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Abstract

The Plant Kingdom encompasses a grouping of mostly
sessile organisms that show extreme variation in
morphology, size, ecological adaptation, life cycle, and
climatic tolerance. With the exception of low elevation
tropical environments, plants living just about
anywhere else in the world may be subject to
temperatures below that which are optimal for growth
and survival. Consequently, the range of tolerance to
low temperature stress in the Plant Kingdom is as great
as the natural variation in low temperatures. For
mesophilic plants, sub-optimal low temperature could
range from 15°C down to -55°C. In the past 10 years,
more than 100 genes have been shown to be
preferentially expressed in response to low
temperatures. Significant progress in understanding
the responses of plants to low temperature has
occurred in the areas of signal perception and
transduction pathways, transcriptional control and the
characterization of a variety of stress-related proteins.
A common aim of much of the research on cold stress
in plants is to find ways to enhance the stress tolerance
and reduce economic losses.

Introduction

Imagine for a moment that your feet are anchored to the
ground and you are standing in St. Paul, Alto Rio Senguerr,
Torino or Sapporo and it is summer. You are outside and
can’t go inside. Now imagine having to remain in that place
for the entire year; all of your life. This is the life of a tree.
Now these four cities are approximately half way from the
equator to either the North or South Pole. Some have more
extreme temperatures than others, primarily in the winter.
During the summer the warmest air temperature might be
about 40°C and in winter the coldest might be as low as -
35°C. That is a mere 75°C range that the above ground
portions of trees must in these locales be able to withstand
in order to continue to live.

The upper 30°C of this temperature range present few
problems for the tree, but the lower 45°C of the range can
be quite problematic. From about 10°C down to 0°C
represents a range of temperatures where metabolic

activity is strongly reduced largely from the influence of
temperature on the kinetic parameters of enzyme catalyzed
reactions. For trees that have become adapted to the
climatic conditions at these selected sites, specific
modifications to the enzymatic complement of cells
overcomes the metabolic challenge of sub-optimal
temperatures. What are some of the modifications that
occur? In some cases, the cell produces more enzyme
(Guy et al., 1992a) to maintain adequate activity, increases
the activation state (Holaday et al., 1992; Hurry et. al.,
1994), and in other cases, new isozymic forms with
enhanced catalytic function at low temperature are made
(Guy and Carter, 1984). However, the latter response does
not always hold true as in the case of phenylalanine
ammonia lyase isozymes of parsley where all members of
the family have equivalent kinetic characteristics (Appert
et al., 1994). Perhaps during the long period of adaptation
to these particular locales and climates, the stability of the
folded state of certain proteins and their biogenesis
pathways has become optimized for the sub-optimal
temperature conditions (Guy et al., 1997). Changes
necessary to maintain cellular homeostasis are not limited
solely to changes in the enzymatic complement, but may
also include a number of macromolecular processes from
protein synthesis (Guy et al., 1985), to membrane structural
(Uemura et al., 1995) and functional (Uemura and
Steponkus, 1994 ) stability to the structural organization
and stability of chromatin (Koukalova et al., 1997; Mineur
et al., 1998).

Every organism has a range of temperatures that is
optimal for growth processes. Above or below this range
growth begins to diminish and at some point, depending
on the organism, or more specifically the plant in question,
the divergence from the optimum range begins to have
more deleterious consequences. This dynamic response
to temperature can be generalized to illustrate its profound
influence on plants (Figure 1). For plants, photosynthesis
has been for obvious reasons, inextricably associated with
overall health and vigor (Strand et al., 1999).
Photosynthesis, but more importantly net carbon
assimilation, as well as respiratory activities, are
temperature dependent processes. As temperature
declines or increases from an organism dependent
optimum, determined as a result of adaptation to a
particular environment over evolutionary time, carbon
assimilation and respiration will similarly decline or
increase. Eventually, the deviation from the optimum
temperature will drive the rates of these basic processes
to zero. However, over the long term, the gross
photosynthesis and respiratory processes maybe less
important than the net photosynthesis which is the
difference between overall carbon assimilation and
respiratory consumption. Under conditions that lead to zero
net photosynthesis, starvation is guaranteed. However, this
level of deviation from the optimum temperature may not
yet be sufficient to result in an immediate direct lethal injury
during a short-term stress, but may require a more extreme
temperature or longer duration of stress.
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Inducible Low Temperature Stress Tolerance

The diversity in tolerance to low temperature extremes
represented by different acclimation states and/or different
mesophilic plants are conceptualized in panel D of Figure
1. When plants are exposed to a nonlethal high temperature
for a short duration (from minutes to a few hours), survival
upon exposure to an otherwise lethal higher temperature
is increased (Altschuler and Mascarenhas, 1982). Usually
the increase in thermotolerance resulting from acquired
thermotolerance, while significant, is modest and ranges
from 1-4°C. In contrast, mesophilic plants as a group can
exhibit extreme diversity in low temperature tolerance
represented by at least five different survival profiles. Plants
that show injury and/or loss of viability at temperatures
between 0°C and 12°C are considered to be chilling
sensitive (line 1 in Figure 1D). A few examples would
include rice (Tajima et al., 1983), corn (Taylor et al., 1974),
african violet and Coffea (Bodner and Larcher, 1987). The
next most cold sensitive group is not injured by exposure
to low nonfreezing temperatures, but is immediately injured
or killed when ice begins to form inside their tissues (line
2). Perhaps the best example would be the cultivated potato
Solanum tuberosum (Sukumaran, and Weiser, 1972) which
tolerates nonfreezing temperatures well, but is damaged
by the slightest frost. The next level of hardiness would be
plants that can withstand ice formation in their tissues, but

