (Rinne et al.,
2001; Li et al., 2002). Sometimes this rule does not apply; such is the case when becoming dormant is not compulsory for developing cold acclimation, and both processes develop independently and without apparent synchrony. For example, some species growing at the high
elevation timberlines in subtropical latitudes behave as
perennials, while withstanding freezing temperatures almost year round. However, in most species growth cessation is regarded as a prerequisite for cold acclimation
(Junttila and Kaurin, 1990).

3) Ecodormancy. Once the CR is satisfied, growth
may remain arrested by adverse environments, but it can
be resumed when conditions become favorable (Fuchigami and Nee, 1987; Levi et al., 1999). Buds are capable
of resuming growth upon exposure for two to three weeks
at temperatures near 20 °C (Muthalif and Rowland, 1994;
Rinne et al., 2001). Physiological time scales have been
developed to quantify such heat requirements and expressed as degree days, heat units and others.

2) Maximum hardiness. By the coldest days of winter,
plants have attained their maximum level of adaptation to
a cold environment, although small variations are associated with weather conditions prevailing in the previous
day. A sunny day with warm, even hot, temperatures will
result in a loss of hardiness the following day, and such
changes are reversible (Weiser, 1970).

Cold hardiness. When getting familiar with cold hardiness, it is a must to begin with a pioneer report by
Weiser (1970). It provides a quick start to comprehend
what was done, as well as a starting point when planning
further research. Cold hardiness is the ability of plants to
survive subfreezing temperatures; it is also the seasonal
transition of plant hardiness from a tender to a hardy condition. Temperature contributes to the degree of hardiness
in an indirect manner through its effects on the cycle of
annual development (Thomashow, 1999; Welling and
Palva, 2006).

3) Deacclimation. Occurs in late winter and early
spring, when hardiness is progressively reduced due to
increasing temperatures, although specific stages in
dehardening have not been completely studied. The same
as the annual development of dormancy and cold hardening occur simultaneously in the fall, the release from
dormancy and deacclimation in the spring is also simultaneous (Kontunen-Soppela et al., 2002; Gusta et al., 2005;
Welling and Palva, 2006). In fact, cell metabolic activity
may increase before the plant frost hardiness is lost
(Nasholm and Ericsson, 1990). The timing of cold hardening, as well as the onset and release of dormancy, is
genetically determined although they are affected also by
the current weather. In the case of trees with a wide distribution range, the timing of bud set and the development
of frost resistance can vary significantly between different
provenances or ecotypes of the same species (Repo et al.,
2000; Kontunen-Soppela et al., 2002).

The cold hardiness of plants changes seasonally, since
the annual cycle of hardening and dehardening is closely
synchronized to the progression of winter temperatures
(see Figure 2c). Cold hardening or acclimation (1) is a
gradual process; in northern conifers is first triggered by
a shortening photoperiod and its progression parallels the
decreasing temperatures. In the second stage of hardening
plants achieve its deepest hardiness (2). Finally the third
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but several genes and regulons involved are being unraveled (Chinnusamy et al., 2006; Welling and Palva, 2006).

Blooming of deciduous fruit trees may coincide when
last freeze occurs, so the risk of loosing the crop is always an issue. Ice nucleation on flowers may be triggered
by ice-nucleation bacteria, since these microorganisms
need to induce a mechanical injury as a means to invade
the tissue; therefore, they have evolved a specific protein
in their cell coat to act as a nucleating site (Lindow,
1995). Figure 4 illustrates the protein nature of the icenucleator present in the cell coat of Pseudomonas syringae pv. syringae. While viable bacteria nucleate ice at
warm subfreezing temperatures (ca. -2.1 °C), cells exposed to chloroform fumes are no longer viable and proteins slowly denature, loosing their nucleating properties
over time (-3.7 °C); in comparison, autoclaving denatures
proteins quickly and this characteristic is lost (Gardea et
al., 1992).

