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Abstract

The review summarizes the level of current knowledge of impacts of vernalization and photoperiod on the induction
and maintenance of frost tolerance (FrT) in wheat and barley. The phenomenon of vernalization is briefly described and
the major vernalization (VRN) loci are characterised. Vernalization requirement and the three major growth habits of
Triticeae (facultative, winter and spring) are defined on the basis of the two-locus VRN-2/VRN-1 epistatic model. Major
photoperiodically regulated genes, which influence the transition to flowering, are characterised and their interactions
with VRN genes are briefly discussed. The phenomenon of induction of FrT during the process of cold acclimation (CA)
is described and the major cold-induced Cor/Lea genes are listed. Important regulatory mechanisms, i.e., CBF pathway,
controlling the expression of Cor/Lea genes under cold, are discussed. The major loci affecting the development of FrT
in Triticeae, the Fr loci, are characterised. In conclusion, current progress in this research field is summarized and new
questions arising in the area are formulated.
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Introduction

Low temperatures (LTs) not only induce a plant direct
response via cold acclimation (CA), they also profoundly
affect the plant developmental programme. Conversely,
plant developmental stage has a crucial impact on a plant
ability to cope with the unfavourable effects of LTs. The
transition from vegetative phase into reproductive phase
is generally associated with a decline in plant potential to
resist the impacts of unfavourable environment. Plants
originating from higher latitudes and/or altitudes had to
adapt to relatively long periods of cold occurring
regularly throughout the year. They thus had incorporated
the requirement of a sufficiently long period of cold
treatment into their individual developmental programme
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to prevent an early transition into the more cold-
susceptible reproductive phase. This phenomenon, i.e.,
the requirement of a sufficiently long cold period prior to
the transition to flowering, is called vernalization. The
process of CA is induced rapidly within a few days after
the beginning of LT influence while the vernalization
response develops for weeks and months of LT treatment.
A comparison of the rates of plant responses to LT via
CA and vernalization is given in Sung and Amasino
(2004, 2005). In addition to cold, the developmental
transition into the reproductive phase is regulated
photoperiodically in some plants. In higher latitudes, the
warm period of the year (summer) is associated with long

Abbreviations: aa - amino acid; ABA - abscisic acid; API - apetala 1 (gene); CA - cold acclimation; CBF - C-repeat binding factor
(gene); CO - constans (gene); Cor/Lea - cold-regulated/late embryogenesis abundant (genes); Dhn - dehydrin (gene);
FLC - FLOWERING LOCUS C (gene); Fr - frost-resistance locus(i); FrT - frost tolerance; FT - FLOWERING LOCUS T (gene);
ICE-1 - inducer of CBF expression 1 (gene); LD - long day; LT - low temperature; LTs, - lethal temperature when 50 % of the
samples die; Mr - relative molecular mass; NIL - near isogenic line; pl - protein isoelectric point; Ppd - photoperiod locus(i);
PRR - pseudo-response regulator (gene); QTL - quantitative trait locus(i); ROS - reactive oxygen species; SD - short day;
SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel electrophoresis; TF - transcription factor; VRN - vernalization (gene);
Vrn - a dominant allele of VRN gene; vrn - a recessive allele of VRN gene; Wcor - wheat cold-regulated (gene),; Wcs - wheat
cold-specific (gene); Wrab - wheat response-to-ABA (gene)
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days (LDs) while unfavourable cold period of the year
(winter) is connected with relatively short days (SDs). It
became obvious that the photoperiod influences the
expression of many regulatory genes including the genes
which control the developmental transition into flowering.
The genera belonging to the tribe Triticeae, i.e., wheat
(Triticum), barley (Hordeum) and rye (Secale) are
important cultivated cereals and form a homogeneous
genetic system exhibiting colinearity of their genomes
(i,e, A, B and D genomes in cultivated wheat
T. aestivum, H genome in H. vulgare and R genome in
S. cereale). This means that genes found in one Triticeae
genome have their counterparts located at the same
chromosomal position in the other ones (apart from some