are killed at high sub-zero temperatures (-6°C to -1°C) (line
3). Examples of this grouping would be petunia and most
members of the genus Citrus, which are killed at
temperatures of -3°C to -6°C (Yelenosky and Guy, 1989).
The next hardiness level would be plants that can, when
acclimated, survive freezing from temperatures ranging
from about -10°C to -30°C (line 4). Many of the cereals,
temperate herbaceous species and fruit producing trees
fall into this category (Fowler and Gusta, 1979; Scorza et
al., 1983). The most hardy plants, and the last grouping,
can survive -30°C to -50°C in nature, and immersion in
liquid nitrogen (-196°C) in the lab when fully acclimated
(line 5). Numerous temperate and alpine trees fit into this
group and a famous example of this is black locust (Robinia
pseudoacacia) (Sakai and Yoshida, 1968). In the
nonacclimated state (in spring after growth has resumed
and until growth ceases in late summer), most of the plants
that fall into the two most hardy categories (lines 4, 5) exhibit
a marked sensitivity to freezing stress that in most instances
would be characterized by the profiles represented by lines
2 or 3 (Figure 1D).

The plants described above would be considered
mesophilic, at least with respect to the temperature range
(15°C to 35°C) for optimal growth. For the vast majority of
such plants from the small annual herbaceous species to
the largest perennial trees, the upper limits of survival to
short term high temperatures range from roughly 40°C -

5

4 3 2 1

Figure 1. Temperature Influence
Influence of temperature on photosynthesis, respiration, growth and survival of plants. Numbers denote different low temperature survival profiles. Adapted
from Pisek et al., 1973 and Lundegårdh, 1954).
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55°C. This upper limit, however, is strongly influenced by
at least three factors; duration of the stress, environmental
conditions prior to the heat stress, and developmental stage
(Khan, 1976). These same factors are also important in
low temperature stress survival.

Low Temperature Stress Proteins

The response of plants to low temperature in many ways
is analogous to the response to heat shock, but not
identical. When a plant is subjected to a nonlethal heat
stress for a short duration, the ability of the plant to survive
higher temperatures is the result of an inducible acquired
thermotolerance (Neumann et al., 1989). There is a large
body of correlative evidence to suggest that the synthesis
of heat shock proteins is necessary for the increased
survival that results from acquired thermotolerance
(Neumann et al., 1989; Vierling, 1991), although there is
other evidence that heat shock proteins alone are not
sufficient (Singer and Lindquist, 1998). Presently 11
different classes of heat shock proteins are recognized in
plants (Nover and Scharf, 1997). In general terms, the
major functions of most heat shock proteins are now known,
and 10 out of the 11 classes are involved in protein
metabolism either during non-stressful conditions and/or
during heat stress. Consequently, they can be classified
as molecular chaperones (Nover and Scharf, 1997).

Exposure to a low non-lethal temperature usually
results in an acclimation response that is characterized by
a greater ability to resist injury or survive a low temperature
stress that otherwise would be lethal (Levitt, 1972). This
process known as cold acclimation, illustrated in Figure 1,
is similar to the acquired thermotolerance of the heat shock
response. Over the last 10 years, as with the heat shock
response, changes in gene expression and the synthesis
of cold shock or cold acclimation proteins has been
frequently correlated with enhanced cold tolerance (Hughes
and Dunn, 1996; Thomashow, 1998).

The pattern of protein synthesis during cold acclimation
is very dissimilar to the heat shock response. Most of the
housekeeping proteins synthesized in the absence of stress
continue to be produced (Guy and Haskell, 1987), along
with the synthesis of several cold stress proteins (actually
several hundred may be induced). In contrast to heat shock,
the vast majority of the cold stress proteins do not belong
to the classical molecular chaperones grouping (Hughes
and Dunn, 1996; Thomashow, 1998), nor is the response
as conserved as one might suspect given the differences
inherent in the tolerance capacities of plants illustrated by
Figure 1. Nevertheless, studies with plants have identified
several cold stress proteins belonging to the various
classes of heat shock proteins, such as Hsps104 and 90
(Pareek et al., 1995), two members of the Hsp70 family
(Wang and Fang, 1996; Muench et al., 1997), and two
members of the smHsp group (Yeh et al., 1995; Lee et al.,
1995). In contrast, other cold stress responsive genes or
proteins represent just about any type and function
imaginable (Hughes and Dunn, 1996; Thomashow, 1998)
such as alternative oxidases (Ito et al., 1997), a vacuolar
proton translocating pyrophosphatase (Carystinos et al.,
1995), an omega-3 fatty acid desaturase (Kodama et al.,
1997), a water stress/late embryogenesis abundant protein
(Takahashi et al., 1994) and a cell cycle related gene (Kidou
et al., 1994) to highlight a few. However, certain major

classes of cold regulated genes are of particular interest
at this time and are described in greater detail.