Heat

The LT adaptation process results in numerous biochemical changes within the cell. As early as 1970,
Weiser proposed that acclimation requires transcriptional
activation of a set of genes normally not expressed under
non-acclimating conditions. Since cold tolerance is inducible, it has been found that this induction involves the synthesis of novel peptides, which by means of their enzymatic activity or their structural properties confer this tolerance to tissues (Guy, 1990; Thomashow, 1999; Chinnusamy et al., 2006). The content of growth regulators
changes, ABA (abscisic acid) increases while gibberellins
decrease. Growth promotion by gibberellins is negatively
associated with freezing tolerance, whereas a positive association is found by ABA-induced dormancy (Heino et
al., 1990). An increase in ABA triggers gene expression
for stress proteins synthesis. ABA and dehydrins play an
essential role in the photoperiodic induction of winter
dormancy and the acquisition of frost tolerance in the acclimation stage (Larcher, 2005). There is a close correlation between soluble protein content and cold tolerance,
associated with an increase in the amount of mRNA required for protein synthesis, such as cold-regulated proteins “COR proteins” (Thomashow, 1999; Puhakainen et
al., 2004a).
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Plasma membrane is thought to be the primary site of
injury during freezing; thus, most alterations are aimed at
preserving membranes integrity (Thomashow, 1999).
Plant membranes undergo both qualitative and quantitative modifications through cold acclimation. The lipid
composition of the plasma membrane and chloroplast envelopes change in a way that the threshold temperature of
membrane damage is lowered compared to nonacclimated plants. This is due to the increasing fluidity of
membranes, resulting from a change in lipid composition
towards an increase in desaturated fatty acids (KontunenSoppela et al., 2002; Martz et al., 2006a).
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Figure 4. Nucleation temperatures of Pseudomonas syringae pv syringae strain B-15 suspensions. Aliquots were adjusted to the same
optic density before autoclaving and after exposure to chloroform
fumes. Adapted from Gardea et al. (1992).

In deciduous woody plants, many genes and proteins
related to cold acclimation may also be connected to the
plant dormancy status. Although the function of most
cold-induced proteins is not known yet (Kontunen-Soppela
et al., 2002; Horvath et al., 2003; Wisniewski et al.,
2004; Welling and Palva, 2006).

Carbohydrate content varies according to the hardening status of a tissue. Starch concentrations decrease and
the concentrations of soluble sugars increase in cold hardening tissues of woody plants (Greer et al., 2000; Dhanaraj et al. 2004). The oligosaccharides raffinose and
stachyose are especially associated with cold hardiness,
LT and dormancy, but sucrose also enhances cold hardiness and desiccation tolerance of buds in woody plants. In
addition to carbohydrates, woody plants accumulate other
solutes when exposed to LT, such as proline or glutamic
acid. In general, the function of solutes is to maintain turgor in dehydrating cells, but they may also have

Biochemical changes along winter metabolism
Winter metabolism is associated with biochemical alterations in plants. The best characterized changes include
alterations in gene expression, changes in hormone levels,
increase in soluble sugars, accumulation of osmoprotectants and cryoprotective proteins, as well as modification
of membrane lipid composition. The causal relationship of
these changes to increased cold tolerance is still unclear,

301

WINTER METABOLISM IN DECIDOUS TREES

Rev. Fitotec. Mex. Vol. 31 (4), 2008

tures suggest that most LEA exist as random -coiled helices. Characteristics of these proteins are: (1) Hydrophilicity, together with other osmotic stress-induced protein are
grouped into a class termed hydrophilins, because of their
high hydrophilicity index (> 1.0) and glycine content (> 6
%); (2) Heat stability, since they do not coagulate upon
boiling; and (3) In most cases, their related gene expression is transcriptionally regulated and responsive to ABA.
The functions of LEA are not completely known, but their
considerable induction by cold stress and their structural
characteristics allows the prediction of some of their functions. It has been suggested that they act as water-binding
molecules, in ion sequestration and in macromolecule and
membrane stabilization, i. e. chaperone-like activity
(Close 1997; Puhakainen et al. 2004b).