The phenomenon of vernalization

Vernalization is an ecophysiological adaptation of plants
originating from higher latitudes and/or altitudes which
enables them to survive relatively long cold periods
occurring regularly during a year. Vernalization has been
rigorously defined as ‘the acquisition or acceleration of
the ability to flower by a chilling treatment’ (Chouard
1960). Plants which require vernalization need exposure
to a sufficiently long period of cold prior to ‘switching’
their individual developmental programme from the
vegetative phase to the reproductive phase. Frost-tolerant
plants in the vegetative phase can induce a sufficiently
high level of FrT, while the same plants in the
reproductive phase cannot since the generative organs
(flowers and fruits) are generally more susceptible to cold

Vernalization genes and growth habits

In wheat and barley, the existence of three vernalization
loci has been shown. The loci have been named VRN-1,
VRN-2 and VRN-3. All vernalization loci encode
transcription factors (TFs) affecting the regulation of
other genes.

VRN-1 locus encodes the major vernalization gene
which controls the transition to flowering. If the gene is
active, i.e., its gene product is present in the nucleus,
profound changes in the expression of many TFs which
eventually result in the formation of flower meristem are
induced. The VRN-I gene can be present in the cereal
genome in two types of alleles — repressible and
irrepressible. The irrepressible allele Vrn-1 is dominant,
i.e., if present in the genome, it has the major effect on
plant development irrespective to the other allele(s). The
repressible allele vrn-1 can be inactivated by the binding
of some TFs to either the CArG box in the promoter
region (Yan et al. 2004a), or to a specific 436 bp
‘vernalization critical region’ in the first intron (Fu et al.
2005). It has been proposed that the CArG box in the
promoter can function as a potential binding site for a
MADS-box TF (Yan et al. 2004a). In contrast, the
‘vernalization critical region® in the first intron is
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exceptions caused by deletions, duplications, insertions or
translocations, e.g., different positions of VRN-2
candidate genes in 7. monococcum A™ genome and
barley H genome). As a consequence of this important
fact, the results obtained on one T7iticeae member can be
extrapolated to the others.

The aim of this review is to summarize the current
state of knowledge of the connections between
vernalization and photoperiod and the ability to induce a
sufficient level of frost tolerance (FrT) in wheat and
barley. In addition, some basic characteristics of wheat
and barley vernalization loci, Ppd loci and photo-
periodically-regulated genes, as well as cold-induced
Cor/Lea genes are given in the form of tables.

in comparison with the vegetative ones (Sakai and
Larcher 1985). Vernalization thus functions as an
important control mechanism preventing the early
transition into the less cold-tolerant reproductive phase.
During vernalization, significant changes occur on the
molecular level in the plants. In Arabidopsis thaliana, it
was shown by Bastow et al. (2004) that vernalization
leads to epigenetic silencing of the major flowering
repressor FLC via histone methylation.

Winter cultivars belonging to the tribe Triticeae do
not have an absolute requirement for vernalization, i.e.,
they eventually flower without any period of cold;
however, the time of flowering is significantly delayed
(Krekule 1987).

predicted to form four Dof sites which can be potential
targets for a TF with a zinc-finger DNA binding motif
(Von Zitzewitz et al. 2005). The irrepressible dominant
Vrn-1 allele has deletions in these critical regions (Fu
et al. 2005). Thus, repressors cannot bind to them. Apart
from the variability described above, Cockram ef al.
(2007a) have recently found out that some spring barley
genotypes contain an insertion of a transposable element
in the intron I region, upstream of the vernalization
critical region. Analogously, an insertion of a transposon
in the promoter region has been reported for the VRN-B3
gene by Yan ef al. (2006) (see below for more details).
Thus, insertions of transposons seem to present another
type of allelic variation in VRN loci.

