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Abstract:

Cereals display a broad capacity range to survive low temperatures (LT) and frost condition. Exposure of winter
cereals to low, nonfreezing temperatures during the autumn and before freezing injury occurs can induces

various changes in genome, transcriptome, proteome, and metabolom levels in plant cells, by which
plants are able to adjust their metabolism to LT and improve their freezing tolerance (FT). The difference
between the cultivars can be interpreted by hardening conditions and the different mode and severity of changes
occurred in each levels during cold acclimation. FT in cereals is dependent upon phonological development and
the highest level of FT only acquires during the vegetative stage and plants by initiation of the reproductive
phase lose the ability for hardening. Phonological growth is controlled by the developmental genes
(vernalization, photoperiod, etc.) which regulate the vegetative/reproductive transition and consequently
determine the duration and level of FT expression. Furthermore under filed condition winter survival is also
determined by the acclimation temperature of locations that may affect phenological development and delay the

beginning of reproductive growth.
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1. Introduction

Low temperature (LT) and frost stress are major
environmental restrictions on plant geographical
distribution and performance [30, 45]. At high
latitudes or hilly area, the problem of coping with LT
is worsened via the need to prolong the growing
season beyond the short summer. LT stress may lead
to major crop losses and different phenotypic
response like as poor germination, stunted
seedlings, yellowing of leaves (chlorosis),
reduced leaf expansion and wilting, and may lead
to death of tissue which is known as necrosis
[62]. Tropical and subtropical plants are not enough
tolerant against LT and are simply injured through LT
while overwintering plants are proficient for
exhibiting sufficient levels of freezing tolerance (FT),
which is achieved through experiencing the non-
freezing temperatures during the autumn, which
known as cold acclimation [20]. Cold acclimation
permits winter cereal plants to expand qualified
tolerance mechanisms required for winter endurance.
Plant survival over the winter period is known as
winter hardiness and it can be divided into some
simpler components, one of the most imperative of
which is FT [51].

Between all crop species winter cereal have the
broadest adaptation. This success was partly is due, to
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a relatively great extent, to cereal’s LT tolerance so
that it has the quite high capability to withstand
temperatures much lower than 1-4°C, regarded the
minimum temperature for growth [45]. But
considerable variation for cold tolerance exists among
cultivars of cereal species and their winter hardiness
of various cultivars is extremely different. It seems
that variation in FT level can be genetically created;
also influenced by environmental condition,
phenological developmental and physiological status
at the time of exposure [15, 24, 35].

Winter-habit cereals (winter wheat, barley, oat
and rye) have a vernalization requirement, which is an
important adaptive feature that delays heading by
postponing the transition from the vegetative to the
reproductive phase, before the threat of freezing stress
during winter has passed [17]. Thus, vernalization
requirement allows plants to over-winter as seedlings.
However, after vernalization fulfillment and at the end
of the vegetative phase, the cold acclimation ability of
winter cereals gradually decreases [14, 16, 26, 36]. In
contrast, spring cereals (which do not have a
vernalization requirement) normally develop rapidly
into their reproductive phase when grown under long
days and sentimental temperature is optimal [29, 25,
37].

Although researchers have intensively studied
various aspects of cold acclimation, the relationship
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between FT and vegetative/reproductive transition is
poorly understood. ldentification of the molecular
basis underlying FT expression has thus become a
major priority in the search for improved crop winter
hardiness. This review summarizes recent work on
cold acclimation, FT expression and
vegetative/reproductive transition in winter cereals.

2. The genetics of freezing tolerance

Plants originated from high latitudes and
altitudes, where winter season is long, have evolved
the capability to control the transition from vegetative
growth to flowering [13]. This evolutionary
adaptation permits plants to start reproductive growth
under favourable environmental conditions. The
initiation and timing of this transition is determined by
seasonal changes of the two main environmental cues,
temperature and  photoperiod. Initiation  of
reproductive growth in winter cereals can be
accelerated by prolonged exposure to LT that are
between 8 and 10 °C which is known as vernalization
[17, 29]. A few weeks of LT are mainly enough to
advance reproductive growth, but longer periods can
accelerate vegetative/reproductive transition to a
greater extent, up to the point when the vernalization
response becomes fulfilled [33, 37].