cryprotective effects on macromolecules (KontunenSoppela et al., 2002; Wang et al., 2003).
Cold temperatures also lead to oxidative stress in
plants by inducing reactive oxygen species. Therefore, the
activity of antioxidant enzymes (ascorbate peroxidases,
glutathione reductase, superoxide dismutase and others)
taking part in the scavenging of free radicals, as well as
the levels of antioxidant compounds, is induced by LT
and plays an important role in recovery from freezeinduced damage (Siller et al., 1992; Kontunen-Soppela et
al., 2002; Renaut et al., 2006).
Regulatory genes that control the overall mechanism of
LT responses
Ability for cold acclimation is a quantitative trait expressed in LT-induced transcriptional reprogramming and
leads to several biochemical and physiological alterations
in the plant. The complex plant response to LT, which
involves many genes (Table 1) and biochemical-molecular
mechanisms, is schematically represented in Figure 5.
The ongoing elucidation of the molecular control mechanisms of cold stress tolerance, which may result in the use
of molecular tools for engineering more tolerant plants, is
based on the expression of specific cold-regulated genes
(COR genes). These COR genes induced by cold can be
classified into tree main categories: (i) Genes encoding
enzymes or structural components believed to participate
in direct protection of cells against freezing damage. (ii)
Genes encoding transcription factors and other regulatory
proteins controlling the LT responses either transcriptionally or posttranscriptionally. (iii) Genes involved in signaling cascades of LT (Thomashow, 1999; Puhakainen et
al., 2004b; Chinnusamy et al., 2006).

LEA-group II or dehydrin (DHN) is the most conspicuous of soluble proteins induced by dehydrative
stress. A literature survey revealed that they have been
detected in well over 100 independent studies of drought,
cold and salinity stresses. Several lines of evidence are
consistent with a role of DHN’s in membrane interactions
including immunolocalization, plasma membrane association and adoption of an α -helix structure by several cereal DHN’s in the presence of sodium dodecyl sulfate. It
also shows that DHN’s may protect enzymes from freezing damage in vitro. The WCS120, a wheat DHN at 0.2
μM has the same efficiency as 250 mM sucrose in in vitro
cryoprotection assays of lactate dehydrogenase, meaning
that WCS120 is over a million-fold more efficient than
sucrose on a molar basis. Similar results have been obtained with other DHN’s (Breton et al., 2000).
Compatible solutes or osmolytes are accumulated in
response to osmotic stress. The function of compatible
solutes is to maintain cell turgor and, thus, the driving
gradient for water uptake. They can also act as freeradical scavengers or chaperones by stabilizing membranes and proteins. Osmolytes fall into three major
groups: amino acids (e .g., proline), quaternary amines
(e. g., glycine betaine) and polyol/sugars (e. g., mannitol). Overexpression of osmolytes in transgenic plants can
result in improved stress tolerance (McNeil et al., 1999;
Diamant et al., 2001), but information related to woody
plants is limited. The osmotic adjustment of dehydrated
cells is not completely explained by the accumulation of
osmolites during hardening. There are evidences that
LEA also participate in membranes stabilization against
freeze-induced injury. Solutes and polypeptides could stabilize membranes either by direct interaction with membrane surfaces or, indirectly, by their strong interaction
with water (Close, 1997; Wang et al., 2003).

i) Genes encoding enzymes or structural components to protect against freezing damage. To cope with
cold stress, plants activate a large set of genes leading to
the accumulation of specific cold-associated proteins. This
group includes genes encoding late embryogenesisabundant proteins (LEA), heat-shock proteins (Hsps), enzymes required for osmolyte biosynthesis, antifreeze and
detoxification proteins. LEA and Hsps proteins are two
major types of stress-induced proteins that accumulate
upon water, salinity, and extreme temperature stress.
They have been shown to play a role in cellular protection
during the stress (Close, 1997; Thomashow, 1999; Wang
et al., 2003; Renaut et al., 2006).
LEA have been found in a wide range of plant species
in response to water deficit resulting from desiccation,
cold and osmotic stress. Predictions of secondary struc-
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Signals: Low Temperature/Light changes

Calcium increase
Signal sensing, perception
and transduction
Kinases/Phosphatases

Transcription control

Transcription factors (CBF/DREB/bZIP/HSF, etc.)
Promoter elements (LTRE/DRE/ABRE/HSE, etc.)

Cryoprotection
(LEA, Hsp, antifreeze
proteins, etc.)

Cold responsive
mechanisms

Reduced growth/water content/
membrane modification
(aquaporin, desaturases, etc.)