Antifreeze Proteins

Antifreeze proteins (AFPs) were first discovered and
characterized in polar fishes (DeVries, 1971) that inhabit
waters where the temperature is frequently in the -1°C to -
2°C range. AFPs are present in relatively high concentration
and have the ability to inhibit the growth of an ice crystal
by preventing the accretion of water molecules to the
growing faces of the crystal by a noncolligative mechanism.
AFPs exhibit a property of thermal hysteresis where the
temperature that promotes freezing (ice crystal growth) is
lower than the temperature that promotes thawing.
Consequently, antifreeze proteins are frequently
synonymous with thermal hysteresis proteins (THPs). Most
of the fish antifreezes show modest hysteresis (Burcham
et al., 1986). While the polar marine environment poses a
problem for organisms to keep low osmolal bodily fluids
from forming ice nuclei and growing damaging ice crystals,
the differential between the freezing point depression of
bodily fluids and the surrounding temperatures is relatively
minimal.

Given the vastly more variable environments
experienced by terrestrial plants, many plant cryobiologists
considered that plants would not derive significant benefit
from AFPs that could only arrest ice formation over a very
narrow temperature range. This however, changed with
the discovery of THPs in plants (Griffith et al., 1992; Urrutia,
et al., 1992). Protein mixtures found in the apoplast
(extracellular regions of the tissue) of rye plant leaves were
shown to modify the growth pattern of ice crystals and
depressed the freezing temperature of aqueous solutions
by a noncolligative mechanism (Griffith et al., 1992). This
was the first unambiguous demonstration that proteins with
antifreeze-like properties were present in plants. At almost
the same time, the presence of proteins in extracts from
plant tissues with characteristics of conferring thermal
hysteresis on aqueous solutions was reported (Urrutia, et
al., 1992). Additional studies provided evidence for THPs
in several different species of plants bringing the total with
thermal hysteresis activity to 23 representing diverse
phylogenetic groups (Duman and Olsen, 1993). That AFPs
were the basis for the hysteric activity was confirmed when
the rye apoplast proteins were purified and shown to have
antifreeze activity. A total of seven proteins exhibited
antifreeze activity. None of the proteins were cross-reactive
with antisera to fish antifreeze proteins suggesting they
may represent a new or novel class of AFPs (Hon et al.,
1994).

The most abundant proteins present in the apoplast
of acclimated rye leaves were determined to have
antifreeze activity. Using peptide sequencing, and specific
antisera, the antifreeze proteins were found to belong to
three classes of pathogenesis-related (PR) proteins,
endochitinases (CLP), endo-ß-1,3-glucanases (GLP) and
thaumatin-like proteins (TLP) (Hon et al., 1995). In contrast,
the freeze-sensitive tobacco did not produce apoplastic
pathogenesis-related proteins of the same classes with
antifreeze activity after low temperature exposure indicating
that AFPs were not common to all plants. In rye leaves,
the proteins were strongly accumulated when the plants
were given a cold acclimation treatment at 5°C/2°C for
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seven weeks. Additional surveys showed that AFP activity
was present only in the apoplastic extracts of freezing
tolerant monocotyledons after cold acclimation (Antikainen
and Griffith, 1997). Their accumulation in wheat at low
temperature appears to be regulated by chromosome 5
(Griffith et al., 1997). More recently, Chun et al., (1998)
using wheat chromosome substitution lines and the
parental lines Chinese Spring and Cheyenne,
demonstrated that Cheyenne chromosomes 5B and 5D
have major influence on the accumulation of antifreeze
activity and AFPs.

In an interesting twist, a protein from carrot was found
to have characteristics associated with antifreeze proteins
(Worrall et al., 1998). When the carrot protein was
expressed in transgenic tobacco plants, the protein retained
antifreeze properties in that it inhibited the recrystallization
process. The protein conferred a thermal hysteresis on
extracts that was unaltered by degylcosylation. Instead of
being a member of the three PR families as proteins of the
rye AFPs, the carrot protein had similarity to
polygalacturonase inhibitor proteins (PGIPs) whose
purpose is considered to inhibit fungal polygalacturonases.
It has a leucine-rich motif. Such proteins contain repeated
units of a 24-residue motif that has regularly spaced
leucines. Along with the rye AFPs, the carrot protein
appears to be a second example of where a protein with
one function evolves a new and unrelated function. While
the AFP function may be evolutionarily new, it is reasonable
to consider that these AFP/PR proteins actually have a
dual function to protect the plants against ice
recrystallization and pathogen attack during the
unfavorable conditions of winter.

Interestingly, disease resistance and freezing tolerance
seem to be related to the accumulation of the PR-like
proteins. Cold acclimation of many freeze-tolerant grasses
enhances resistance to snow molds, powdery mildews, leaf
spots and rusts (Hon et al., 1995). Immunolocalization of
GLP, CLP and TLP showed the proteins are present in the
epidermis and cells adjacent to intercellular spaces
(Antikainen et al., 1996). In addition, the AFPs accumulated
in cold acclimated plants in mesophyll cell walls, secondary
cell walls of xylem vessels and epidermal cell walls (Griffith
et al., 1997). Apparently different forms of these same PR-
proteins were present in nonacclimated plants although
they lacked antifreeze properties, and they were most
abundant in different locations. It appears that low
temperature specific forms are localized and accumulated
in response to low temperature in ways that reflect a

potential common pathway for ice and pathogens to enter
the tissue. Apparently accumulation of AFPs during cold
acclimation is a relatively specific response and not general
for all plants. In an unexpected reversal, Xu and colleagues
(Xu et al., 1998) found the rhizobacterium Pseudomonas
putida GR12-2 produces an antifreeze protein that is
secreted into the growth medium. When purified, the protein
was found to have properties similar to the bacterial ice
nucleation protein (Wolber et al., 1986). It appears that
this protein also has low amounts of ice-nucleation activity,
which seems paradoxical for an AFP.