A set of cold-regulated genes (COR) genes
have been recognized in barley and winter wheat [6,
8]. In these species, prolonged exposure to low
temperatures leads to a gradual decrease in the levels
of COR transcripts and proteins, which is
accompanied by a loss of cold tolerance. This loss of
cold tolerance may be linked to the switch from the
vegetative to the reproductive state as a result of
vernalisation [8]. Previous studies have revealed that
distinct sets of genes regulate the adaptive
mechanisms allowing cereals to properly time
flowering: (i) the vernalization-LT responsive genes
(Vrn-Al, Vrn-B1 and Vrn-D1) that regulate flowering
and were genetically identified on chromosomes 5A,
5B and 5D; (ii) the photoperiod-responsive genes
(Ppd1, Ppd2 and Ppd3 ) that regulate flowering using
day length; and are located on chromosomes 2D, 2B
and 2A (iii) the earliness per se genes that influence
the rate of development in fully vernalized plants
grown under long-day conditions which classified in
autonomous pathway and act independently of
external stimuli. [5, 23, 31, 32, 34].

Alleles at theVrn-Al locus appear to have a
predominant effect in reducing the vernalization
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requirement compared to those on other Vrn loci [12].
For example, cultivars with Vrn-Al do not require
vernalization at all, whereas those with Vrn-B1 and
Vrn-D1 require vernalization for 15-30 days, and
cultivars recessive for all of these genes require 45-60
days of vernalization [46]. Recently it has been
revealed that isogenic line originated from spring
cultivars, which containing recessive copies of all vrn-
1 loci after several backcross with hardy winter
cultivars, showed a considerable FT compared to
parental spring line [33]. Although there is a genetic
interrelationship between vernalization requirement
and FT expression, it seems that vrn-Al locus does not
act alone in vegetative/reproductive transition and
possibly other loci are involved in controlling the
duration of the vegetative phase [16].

Dubcovsky et al. (1998) identified a second gene
affecting vernalization response and named it VRN2.
Contrary to the VRN1 dominant allele for spring
growth habit, VRN2 allele for winter growth habit is
dominant [56]. VRN2 encodes a repressor of VRN1
expression, which binds to the promoter region of the
VRNL1 gene. As the vernalization process reduces the
abundance of the VRN2 gene product, VRN1
transcription gradually increased, leading to the
competence to flower [44]. Murai et al. (2003)
reported that APETALAL (AP1)-like MADS box gene
in wheat (WAP1) is as an activator of phase transition
and their findings strongly suggested that WAP1 is
ortholog of VRN1.

In some photoperiod-sensitive winter cereals the
vernalization necessity can be removed or
significantly decreased through exposing the seedling
to short days for several weeks and then returning
them to long days [37, 44]. The short days can down-
regulate VRN2 and is expected to result in the
acceleration of vegetative/reproductive transition and
the elimination of the vernalization requirement [12].