Gene Activation
Detoxification
ROS scavening enzymes
(SOD, APX, GR, etc.)

Osmoprotection
(LEA, Dehydrin, proline, GlyBet,
sugar, etc.)

Freezing Tolerance

Figure 5. Diagram showing regulation of cold responsive genes in woody plants. Signals are first perceived by putative membrane associated receptor(s) and then transmitted to the nucleus. Expression is regulated by both ABA-independent and ABA-dependent pathway. Calcium, CDPKs and
MAPKs are intermediates of the signal sensing, perception and transduction process. The transcription factors activate the promoters of coldregulated genes. This triggers the cold responsive mechanisms (gene activation). The transcribed mRNAs are translated to different proteins that
contribute to the development of freezing tolerance (Breton et al., 2000; Wang et al., 2003).
Abbreviations: ABA, abscisic acid; ABRE, ABA responsive elements; APX, ascorbate peroxidase; bZIP, basic-leucine zipper transcription factor; CBF, C
repeat binding factors; CDPKs, calcium depended protein kinases; COR genes, cold regulated genes; DRE, dehydration responsive element; DREB, dehydration responsive biding factors; GR, glutathione reductase; HSE, heat shock promoter element; HSF, heat shock transcription factor; Hsp: heat shock
protein; LEA protein: late embryogenesis abundant protein; LTRE, low temperature responsive element; MAPKs, mitogen activated protein kinases; SOD,
superoxide dismutase.
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Table 1. Genes involved in winter metabolism of deciduous woody plants.
Species
Functional category
Gene/protein+
Transcriptional
PcCBF1
Cherry (Prunus cerasus)
control
CBF
Cherry (Prunus avium)
PtCBF1-4
Poplar (Populus sp.)
BpCBF
Birch (Betula pendula)

Reference
Owens et al., 2002
Kitashiba et al., 2004
Welling & Palva, 2006
Puhakainen et al., 2004b

Signal

PtABI3

Poplar (Populus trichocarpa)

Rohde et al., 2002

Membrane modification

BpFAD, BpKASII.
H+ATPase
H+ATPase
H+ATPase
Lipoprotein

Birch (Betula pendula)
Peach (Prunus persica)
Apple (Malus domestica)
Pine (Pinus resinosa)
Stone fruits (Prunus sp.)

Martz et al., 2006a
Gevaudant et al., 2001
Mattheis & Ketchie, 1990
Martz et al., 2006b
Renaut et al., 2006

Carbohydrate metabolism (synthesis of osmoprotectants such as
sucrose, fructose, etc)++

Beta amylase

Blueberry (Vaccinium corymbosum)
Poplar (Populus sp.), pine (Pinus sp).

Dhanaraj et al.,2004

GAPDH, sucrose synthase, aldose
reductase.
Rubisco

Poplar (Populus sp.)

Detoxification/ Antioxidants

GR-1H
APX

Red spruce (Picea rubens)
Poplar (Populus sp.)

Cell cycle

PttCDKA, PttCDKB
Beta-Tubulin
(55 kDa)+++

Poplar hybrids (P. tremula x P.
tremuloides)
Maple (Acer platanoides), apple
(Malus domestica, ‘M9’), oak (Quercus robur), pine (Pinus sylvetris).

Espinosa-Ruiz et al., 2004

LEAIII (WAP27)
ppdhn1, ppdhn2
Dhn (60, 14 kDa)

Mulberry (Morys bombycis)
Peach (Prunus persica)
Blueberry (Vaccinium corymbosum)
Almond (Prunus amygdalus)
Red-osier dogwood (Cornus sericea)
Birch (Betula pubescens)
Birch (Betula pendula)
Pistachio (Pistacia vera)
Apple (Malus domestica)

Ukaji et al., 2001
Wisniewski et al., 2006
Dhanaraj et al., 2005

Stabilization of membranes and
proteins: LEAs (Dehydrin)

HSP

Dhn (Pa rab21)
Dhns (ROD60, 44, 48)/ 24 kDa
dhn.
BpuDhn1,BpuDhn2
Dhn (Bplti36)
PV-dhn
mddhn
HSP (WAP20)
HSP (CsHSP17.5)
HSP
HSP22 and HSP70
HSP70

Ferullo &Griffith, 2001

Mulberry (Morus bombycis)
Chestnut (Castanea sativa)
Poplar (Populus tremula)
Poplar (Populus hybrid)
Stone fruits (Prunus sp.)