Cold Shock Domain Proteins

A superfamily of proteins in eukaryotic organisms contain
the cold-shock domain (Graumann and Maraheil 1998),
and is found in proteins that bind nucleic acids. They were
first described as Y-box binding proteins that bind to the Y-
box, a cis-element with the sequence CCAAT (Didier et
al., 1988). The cold shock domain name comes from the
similarity of Y-box type proteins with the sequences found
in CSPA (Goldstein et al., 1990) and other known bacterial
CSPs. In addition, the cold shock domain is known to
mediate RNA-binding in animals and bacteria (Murray,
1994; Jiang et al., 1997), and is considered to function as
a RNA chaperone.

Cold shock domain proteins in plants have been noted
(Kingsley and Palis, 1994), but have not been studied in
any detail. CSPA was used to do a BLAST search of the
Arabidopsis database and all available plant sequences
to determine whether proteins containing the cold shock
domain were common in plants. Four sequences were
found and the regions with the highest sequence identity
were found to coincide with the cold-shock domain (Figure
2.). In fact, the result of a BLAST search of the GenBank
database revealed that the four best matches to CSPA of
all eukaryotes were these plant sequences. All four are
glycine-rich proteins of unknown function that have not
been extensively studied (de Oliveira et al., 1990; Obokata
et al., 1991). Unfortunately, none have been examined for
low temperature induction at this time or nucleic acid
binding characteristics. Homologs to other Y-box related
proteins, in particular the CCAAT-box binding complex of
yeast and mammalian NF-Y, CBF or CP1 equivalents have
been identified in Arabidopsis (Edwards et al., 1998).
Similar to the cold shock domain proteins of plants, nothing
is known about their role in transcriptional regulation,
nucleic acid binding specficity or responsiveness to low
temperature.

Figure 2. Cold Shock Domain in Plant Proteins
The entire CSPA sequence was used for a BLAST search but only the region of sequence with significant alignment is shown. E.c., Escherichia coli; N.s.,
Nicotiana sylvestris; A.t., Arabidopsis thaliana; D.m., Drosophila melanogaster. Numbers on the left and right of sequence indicate position in protein.
Uppercase letters are identical with CSPA. Bold letters indicate residues that are perfectly conserved between CSPA and the four plant sequences. The
underlined sequences represent the RNP1 and RNP2 motifs. The Y-box protein sequence of Drosophila (Thieringer et al., 1997) was included to show the
relative identity between CSPA, the plant sequence and that of non-plant. Accession numbers are shown on the right.
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Molecular Convergence of Freezing Stress Responses
with Other Osmotic Stresses

In the late 1980s and early 1990s, researchers were
beginning to identify genes in plants that were differentially
expressed in response to water deficits (Close et al., 1989),
and low temperature (Hajela et al., 1990). While there was
reason to view the two types of stresses as different
physical processes, in the case of freezing stress, water is
withdrawn from the cell and accretes to extracellular ice
crystals during extracellular freezing (Levitt, 1972). This is
the most common form of ice formation in freeze-tolerant
plants. Naturally extracellular freezing results in the
dehydration of the cells in frozen plants. Sequence
analyses of major water stress induced genes and major
low temperature induced genes revealed several families
of genes containing a variety of repeating motifs with
varying degrees of conservation. The genes were
seemingly unique to plants and cyanobacteria (Close and
Lammers, 1993), and had no known function. Many of the
different classes of these genes that belong to the different
superfamilies were first described as part of the
developmental program of seed maturation in plants (Baker
et al., 1988) known as late embryogenesis abundant (LEA)
proteins. Many were found to accumulate during
development just prior to the time when the seed undergoes
dehydration and enters the relatively abiotic stress resistant
dormant state, the plant equivalent to the bacterial spore.
Genes that were isolated from plants of all types, from
herbaceous annuals to trees subjected to low temperature,
frequently belonged to the dehydrin family (Close et al.,
1989). Dehydrins are synonymous with LEA D-11 family
of developmentally programmed seed proteins (Baker et
al., 1988). These proteins can reach levels as high as 1%
of the total soluble protein (Close et al., 1989) during water
or low temperature stress. They are recognized by a highly
conserved 15 amino acid Lys-rich sequence
EKKGIMDKIKEKLPG known as the K segment (Close,
1996). The K segments vary in number from one to 11 or
more, and modeling studies suggest they could form an
amphipathic α-helix. The core of the K segment
approximates a class A amphipathic helix which is found
in apolipoproteins (Close, 1996). A second sequence
common to these proteins is (V/T)DEYGNP known as the
Y segment that has relatedness to a nucleotide binding
site of chaperones but is not widely found in the cold-
inducible forms. Outside of the conserved repeat motifs,
there is little conservation of sequence from member to
member or the orthologs of different plants. The high
content of Gly and other polar amino acids in these proteins
is consistent with limited results that suggest they may have
large amounts of unordered character (Close 1996). If these
proteins do contain large amounts of unordered structure,
then the lack of conservation among these proteins in
different species can be reasonably reconciled as there
would be little or no selective restraint on mutations in the
unordered regions.