The VRN-1 gene encodes a MADS-box TF of the AP1
family. The same gene has also been named HvBMS5A4 in
barley (H. vulgare) (Von Zitzewitz et al. 2005), TmAPI
gene in diploid wheat (7. monococcum) (Yan et al. 2003)
and WAPI (Murai et al. 2003) and TaVRT-1 (Danyluk
et al. 2003) genes in hexaploid wheat (7. aestivum). The
VRN-1 gene is located on the long arm of chromosome 5.
In barley genome, there is only one VRN-1 gene located
on SHL; this gene is described as VRN-HI. Analogously,



in diploid wheat (7. monococcum), the only VRN-1 gene
is located on SA"L and described as VRN-4"1. In
hexaploid wheat (7. aestivum), there are three VRN-I
genes described as VRN-A1 on SAL, VRN-BI on 5BL and
VRN-DI on S5DL, respectively. While the dominant
Vrn-Al allele completely reduces vernalization in
hexaploid wheat, cultivars carrying only dominant
Vrn-B1 or Vrn-D1 alleles usually show some residual
vernalization requirement. This hypothesis has already
been explained by Loukoianov et al (2005) as
differences in transcription: transcripts of dominant Vrn-
Al allele appear earlier and in larger quantities in leaf
tissue than transcripts of dominant Vrn-BI and Vrn-DI
alleles during the plant development. The authors have
also suggested a feedback loop in which winter alleles of
VRN-BI and VRN-DI become induced without
vernalization if a spring Vrn-Al allele is present in the
genome of common wheat. This mechanism is probably
mediated via a Vrn-A1-dependent downregulation of the
expression of VRN-2. Moreover, the Vrn-1 alleles are not
completely dominant over the recessive vrn-1 alleles at
the same locus because it has been shown by some
researchers (e.g., Koti et al. 2006) that heterozygotes
head significantly later than Vrn-HI1/Vrn-HI homo-
zygotes in a barley cross between Hardy (winter) and
Jubilant (spring) cultivars. Kosner and Pankova (1998)
have also hypothesized that an allelic variation in
recessive vrn-1 alleles may exist which could affect the
length of vernalization in various winter wheat cultivars.

The VRN-1 genes in Triticeae are closely related to
Arabidopsis MADS-box genes of the API1/SQUA
subfamily, especially to the flower meristem identity
genes APl (APETALAI), CAL (CAULIFLOWER) and
FUL (FRUITFULL) (Yan et al. 2003, Laurie et al. 2004).
However, the VRN-1 genes which are often described as
Arabidopsis AP1 homologues in the Triticeae differ from
the Arabidopsis AP1 gene in some significant aspects:
they are sequentionally more related to 4. thaliana FUL
gene than to the A. thaliana AP1 gene, they are expressed
not only in the flower meristem (as is the case for
Arabidopsis API), but also in some types of the
vegetative tissue such as leaves. Moreover, their potential
function in the formation of flower meristem and
determination of floral organs (which is precisely
described for Arabidopsis API gene — a flower meristem
identity gene and a gene of the A-type function in the
classical ABC model of flower development) still
remains to be elucidated (Schmitz et al. 2000). Recent
advances in the elucidation of the roles of API/FUL
genes in the morphogenesis of floral meristems in
Poaceae can be found in Preston and Kellogg (2007).