Renaut et al., 2006
Hausladen & Alscher, 1994
Renaut et al., 2006

Bergervoet et al., 1999

Campalans et al., 2000
Welling & Palva, 2006
Welling et al., 2004
Puhakainen et al., 2004b
Yakubov et al., 2005
Garcia-Bañuelos et al., 2007
Ukaji et al., 1999
Lopez-Matas et al., 2004
Wang et al., 2003
Renaut et al., 2006
Renaut et al., 2006

Antifreeze protein. Cryoprotective activity

PR-10 (Pin m III)
White pine (Pinus monticol)
Yu et al., 2000
PmPR10
White pine (Pinus monticol)
Liu et al., 2003
PR-10 (WAP18)
Mulberry (Morus bombycis)
Ukaji et al., 2004
+
Genes/proteins up-regulated during winter metabolism. ++Correlation between sugar content and cold hardiness reported in many woody species. +++
Down-regulated protein. Abbreviations. ABA, abscisic acid; ABI, ABA-insensitive; APX, ascorbate peroxidase; CBF, c-repeat-binding factor; CDK, cyclin-dependent kinases; Dhn, dehydrin; FAD, fatty acid desaturase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GR-1H, glutathione reductase-1
hardened; HSP, heat-shock protein; KASII, 3-ketoacyl-ACP synthase II; lti low, but non freezing, temperature induced genes, P5CS, pyrroline-5carboxylate synthetase; PR-10, pathogenesis-related protein; rab, responsive to ABA; ROD, Red-osier dogwood; WAP, winter accumulating proteins.

bind to the C-repeat (CRT)/dehydration responsive element (DRE)/LT-responsive element (LTRE) elements
present in the promoters of several cold- and droughtinducible genes. The CBF/DREB1 genes themselves are
transiently induced by cold stress, and this induction precedes that of the downstream target genes with the
CRT/DRE/LTRE cis-elements (Liu et al., 1998;
Thomashow, 1999; Chinnusamy et al., 2006). Components of the CBF pathway have been identified from several other plant species, and the pathway seems to be

ii) Genes encoding transcription factors and regulatory proteins. The LT-induced expression of coldresponsive genes is mediated by distinct signal transduction pathways. One of the most intensively studied coldresponse pathways is the C-repeat-binding factor (CBF)
pathway, which is established as an integral component of
the cold-acclimation response (Thomashow, 1999; Puhakainen et al., 2004a,b). Central players in the CBF
pathway are the transcriptional activators, named
CBF1/DREB1b, CBF2/DREB1c and CBF3/DREB1a, that
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have increased the utility of studying global changes in
proteins to relate them with changes in gene expression
“transcriptomic” and metabolism “metabolomic”.

conserved in flowering plants. Unfortunately, information
currently available about the function or components of
the CBF pathway in woody plants is more limited (Jaglo
et al., 2001; Puhakainen et al., 2004b; Welling and
Palva, 2006).

Proteomic studies have confirmed previous data on
cold-inducible proteins obtained from one-dimensional
SDS-PAGE or gene expression. Investigation is confined
to specific tissues in herbaceous plants, while studies in
woody trees studies are still limited. Populus and Prunus
are some of the first genus studied in the later species
(Renaut et al., 2006). Metabolomics provide a global profile of a wide array of metabolites whose levels are
probably the result of enzyme activity and gene regulation
at transcriptional level. The few initial applications of
these emergent technologies help to identify novel metabolites and pathways not previously linked to cold stress
(Gray et al., 2005; Guy et al., 2008). Gene expression
changes in response to LT by increasing the levels of
hundreds of metabolites, some of which are known to
have protective effects (Zhu et al., 2007). The protective
functions of metabolites, such as sucrose, trehalose, fructan, maltose, galactinol, glycine betaine and proline, are
well documented in Arabidopsis, but generation of metabolomic data is in its infancy in woody plants. One aspect that is consistent across cold stress metabolomic studies is the role of carbohydrate metabolism, which seems
to be a major feature of reprogramming of the metabolome by cold (Guy et al., 2008).