The cold inducible members of the WCS120 family of
wheat, also dehydrins, were found to be localized in the
cytoplasm and nucleus (Houde et al., 1995). They
accumulated to about 1% of the soluble protein with an
estimated concentration of greater than 1 µM. In addition,
they were most abundant in vascular transition zones. The
high levels in this part of the plant are consistent with the

notion that in regions of water transport they play a role in
minimizing the deleterious effects of freezing. Another study
showed that the cold regulated gene wcor410 is associated
with the development of freeze tolerance in a number of
gramineae species (Danyluk et al., 1998). EM
immunolocalization showed that the protein WCOR410 is
asymmetrically distributed with close association with the
plasma membrane, and fractionation studies suggest that
it is a peripheral protein. It has been proposed that
WCOR410 helps to prevent destabilization of the
membrane during freeze induced dehydration. This is
consistent with the hypothesis that these proteins might
act to stabilize hydrophobic surfaces during times of low
water activity (Close, 1997).

It has not yet been possible to directly test the role of
dehydrins and other water-stress related genes in stress
tolerance of plants by making knock-out mutants. In some
cases, these proteins have been ectopically expressed
individually in other plants and the results have been largely
disappointing with respect to altered stress tolerance (Artus
et al, 1996; Kaye et al.,1998). In one case, however, a
tomato gene (Le25) was expressed in yeast and found to
increase tolerance to high salt and freezing, but not to high
osmolarities caused by the presence of sorbitol in the
medium (Imai et al., 1996). This gene is expressed in
tomato in response to water stress and ABA and during
seed maturation, but has very little expression in response
to LT. Just recently, a similar approach expressing another
member of the LEA class of proteins from wheat in yeast
resulted in a reduction of the detrimental effects of low water
potentials (Swire-Clark and Marcotte, 1999). Continued
success of heterologous expression of plant genes in yeast
could help to dissect the mechanisms of stress protection
by the various types of stress proteins.

Perception of Low Temperature

How low temperature is perceived is a question of central
importance. The early search for the controlling agent in
cold acclimation and dormancy in plants focussed on the
phytohormone abscisic acid (ABA). P.F. Wareing’s lab in
1963 isolated a compound from Betula pubescens that
when applied to the buds of growing seedlings would induce
dormancy (Eagles and Wareing, 1963). The dormancy-
promoting compound was given the name dormin. Its
structure was determined and found to be identical with
another compound abscisin (Ohkuma et al., 1963). The
dormancy-promoting compound is known today as abscisic
acid and this refers to the naturally occurring enantiomorph
(S)-abscisic acid (Figure 3).

When plants are exposed to low temperature, for many
species, there is a transient rise in ABA content (Chen et

Figure 3. The Structure of Abscisic Acid
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al., 1983). This spike in ABA is associated with the onset
of cold acclimation and the induction of freezing tolerance.
In some cases, exogeneous application of ABA to plantlets
growing in vitro could increase freezing tolerance, but this
response was never consistent. ABA is also strongly
accumulated when plants experience a water deficit (Wright
and Hiron, 1969). Interestingly, droughted plants often are
found to be more resistant to freezing injury than when
adequate water is available (Guy et al., 1992b).

In the early 1990s it became clear that many of the
molecular responses of plants to drought, cold shock and
cold acclimation included a subset of similar gene products
(Close et al., 1989; Gilmour et al., 1992; Horvath et al.,
1993; Nordin et al., 1993; Yamaguchi-Shinozaki et al.,
1993). Given the similarity in these responses, it was
suspected that perhaps ABA was a common agent that
mediated responses to both types of stresses. Using
mutants either unable to make ABA or unable to perceive
the ABA signal, two independent groups showed that at
least two separate signal transduction pathways existed
(Figure 4), one that involved ABA and a second cold specific
ABA-independent pathway for the genes that were
responsive to both cold and water stress (Gilmour et al.,
1991; Nordin et al., 1991).

Given the central role of calcium in cell signaling
several studies have focussed on its possible role in low
temperature perception. One of the most direct approaches
to address calcium used the calcium-sensitive luminescent
protein, aequorin (Knight et al., 1991). The calcium-
sensitive, aequorin, was introduced into tobacco plants
using recombinant methods. Transformed plants
constitutively producing the recombinant apoaequorin
protein were used to report intracellular calcium levels
following addition of coelenterazine. When plants were
grown at 20°C and then the temperature decreased to 0°C
- 5°C, a large transient influx of Ca2+ was observed. This
contrasted with a heat shock where little influx was

observed. The cold shock caused an immediate increase
in cytosolic free calcium, which could be partially blocked
by EGTA or lanthanum (Knight et al., 1996). Elevated
cytosolic calcium seemed to be linked with the induction
of cold-regulated gene expression because when calcium
channels were inhibited by lanthanum or EGTA, so
apparently was gene expression (Monroy and Dhindsa,
1995). At 25°C, the addition of a calcium ionophore
stimulated the influx of labeled calcium and induced the
expression of the cold regulated genes further supporting
a role for Ca2+ as an early signaling agent in cold
perception. The expression of two calcium dependent
protein kinases was studied, and one (MSCK1) was
strongly upregulated at 4°C within three hrs whereas two
cold regulated genes examined required about 24 hrs for
strong induction (Monroy and Dhindsa, 1995). This favored
the idea that Ca2+ related events were rapidly activated in
response to low temperature. Calcium dependent
phosphorylation/dephosphorylation processes seem to be
involved in activating the cold acclimation process.
Application of a protein kinase inhibitor blocked cold
regulated gene expression and the induction of cold
acclimation, while a protein phosphatase inhibitor, okadaic
acid, stimulated the induction of the cold regulated gene
cas15 (Monroy et al., 1998). Low temperature treatment
caused a decrease in total protein phosphatase activity
and a near complete inhibition of phosphatase 2A. Similarly,
2A activity could be decreased by calcium ionophore
treatment. Recently a receptor-like protein kinase (RPK1)
from Arabidopsis was found to be rapidly induced by several
stresses (Hong et al., 1997). RPK1 is expressed in
response to dehydration stress in several ABA metabolism
and receptor mutants indicating it is regulated through an
ABA independent mediated pathway. The subdomains of
the C-terminal kinase domain are most closely similar to
Ser/Thr kinases. It has a signal sequence consistent with
an ER membrane localization along with a possible
membrane spanning region.