The VRN-2 locus is located on chromosome 4HL in
barley. However, in the A genome, the part of 4AL with
the VRN-2 locus had been translocated to S5A"L
(Cattivelli et al. 2002, Yan et al. 2004b). Thus, the
VRN-2 locus is found at 5A"L in T. monococcum. The
VRN-2 locus in barley consists of three tightly linked
genes ZCCT-Ha, ZCCT-Hb and ZCCT-Hc (Dubcovsky
et al. 2005). In T. monococcum, two tightly linked genes
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named ZCCT-1 and ZCCT-2 have been identified at
VRN-2 locus (Yan et al. 2004b). ZCCT-Ha in barley and
ZCCT-1 in T. monococcum have been reported to be the
most likely candidates for the VRN-2 gene (Yan et al
2004b, Dubcovsky et al. 2005). All these genes encode
ZCCT (zinc-finger, CONSTANS, CONSTANS-like, and
TOC) TFs which are down-regulated by vernalization.
The ZCCT TFs contain two important binding domains,
the C,H, (2 cysteine 2 histidine) zinc-finger domain,
which can bind both DNA and protein and which is
encoded by the first exon, and the CCT domain, which
controls nuclear localization of the TF (Robson et al.
2001) and binds to the CCAAT box binding factors,
which mediate the interactions between CONSTANS-like
proteins and DNA (Ben-Naim et al. 2006). The CCT
domain is encoded by the second exon. The VRN-2 gene
can also be present in dominant (functional) and recessive
(loss-of-function point mutation — wvrn-2a; complete
deletion — vrn-2b) alleles. The loss-of-function mutations
in ZCCT-1 are associated with a substitution of a single
conserved arginine to a tryptophan at position 35 of the
CCT domain which correlates with the spring growth
habit in 7. monococcum (Yan et al. 2004b).

In T. aestivum, the VRN-2 loci have not yet been
mapped nor further characterised due to the absence of
trait variation. A possible explanation of the failure in
mapping of the VRN-2 loci in common wheat may lie in
the fact that the recessive phenotype in VRN-2 in
hexaploid wheat would require complete deletion or loss-
of-function mutation in the ZCCT genes in all three
genomes. However, it can be expected that the winter
cultivars of common wheat contain functional ZCCT
genes analogously to the situation in 7. monococcum and
in barley; otherwise, Yan et al. (2004b) did not prove the
role of the ZCCT1 gene as a repressor of the VRN-1 gene
by an RNAI experiment in a winter cultivar of common
wheat.

The VRN-3 locus encodes a TF orthologous to
Arabidopsis FT (FLOWERING LOCUS T) (Yan et al.
2006) and is located on chromosome 7HS in barley and
7BS in wheat, where it was formerly described as
VRN-B4 locus. The candidate genes have been named
HvFTI in barley and TaFTI in wheat. The dominant
allele enhances flowering via up-regulation of the VRN-1
gene expression. In barley, the dominant allele has a
deletion in its first intron with respect to the recessive
one, whereas in wheat, the dominant Vrn-3 allele has an
insertion of a retroelement in the promoter in contrast to
the recessive one. The dominant alleles in both wheat and
barley enhance flowering under LDs as it does F7T TF in
A. thaliana and it is proposed that they are under
regulation of Ppd-1 locus (Fig. 1, Table 1).

Since no allelic variation at the VRN-3 locus has been
observed in most accessions belonging to cultivated
wheat and barley, a two-gene epistatic model of
vernalization considering VRN-1 and VRN-2 genes only
has been proposed (Yan et al. 2003, Sziics et al. 2007).
VRN-2 gene is a repressor of VRN-1, i.e., it inhibits the
expression of the VRN-1 gene product. In this model, the
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VRN-1 gene acts as the major developmental gene
‘switching’ the individual plant development from the
vegetative phase to the reproductive phase. Cultivars
carrying at least one dominant Vrn-/ allele do not have
any vernalization requirement. If the cultivars carry only
recessive vrn-1 alleles, these alleles can be repressed by
the VRN-2 gene product (Fu et al. 2005, Dubcovsky et al.
2006). The VRN-2 gene can also be present in two alleles
— dominant (functional repressor) and recessive (the
repressor is absent or unfunctional). It has been shown by
Yan et al. (2004b) that the VRN-2 gene product is down-
regulated by vernalization. The function of VRN-2 as a
repressor of VRN-1 has been proposed by Yan et al
(2004b) on the basis of an RNAi experiment: the
insertion of an RNAi segment complementary to the
ZCCTI gene in the hexaploid winter wheat cultivar
Jagger resulted in the up-regulation of VRN-I and
reduction of the vernalization requirement. Thus, the
winter growth habits which contain only recessive vrn-1
alleles and at least one dominant Vrn-2 allele do have a
vernalization requirement. Later, it was shown by some
researchers (Dubcovsky et al. 2006, Trevaskis et al.
2006) that this model is valid only under LD conditions,
while SD conditions lead to the down-regulation of VRN-
2 expression regardless of the temperature which does not
result in the up-regulation of VRN-I expression in
vrn-1vrn-1  homozygous genotypes. Therefore, the
existence of at least one other repressor of VRN-I, which
may repress its expression under SDs, has been postulated.