3. Cold sensing and signaling

Cold acclimation involves proper perception,
precise signaling and regulation of the transcriptome.
The plasma membrane is recognized as the primary
site of injury and is hypothesized to also be a site of
perception of the LT stimulus [41]. Very little is
known about cold sensors in plants. Potential sensors
include Ca*" influx channels, two-component histidine
kinase, Receptor like Kkinases, Phospholipases,
Photosynthetic apparatus and receptors associated
with G-proteins [47, 61]. Cold stress induces transient
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Ca®* influx into the cytoplasm. Therefore, calcium
permeable channels responsible for this Ca?* influx are
considered as sensors for low temperature [38]. It has
been found that AtHK, as a well identified two-
component histidine kinase in plants, up-regulated by
LT [57]. Also previous study suggest that in AtHK
dependent pathway stress sensing and signal
traduction to the nucleus occurred through a
phosphorylation cascade [58]. Dhonukshe et al.
(2003) revealed that LT can induce accumulation of
Phospholipase C and D which affect plasma
membrane and lead to conformational change in the
cytoskeleton or rearrangement of actin filaments. In
cold-induced barley extracellular sugar concentration
regulated expression of the stress-responsive genes
[50]. Three different glucose signalling pathways are
known in plants: one is hexokinase-dependent, the
second glycolysisdependent, and the third hexokinase-
independent [60]. After LT perception by sensors a
variety of signalling pathways is triggered, including
secondary messengers, ROS, Ca**-dependent protein
kinases (CDPKSs), mitogen- activated protein kinase
(MAPK) cascades and the activation of transcription
factors (TFs), all of which promote the production of
cold-responsive proteins [27].

4. Cold acclimation under field vs. controlled

conditions

Investigation of cold acclimation under
controlled growth chambers and generalize the
obtained result to field condition can be problematic
[22]. Expression of dehydrin gene (PpDhnl) can be
noted in this context. This gene are responsive to both
short photoperiods and LT under filed conditions [2],
whereas 3 weeks of short days at 20 °C had no impact
on the gene expression under controlled condition.
Perhaps the expression of the dehydrin gene is more
affected by the cycling of warm and cool temperatures
than by a specific low temperature which is available
only in natural situations [22]. Another case that can
be referred is that expression of light-responsive gene
is strictly affected by light spectrum and possibly light
condition in controlled environment would not be the
same as in sunlight. Observed differences between the
FT expression trend under controlled and natural
conditions may somewhat resulted from different light
spectrum [25, 35]. In growth chamber the roots of
plants cool at a much quicker rate than experienced in
nature, where there is a massive volume of soil. This
can result to decrease in the hydraulic conductivity of
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the roots and consequently a transient increase in
ABA may change gene expression pattern [22]. There
is insufficient time for the plants grown under
controlled condition to regulate gene expression
during temperatures fluctuation [52]. In addition, soil
or the growth medium in a pot does not possess the
typical soil structure present in natural conditions, and
water in pots is lost at a much more rapid rate than in
field conditions. At any rate, this is just some
examples that indicate how researchers must be very
careful when trying to extrapolate results beyond the
conditions that generated the data.

5. Structural proteins associated with freezing

tolerance

With completion of genome sequencing projects
and development of analytical methods for protein
characterization, proteomics has become a major field
of the functional genomics. Proteomics allows the
global analysis of cold responsive gene products and
related physiological processes. The dehydrins are a
group of heat-stable, glycine-rich LEA proteins
thought to be important for membrane stabilization
and the protection of proteins from denaturation when
the cytoplasm becomes dehydrated [27]. The most
prominent dehydrin in wheat is WCS120 protein that
is very efficient in the cryoprotection of lactate
dehydrogenase and cell membranes stabilization [41].
COR413im was identified by Okawa et al. (2008) as
an integral membrane protein targeted to the
chloroplast inner envelope in response to low
temperatures, where it contributes to plant freezing
tolerance. Another LT-responsive gene family
encodes antifreeze proteins (AFPs). In winter rye
(Secale cereale), AFPs accumulate in response to
cold, short daylength, dehydration and ethylene
[21]. These proteins have a high affinity for ice and
possess two typical properties: ice recrystallization
inhibition and thermal hysteresis (the difference
between the freezing point and the melting point).
Heat Shock Proteins (HSPs) especially HSP90,
HSP70, several small HSPs and chaperonins 60 and
20 increase in abundance during the cold acclimation.
HSPs act as molecular chaperones that participate in
membrane protection, refolding of denatured proteins
and in preventing their aggregation [54]. Cho et al.
(2007) reported that long period of LT (vernalization)
increased the expression of ATP binding, GTP
binding, translation elongation factor and glycine-rich
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RNA-binding protein 7 (GRP7)
thaliana.