Figure 4. Outline of Known Major Osmotic Stress
Responsive Signal Transduction Pathways in Plants

Signal
Perception
Receptor(s)
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Inhibitors of the phosphoinositide signalling response
decreased the magnitude of the cold shock induced Ca2+

influx suggesting a possible role in the calcium influx
response (Knight et al., 1996). Targeting aequorin to the
cytosolic face of the tonoplast membrane (a large calcium
storage site inside the plant cell) showed that in combination
with IP3 metabolic inhibitors that at least part of the calcium
influx could be attributed to the phosphoinsitide pathway
and from vacuolar calcium stores. If cold is perceived or
transduced by a calcium influx mechanism, then the
signalling pathway needs only to be a brief spike in calcium
levels to trigger the continuous expression of cold regulated
genes.

Another approach to unraveling the signal transduction
pathway(s) is to construct a reporter system using a
chimeric synthetic gene consisting of a stress responsive
promoter and the coding sequence for an enzyme whose
activity is easily detectable using a non-destructive assay.
This is precisely the approach that has been taken by Zhu
and his colleagues. The LUC coding sequence was placed
under the control of the stress-responsive promoter rd29A
and transformed into Arabidopsis (Ishitani et al., 1997).
Homozygous lines expressing the LUC gene were
mutagenized with EMS and 500 – 1000 seed were grown
on a defined medium. Following a variety of stress
treatments, the plantlets were imaged for light production
with luciferin. With this system, it was possible to identify
several mutants in the sensing, signal transduction
pathways. Some mutants were found to have constitutive
expression cos, some gave low expression los, and some
gave high expression hos. Fourteen different classes of
mutants were identified based on the responses to one or
a combination of stresses and ABA signals. Based on the
analyses of the various mutant classes, a model for signal
transduction was developed. There appears to be a cold
mediated pathway that interfaces with ABA as well as a
drought/salinity stress pathway that also interfaces with
ABA. The cold and drought/salinity pathways converge into
one transduction path that at some point converges with
the ABA mediated pathway. Additional studies have yielded
evidence for both positive and negative regulatory
interactions among stress factors in the influence on gene
expression (Xiong et al., 1999). Low temperature has a
negative influence on osmotic or in combination with ABA
mediated responses, but is additive with ABA application
only. ABA responses were amplified by low temperature.
Using transient expression assays with a similar LUC
reporter gene and the regulatory region of the wcs120 gene,
Ouellet and collegues (Ouellet et al, 1998) found evidence
for the existence of both negative and positive regulatory
mechanisms operating in wheat. The promoter region
conferred cold regulation in both freezing tolerant and
freezing sensitive monocots and dicots indicating that
transcriptional activation machinery responsive to cold is
widely present in plants.

Some of the signalling mutants show expression
patterns that are useful in unraveling the signalling
pathways. The hos1-1 mutant results in the specific
superinduction of several cold regulated genes. Since these
genes are not superinduced in response to other normally
inductive stresses, the HOS1 locus appears to be a
negative regulator of cold signal transduction and perhaps
a positive regulator for other stress signal pathways (Ishitani
et al., 1998). The hos1-1 plants are dwarfed compared to

wild-type and flower early. HOS2 mutants have enhanced
expression of the rd29A gene and other stress responsive
genes at low temperature. Enhanced expression does not
occur in response to osmotic stress or ABA. Hos2-1 is less
freezing tolerant than wild-type, but another low
temperature requiring process, vernalization, is unaffected
in the mutant. HOS2 appears to be a negative regulator of
low temperature signal transduction for cold acclimation
(Xiong et al., 1999).

Still another approach to unravel how low temperature
is perceived and the signal transduced has been to look
specifically for genes that are known to function in signal
transduction pathways. Genes encoding two-component
response regulator-like proteins were found to be induced
by low temperature and other osmotic stresses in
Arabidopsis (Urao et al., 1998). Presumably their function
is to transduce extracellular signals into the interior of the
cell. The two-component system consists of two proteins,
a histidine kinase sensor and a response regulator. E. coli
has scores of the kinase-regulator pairs. A number of
histidine kinases have been cloned from plants showing
that the two-component system is not confined to
prokaryotes, however, few response regulators are known.
The four described by Urao have the highly conserved Asp
in the receiver domain.