The VRN-2 gene as a central repressor of the VRN-1
gene down-regulated by vernalization has no clear
orthologues in Arabidopsis. In A. thaliana, the central
flowering repressor FLC is a MADS-box TF of a special
subclass, which is not found in grasses, and analogously,
ZCCT TFs, which are candidate genes for the VRN-2
locus in Triticeae, have not been identified in the
vernalization response pathway in Arabidopsis yet (Kane
et al. 2005). Moreover, the CCT domains from the cereal
ZCCT genes belong to a specific sub-group which does
not occur in Arabidopsis (Yan et al. 2004b). These
findings support the thesis that the vernalization
regulatory pathways in Arabidopsis and cereals had
developed independently.

Based on the VRN-I and VRN-2 alleles and their
interactions, three major growth habits have been defined
in wheat and barley: the winter habit, which has
vernalization requirement, the spring habit, which does
not have vernalization, and the facultative habit, which
also does not have vernalization, but is strongly
photoperiodically sensitive. The spring habit has at least
one dominant Vrn-1 allele, i.e., the transition to the
reproductive phase cannot be repressed by vernalization.
The facultative habit has the allelic constitution vrn-2vrn-2/
vrn-1vrn-1 which means that the vrn-1 allele is not
repressed by vrn-2 (and thus the facultative growth habit
does not have any vernalization requirement), but it can
be repressed by other genes, e.g., by photoperiodically
activated TFs which cause that facultative habit is very
photoperiodically sensitive. Therefore, the facultative
growth habit remains in the vegetative phase unless
stimulated to flower by LDs. The winter habit has the
allelic constitution Vrn-2_/vrn-1vrn-1 which means that it
has a vernalization requirement to down-regulate the
expression of the Vrn-2 allele in order to de-repress the
vin-1 allele (Von Zitzewitz et al. 2005, Sziics et al.
2007).

The relationship between VRN-1 and VRN-2 genes is
epistatic, i.e., if a dominant Vrn-1 allele is present in the
genome, its presence results in a spring growth habit
regardless of the allelic constitution at the VRN-2 locus
(dominant epistasis of VRN-I over VRN-2). It has been
suggested by some authors (Loukoianov et al. 2005,
Trevaskis et al. 2006) that the dominant Vrn-1 allele
could act as a repressor of the dominant Vrn-2 alleles,
i.e., if a dominant Vrn-1 allele is present in the genome, it
could downregulate the expression of Vrn-2.

Most of the wild Triticeae belong to the winter
growth habit. It seems to be unlikely that a vernalization
requirement would have developed independently at the
same locus in all Triticeae. Thus, it could be proposed
that a winter growth habit and the recessive vrn-1 allele
are ancestral, and the dominant spring allele Vrn-I has
evolved independently as a loss-of-function allele (loss of
vernalization requirement) via mutations in its regulatory
sites — the promoter CArG box and the ‘vernalization
critical region’ in the first intron (Yan et al. 2003).

Table 1. The list of vernalization loci and their candidate genes characterised in barley (H. vulgare), in einkorn wheat

(T. monococcum) and common wheat (7. aestivum).