It has been revealed that expression of some
proteins such as Cell division control protein,
asparagine synthase, RuBisCO activase, actin, heat
shock protein 70, cp31BHv, serpin, fructose-
bisphosphate aldolase, MADS-box transcription factor
26 and Ps16 in wheat cultivars increased by cold
acclimation and significantly decreased after
vegetative/reproductive transition [25]. It suggest that
expression of theses proteins may are controlled by
developmental regulation and they might work
cooperatively to establish a new homeostasis under
cold stress. Most of cold-responsive proteins are
located in the chloroplasts, implying that chloroplast
proteome is virtually subjective to cold stress. Cold
responsive  proteins  mainly  participate  in
photosynthesis, glycolysis, protein folding, redox
homeostasis, transcription, translation, amino acid
biosynthesis, ATP synthesis and ion transport [1, 9,
25, 43].

in Arabidopsis

6. Compatible solute during cold acclimation

Plants can synthesize compatible solutes in
response to desiccation, osmotic stress, salt stress or
low temperature. Amino acids and some amino acid
derivatives, sugars, acyclic and cyclic polyols,
fructans, and quaternary amino, sulfonium compounds
and potassium frequently act as compatible solutes [3,
4]. The main function of a compatible solute may be
the stabilization of proteins, protein complexes or
membranes under environmental stress. In in vitro
experiments, compatible  solutes at  high
concentrations have been found to reduce the
inhibitory effects of ions on enzyme activity [48]. The
addition of compatible solutes increased the thermal
stability of enzymes [4, 18] and prevented dissociation
of the oxygen evolving complex of photosystem Il
[42].

The sugar concentrations in transformants with
an antisense inhibition of cytosolic fructose-1,6-
bisphosphatase (cFBPase) and sucrose phosphate
synthase (SPS) expression, or with overexpression of
maize SPS, has been shown to correlate with the
extent of LT tolerance after cold acclimation [49].
Cold acclimation is also associated with the
accumulation of other soluble solutes like proteins,
proline, and carbohydrates [26, 28]. In wheat LT
led to fructan synthesis [55]. fructans are synthesised
from sucrose by fructosyltransferases, and help to
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stabilise membranes by binding to the phosphate and
choline groups of membrane lipids [59]. If sugars
contribute to the stabilization of membrane structures,
osmoregulation or subcellular volumes, they may act
synergistically with or even as alternatives to some of
the COR gene products. Gilmour et al. (2000) reported
that constitutive expression of CBF3 genes in
Arabidopsis not only increased levels of cold-
regulated proteins (CORs), but also enhanced levels of
proline and total sugars, resulting in an increase in FT.
Consequently, the CBFs seems to be ‘“main keys’
that integrate activation of multiple components of the
cold acclimation response [53].

7. Conclusions and perspectives

Research on vegetative/reproductive transition
has reached a most exciting stage. Vernalization and
photoperiod requirement can control phonological
development and by determining the length of
vegetative phase may affect severity and duration of
FT expression. A combined investigative approach
involving physiological and biochemical analyses,
aided by genomics- and proteomics-based platforms,
identified a number of key basic genes and regulatory
elements underlying the vegetative/reproductive
transition. It has been demonstrated that three genes
that control the vernalization requirement in winter
cereal including VRN1, VRN2 and FT (VRN3). These
genes regulate not only the vernalization response but
also the promotion of flowering by long days. VRN1 is
master switch that induced by vernalization and
accelerates the transition to reproductive development
at the shoot apex. The long days can induce the
expression of VRN3 that accelerates reproductive apex
development. VRNZ is a repressor for floral initiation
and its expression suppress via vernalization.
Information on the transcriptome, proteome and
metabolome of vegetative/reproductive transition
should be useful to improve FT through breeding
programs.
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