Many stress and extracellular signals are mediated
by mitogen-activated protein (MAP) kinase cacades in
animals and yeast. When alfalfa plants were exposed to
low temperature or drought, p44MMK4, a MAP kinase, was
transiently activated which was correlated with a decrease
in electrophoretic mobility consistent with activation by
phosphorylation (Jonak et al., 1996). The steady-state
mRNA levels were also rapidly increased upon low
temperature exposure, but the protein levels remained
constant indicating that the kinase activation was a
posttranslational activation process. When ABA was
applied to alfalfa plants, p44MMK4 was not activated
indicating that it acts on a signal transduction pathway that
is independent of ABA. Similarly, several cDNAs for stress
responsive genes from Arabidopsis were isolated that have
homology to MAP kinase, and a MAPKK kinase, the latter
having homology to the Byr2 from Schizosaccharomyces
pombe, and Ste11 and Bck1 from S. cerevisiae (Mizoguchi
et al., 1996). One of the cDNAs, ATMEKK1, can replace
Ste11 in the response to mating pheromone in yeast. A
third kinase related to the ribosomal S6 kinase was also
studied. The mRNAs for all three kinases were strongly
increased in response to cold and a variety of other
stresses. The results are consistent with a role of the MAP
kinase cascade as a transduction pathway for extracellular
signals to function in transducing signals in response to
cold stress.

Similarly, two rare cold inducible mRNAs were cloned
from Arabidopsis and sequence comparisons indicated that
they belong to a family of proteins designated as 14-3-3
(Jarillo et al., 1994). These proteins participate in protein
phosphorylation and protein-protein interactions by getting
proteins together, a process that seems to be particularly
important in signal transduction pathways. Another gene,
(MP2C), encoding a functional protein phosphatase of the
2C type from alfalfa could target Ste11 of yeast and is
therefore a MAPK kinase kinase, and a central regulator
of osmosensing in yeast (Meskiene et al., 1998). MP2C
may be a negative regulator of stress-activated MAPK
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activated by cold and other stresses and stimuli. Activation
of stress-activated pathway involves posttranslational
mechanisms, and negative regulation requires transcription
and translation. Studies with the Wcs120 gene that is
strongly expressed during cold acclimation, suggested
multiple DNA-binding proteins bind to several elements in
the promoter (Vazquez-Tello et al., 1998). Surprisingly, no
DNA-binding activity was seen in extracts from low
temperature treated plants. If such extracts were subject
to dephosphorylation in vitro, DNA-binding activity was
restored. Okadaic acid stimulated the accumulation of the
Wcs120 family of proteins, thus it appears that protein
phosphatases function to negatively repress expression
of the Wcs120 family. Protein blot analyses indicated that
an apparent protein kinase C homolog was selectively
accumulated in the nucleus at low temperature. Thus it
appears that the Wcs120 family, and perhaps many other
cold responsive genes are regulated by factors whose
activities are influenced by phosphorylation/
dephosphorylation.

Transcriptional Activation

Promoter analyses by two different laboratories of cold
regulated homolog genes in Arabidopsis and Brassica
napus identified an element (TGGCCGAC) that was
important in transcriptional activation at low temperature
(Baker et al., 1994; White et al., 1994) and given the name
C-repeat. At the about the same time, another group
working on drought stress identified a novel cis-acting
dehydration-responsive element (DRE) in a different set
of genes. This latter work with Arabidopsis, used the
tandem linked genes for rd29A and rd29B which are
differentially regulated such that rd29A is cold, drought and
salt induced while rd29B is not induced by cold (Yamaguchi-
Shinozaki and Shinozaki, 1994). Deletion studies with
rd29A revealed that a 9 bp element (TACCGACAT) was
the DRE. Unexpectedly it contained at its center a 5 bp
sequence that was also present in the element involved in
cold regulation (see underlined bases). Comparison of
promoter sequences of many cold regulated genes showed
high conservation of a five bp motif CCGAC and further
supported the identity of this sequence in low temperature
regulation. When mutations were introduced into this 5-bp
motif cold-regulation was eliminated confirming it as a cis-
element in cold regulation (Jiang et al., 1996). Analyses of
the promoter regions of blt4.9, a cold regulated member of
non-specific lipid transfer protein family from barley
indicated the presence of a putative binding site for a low
temperature responsive transcription factor that consists
of the sequence CCGAAA (Dunn et al., 1998). A sequence

CCGAC in the promoter region similar to the C-repeat did
not appear to bind nuclear proteins present in cold
acclimated plants.

Once a cis-element involved in cold regulation was
identified, the next step was to isolate the transcription
factor that bound to the C-repeat. The first transcription
factor involved in cold regulated gene expression in plants
to be cloned was CBF1 (Stockinger et al., 1997). CBF1
contains nuclear localization sequence, acidic activation
domain and DNA binding domain motif found in APETALA2
and other plant transcription factors. It binds to the C-repeat/
DRE element known to be important in cold regulated
genes. CBF1 was shown to be a functional transcription
factor in vivo by its ability to activate reporter genes in yeast
that contain the C-repeat/DRE in the promoter region.
CBF1 is a low copy number transcriptional activator. In
yeast CBF1 needed adaptor proteins for optimal function
(Stockinger et al., 1997). Because CBF1 mRNA levels were
not drastically changed by low temperature or water stress,
it was suggested that perhaps CBF1 was activated by
stress before it could be an activator of cor gene expression.