iii) Genes involved in signaling cascades (LT perception signal). Cold is first sensed by either the plasma
membrane or cytoplasmic and chloroplastic molecular
complexes, transducing the signal via a cascade of kinases
and phosphatases, leading to the activation of specific
transcription factors, which in turn activate the transcription of the plethora of COR genes. This differential gene
expression is responsible for both, the metabolic adjustment of growth at LT and the development of freezing
tolerance. Understanding the regulation of these molecular events is the goal of many studies (Breton et al., 2000;
Puhakainen et al., 2004b; Chinnusamy et al., 2006). LT
signal transduction starts with the perception of the cold
signal by a yet unidentified receptor located presumably at
the plasma membrane.
Plant cells may sense cold stress-induced changes in
membrane fluidity and protein conformation. Cold stressinduced rigidification of the plasma membrane at microdomains may lead to actin cytoskeletal rearrangement,
which may be followed by activation of Ca2+ channels
and increased cytosolic Ca2+ level, triggering the expression of COR genes during cold acclimation (Sangwan et
al., 2001; Chinnusamy et al., 2006). Current evidence
suggests that cold stress may be perceived by plant cells
through these changes in the plasma membrane fluidity
state. Cold-induced calcium signaling is decoded and
transduced by calcium sensory proteins (Ca2+ influx and
Ca2+-dependent phosphorylation). Cold and other abiotic
stresses induce reactive oxygen species that can activate a
mitogen-activated protein kinase (MAPK) cascade. However, the molecular link between the kinases and transcription factors is still to be determined (Chinnusamy et
al., 2006).

CONCLUSIONS AND PERSPECTIVES
Woody plants adjust their metabolism as the winter
season progresses. In order to survive they have developed a complex dynamic mechanism by which plants enter a state of dormancy and become cold hardy, securing
an accurate initiation and termination of winter metabolism.
At the end of the growing season, woody plants cease
development and assume an increasing dormant and freezing-tolerant state, a strategy that protects them against a
sudden arrival of winter. Activity of apical bud meristem
ceases in response to decreasing photoperiod and temperatures, culminating in growth cessation and onset of dormancy. The degree of cold hardening varies in relation to
the plant growth stage. Woody plants also begin to develop freezing tolerance as daylength and temperatures
decrease, and a higher level of hardening is achieved by
exposure to subzero temperatures, but cold hardiness decreases with increasing of temperatures in spring. Because
winter dormancy and cold hardiness are overlapping
events in plants, the processes involving them are difficult
to distinguish and separate. This synchrony of growth
with the seasons has received considerable attention, but

Response of woody plants to cold stress: transcriptome, proteome and metabolome
To get a better understanding of the process of plant
cold tolerance and to develop strategies to improve resistance, genomic studies need to be complemented with
studies of the transcriptome, proteome and metabolome
(Renaut et al., 2006; Guy et al., 2008). While transcript
studies provide valuable information, there is an increasing concern that the levels of mRNA transcripts are not
always representative of cognate protein levels and that
post-translational regulation also play an important role
(Renaut et al., 2006). Advances in proteomic technologies
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the mechanisms are unresolved. In order to understand
regulation of the cold tolerance of woody plants, it is essential to elucidate the complex interaction between dormancy and cold hardiness.
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Recent molecular studies suggest that herbaceous annuals and woody plants share some similar mechanisms of
cold tolerance; in fact Arabidopsis is being used to understand the role in herbaceous plants of genes obtained from
woody species. A decrease in temperature induces the activation of comparable signaling processes and expression
of related target genes. This similarity is evident in cold
acclimation to short frost episodes during growth, but the
process in woody plant is more complex due to a concomitant dormancy development. Rapid progress in understanding the molecular control of winter metabolism
can be obtained through the novel approaches of functional genomics that are now being applied to woody plant
studies. It is expected that the use of proteomics in the
response of woody plants to LT will increase, providing a
more complete representation of how plants respond to
their environment. Future metabolomic studies of plant
cold stress should reveal other metabolic pathways that
have important functions in these mechanisms. There is
no doubt that such a situation opens a wide horizon for
future studies.
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