Species Locus

Gene - transcription factor

Location Reference

H. vulgare VRN-H1 (formerly Sh 2)

VRN-H?2 (formerly Sh)

HvBM5A4 — MADS-box SHL
ZCCT-Ha, ZCCT-Hb, ZCCT-Hc — zinc- 4HL

Von Zitzewitz et al. (2005)
Dubcovsky et al. (2005)

finger TF with CCT domain

VRN-H3 (formerly Sk 3)
VRN-A"1
VRN-A"2

T. monococcum

HvFT - orthologue of FT in A. thaliana  THS
TmAPI — MADS box
ZCCT-1, ZCCT-2 (zinc-finger and CCT TF) 5A™L

Yan et al. (2006)
Yan et al. (2003)
Yan et al. (2004b)

5A"L

T. aestivum VRN-AI (formerly VRNI)  WAPI- MADS-box SAL Murai et al. (2003)
VRN-B1 (formerly VRN2)  TaVRT-1- MADS-box SBL Danyluk et al. (2003)
VRN-D1 (formerly VRN3) 5DL

VRN-B3 (formerly VRN-B4) TaFT - orthologue of FT in A. thaliana  7TBS

Yan et al. (2006)
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Photoperiodically-responsive loci and genes involved in the transition to flowering

Certain developmental processes in plants are initiated
when the photoperiod (day-length) is either longer or
shorter than a certain day-length which is called “critical’.
The critical photoperiod is not the same in all cases — it
depends on the plant species and the developmental
process it regulates. According to the effects of the
photoperiod on the induction of flowering, plants can be
divided into three major groups: long-day (LD) plants,
short-day (SD) plants and neutral plants. LD plants
flower when the day-length is longer than a certain
critical photoperiod while SD plants flower when the
day-length is shorter than a critical photoperiod. Neutral
plants are photoperiodically insensitive, i.e., they flower
independently on the day-length. For photoperiod
sensing, phytochrome photo-receptors are crucial.

Cereals belonging to the tribe Triticeae are photo-
periodically-sensitive; the transition to flowering is
promoted by LDs. In barley, the major photoperiodically-
sensitive genes controlling the transition to flowering are
located at two Ppd (Photoperiod) loci, Ppd-HI and
Ppd-H2 (Laurie 1997). The Ppd-HI locus is found on
2HS and is a principal inducer of flowering under LDs
(Laurie et al. 1994, Karsai et al. 1997). The Ppd-H?2 locus
is found on 1HL and is a principal repressor of flowering
under SDs (Laurie er al. 1995). Previously, CO-like
(CONSTANS-like) genes, photoperiodically regulated
genes which control the transition to flowering in
Arabidopsis (Putterill et al. 1995), potato (Gonzélez-
Schain and Suarez-Lopez 2008) and many other plants,
have been proposed to be likely candidate genes for Ppd
loci. Nine CO-like genes, HvCOI to HvCO9, have been
identified in barley (Griffiths et al. 2003); however, they
are not located at the Ppd loci in the barley genome.

Later, Turner et al. (2005) have identified a ppd-H1
mutant of barley which exhibits a reduced photo-
periodical responsiveness, reduced expression of HvFTI,
and an altered circadian timing of CO expression. The
ppd-HI mutation is associated with a substitution of a
single conserved glycine residue to tryptophan in the
CCT domain of a PRR (PSEUDO-RESPONSE
REGULATOR) gene. PRR genes like CO genes are
involved in the timing of the internal circadian clock or
are involved in output pathways from the clock and both
gene families share the CCT domain. Apart from the
CCT domain, all PRR genes contain a pseudoreceiver
domain with similarities to bacterial two-component
signalling systems. It is well known from Arabidopsis
that PRR7 gene has a relatively strong influence on the
expression of FT (Nakamichi et al. 2005) which is the
major determinant of flowering in Arabidopsis. Thus the
PRR gene presents a promising candidate for the Ppd-H1
locus in barley. In common wheat, three homoeologous
Ppd loci named Ppd-Al, Ppd-Bl and Ppd-DI have been
identified on the short arms of homoeologous group 2
chromosomes. Recently, Beales et al (2007) have
reported a photoperiodically-insensitive mutant of
common wheat cv. Ciano 67 which carries a Ppd-Dla

allele that has a 2 kb deletion upstream of the coding
region of a PRR gene and is expressed under both LD and
SD regimes. Therefore, it enhances flowering irrespective
of the day-length, probably via a positive induction of
TaFTI (VRN-B3), a major positive regulator of VRN-I
expression, which is normally repressed under SD
conditions.