The DRE plays a role in responses to water stress
and cold (Figure 5). Two cDNAs for DREB1A and DREB2A
were obtained by a one-hybrid screen (Liu et al., 1998).
The two cDNAs show significant sequence similarity only
in the DNA binding domain. However, both bind to the same
DRE element. DREB1A has two homologs 1B and 1C, and
DREB1B is identical to CBF1. All show a similarity of about
86-87% at the amino acid level. One homolog of DREB2A
was found (DREB2B) and showed about 54% similarity.
DREB1A was strongly and rapidly cold induced but
DREB2A was not. Instead DREB2A is strongly responsive
to water and salt stress. DREB2A is responsive to ABA,
but DREB1A is not. The three DREB1 genes are induced
by cold, but not osmotic stress. A number of putative cis-
elements were found in the promoters of the three genes
(Shinwari et al., 1998), but not the C-repeat/DRE element
(Gilmour et al., 1998). However, the pentamer CAGCC that
is the reverse of the C-repeat/DRE is present in all three
promoters (Medina et al.1999). None of the three
transcription factor genes contain introns. Interestingly, they
are arrayed in order B, A, C over 8.7 kb of chromosome IV
(Gilmour et al., 1998; Shinwari et al., 1998; Medina et al.,
1999).

Low temperature exposure of relatively cold sensitive
corn and rice results in the induction of a leucine zipper
DNA-binding factor that contains a bZIP motif (Aguan et
al., 1993; Kusano et al., 1995). The gene is also strongly
induced by salt stress and ABA, but not by water stress.
When recombinant mLIP15 (the corn bZIP gene) was
purified, it was shown to bind to the promoter of a wheat

Figure 5. Transcriptional Activation Factors that
Influence Cold Regulated Gene Expression
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histone H3 gene. The binding could be diminished by
adding excess amounts of a hexamer ACGTCA that is
present in the histone promoter and in other G-box like
elements.

Not all cold activation of transcription factors in plants
is beneficial. Several tomato MADS-box genes showed
greatly increased mRNA levels at low temperature and in
situ hybridizations showed altered stage-specific
expression for one in particular, TM4 (Lozano et al., 1998).
Low temperature caused disfunctional homeotic and
meristematic alterations in flowers and reproductive whorls.
Meristematic alterations occurred early in flower develop-
ment while homeotic alterations occurred later during the
formation of organ primordia. Floral meristem identity genes
in plants are known. Many of the identity genes belong a
to family of transcriptional activators having a conserved
DNA-binding domain known as a MADS box. When tomato
plants are exposed to low temperature, many flowers and
fruits undergo an abnormal development. Some of the
abnormalities include lack of stamen fusion, style splitting,
stamens fused to carpels and carpelloid stamens.

Prospects for Genetic Modification of Temperature
Stress Tolerance

Despite the apparent simplicity of the heat shock response,
the complexity that underlies the basis of either acquired
thermotolerance or cold acclimation in plants has not been
overlooked. In both responses the changes in gene and
protein expression are highly coordinated, and only over
time has this fact become truly appreciated. Previously, it
was thought that temperature stress tolerance might be
altered by changing the expression of one or a very limited
number of genes responsible for whatever tolerance
mechanisms that contributed to enhanced survival. While
in some systems there has been some success, most
efforts to change tolerance by ectopic expression of one
or two stress proteins has not been successful (Kaye et
al., 1998). Such gene transfer efforts confirmed the long
known fact that environmental stress tolerance of plants
was a quantitative trait under the control of many genes
(Frova and Sari-Gorla, 1994; Hayes et al., 1993; Pan et
al., 1994).

Understanding the molecular basis for temperature
stress responses and how changes in gene expression
are regulated in response to stress offers an alternative to
the single gene approach to stress tolerance enhancement.
Transcription factors active in the heat shock response
(Scharf et al., 1990) and for cold acclimation (Stockinger
et al., 1997) of plants are now known. In both cases, the
major transcription factors are activators of stress gene
expression (Hubel et al., 1995; Stockinger et al., 1997),
meaning that the functional transcriptional factor(s)
stimulates the expression of the appropriate genes of the
regulon. The key word here is genes. Both acquired
thermotolerance, and most certainly, acclimation to cold
are the consequence of the coordinate regulation of
expression of many genes (Li et al., 1999). Therefore, what
better way to invoke the stress response and potentially
induce stress tolerance than to artificially modulate the
abundance of functionally active transcriptional activators?
By changing the expression of the activator it should be
theoretically possible to alter the expression of all of the
genes under its control that are involved in the stress

response. Initial efforts aimed at changing the expression
of the transcriptional activators involved in temperature
stress responses have shown much promise in altering
the temperature stress tolerance of plants. For example,
overexpression of a heat shock transcription factor in
Arabidopsis has resulted in the constitutive expression of
the heat shock proteins and also enhanced
thermotolerance (Lee et al., 1995; Prandl et al., 1998).
Similarly, overexpression of CBF1, also in Arabidopsis,
resulted in constitutive expression of cold regulated genes
and increased survival of plants subjected to a freeze-thaw
stress (Jaglo-Ottosen et al., 1998). More recently, the
overexpression of DREB1Ab (identical to CBF1) and
DREB1Ac in Arabidopsis was shown to not only enhance
freeze-thaw stress tolerance, but also improved drought
tolerance as well (Liu et al., 1998). While these early efforts
have demonstrated the potential to engineer improved
temperature stress tolerance, refinements will be necessary
to eliminate the negative side effects of the constitutive
expression of stress proteins whose continuous
overexpression in the absence of stress appears to be
counter productive for maximum growth and yield (Kasuga
et al., 1999).
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