Recently, Faure et al. (2007) have proposed that
HvFT3 gene, which belongs to the HvFT family
(analogously as HvFT1, a candidate gene for VRN3 locus)
and which is involved in the regulation of flowering
under SDs, can be a candidate gene for the Ppd-H2 locus.
It is also very probable that other HVFT TFs (the family
of HvFT genes includes five members named HvFTI to
HvFT5 which encode proteins with a phosphatidyl-
ethanolamine binding domain) are involved in photo-
periodical regulation of the transition into flowering.

It has been demonstrated by many authors (Karsai
et al. 2005, Dubcovsky ef al. 2006) that the expression of
VRN genes is affected by photoperiod. Dubcovsky et al.
(2006) have found out that the expression of VRN-2 gene
is down-regulated by SDs. However, its down-regulation
does not result in the up-regulation of VRN-1 expression.
Thus, the authors have postulated the existence of at least
one other repressor of VRN-1. Kane et al. (2005) have
described the TaVRT-2 gene in wheat and its orthologue,
HvVRT-2 in barley, which is a MADS-box TF up-regu-
lated by SDs and down-regulated by LDs in barley

Table 2. List of the major Ppd loci (their candidate genes,
respectively) and photoperiodically regulated genes in barley
which participate in the regulation of transition into flowering.
In reference, *means discovery, **means mapping.

Locus  Gene Location Reference
Ppd-HI PRR 2HS Laurie et al. (1994)
Karsai et al. (1997)
Turner et al. (2005)
Ppd-H2 HvFT3  1HL Laurie et al. (1995)
Faure et al. (2007)
HvVRT-2 THS Kane et al. (2005)*

Sziics et al. (2006)**
HvCOI1-9 1H2H,5H,6H,7H  Griffiths et al. (2003)

cv. Dicktoo. They have recently proven (Kane et al.
2007) that TaVRT-2, also a MADS-box TF, can bind to
both the CArG box in the promoter of VRN-I and the
VRN-2 gene product. Thus, the model of VRN-I
regulation becomes more complex and it seems evident
that both vernalization and photoperiod affect the
repression (de-repression) of VRN-1, and thus transition
to flowering in many cultivars of wheat and barley. This
model can also explain the long-known fact that
facultative barley cultivars, which have a deletion in the
VRN2 locus, begin to flower significantly earlier under
LDs than under SDs (Table 2, Fig. 1). A very informative
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scheme of the relationships between individual
vernalization- and photoperiodically-regulated loci (their
candidate genes, respectively) in wheat and barley,

compared with the analogous relationships in rice and

Arabidopsis, has been published by Cockram et al.

(2007b).

The induction of frost tolerance: the phenomenon of cold acclimation

Plants growing in regions where regular long periods of
cold and/or frost during the year occur had adapted their
life cycle to these unfavourable growth conditions.
Annuals usually survive these periods as seeds, biennials
and perennials survive them in the vegetative phase when
their vegetative organs exhibit a sufficiently high level of
FrT.

FrT is defined as the ability of plants to survive the
impacts of frost (temperatures below zero) and is usually
determined as LTs, values (the lethal temperature when
50 % of samples die). FrT is often inducible in many
plant species including Triticeae; even very frost-tolerant
plants are susceptible to frost when they are suddenly
transferred from their optimum growth temperature to an
environment with temperatures below zero. The
distinction between frost-sensitive and frost-tolerant
plants lies in the fact that frost-tolerant plants can induce
a high level of FrT when exposed to a sufficiently long
period of low, but above-zero temperatures, whereas
frost-sensitive plants cannot. Non-acclimated rye, for
instance, is killed by freezing at about -5 °C, but after a
period of exposure to low nonfreezing temperatures the
same rye can survive freezing down to about -30 °C
(Thomashow 1999). Moreover, it usually takes quite a
long time to reach the maximum FrT in highly frost-
tolerant cultivars, e.g., the plants of the highly frost-
tolerant winter wheat Mironovskaya 808 reach the
maximum FrT after a 4-week LT treatment at 3 °C (Prasil
et al. 2004). This type of treatment, i.e., the impact of
low, above-zero temperatures on a plant, is called a
process of cold acclimation (CA).

Moreover, the plant’s ability to induce a sufficiently
high level of FrT is dependent on its developmental stage.
Species belonging to the tribe Triticeae are able to induce
a high level of FrT only when they are in the vegetative
phase of their individual development. The develop-
mental transition into the reproductive phase, indicated in
Triticeae by a double-ridge formation in the apical
meristem, is usually accompanied by a significant decline
in this ability (Fowler ez al. 1996, 2001).

During CA, many physiological and biochemical
changes in plant cells occur. They are aimed at the
compensation of the loss of water in cell cytoplasm
during LT treatment and at the avoidance of intracellular
freezing. The osmotic potential of cell cytoplasm
decreases due to the accumulation of osmotically active
molecules of compatible solutes such as sugars (glucose,
fructose, sucrose, mellibiose, raffinose, stachyose,
verbascose), sugar alcohols (mannitol, sorbitol, pinitol),
quaternary ammonium compounds (glycine betaine,
alanine betaine), polyamines (spermine, spermidine,
putrescine), and immino acid proline. In membranes, a
fraction of unsaturated fatty acids increases in order to
retain sufficient fluidity of the membranes and
transmembranaceous protein complexes (Sakai and
Larcher 1985, Guy 1990). Moreover, many cold-specific
proteins are synthesized. These proteins can act either as
enzymes — scavenging reactive oxygen species (ROS)
which are produced in relatively high amounts under
cold, synthesizing molecules of compatible solutes or
unsaturated fatty acids, or they can have structural
(protective) functions, i.e., can act as chaperones to
prevent other proteins and endomembranaceous
structures from unfavourable structural changes. One
important group of these structural proteins are
COR/LEA (cold-regulated/late embryogenesis abundant)
proteins which accumulate in both cell cytoplasm and
nucleus under the conditions associated with cellular
dehydration — environmental stress conditions (drought,
enhanced salinity, enhanced evaporation, cold, frost) and
the physiological conditions of embryo maturation and
desiccation in the late stages of embryogenesis (hence the
name LEA proteins).

As a consequence of the biochemical changes
described above, the process of CA has increased
demands on plant energetic metabolism. Therefore, the
Triticeae are generally able to induce higher FrT levels
under LD than under SD conditions when they are in the
vegetative phase, since they can synthesize more
assimilates under these conditions (Limin ef al. 2007).

Cold-induced COR/LEA proteins, CBF genes and loci for frost-resistance (Fr loci)

COR/LEA proteins are a large group of important
structural proteins that accumulate during cellular
dehydration. They are usually highly hydrophilic and can
protect other proteins and / or membranaceous structures
against the loss of their hydration envelopes. The loss of
water is associated with unfavourable structural and
functional changes of the biomolecules. LEA proteins are
usually divided into three major sub-groups based on
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their unique sequence characteristics (Ingram and Bartels
1996, Cattivelli et al. 2002). LEA I sub-group includes
glycine-rich, highly hydrophilic proteins which contain
one to four copies of a conserved 20 aa motif which
consists of an N-terminal (GETWPGGTGGK) and a
C-terminal (EGIDIDESKF) consensus sequences. LEA 11
sub-group which is also called LEA D11 and whose
members are named dehydrins includes all proteins with



at least one copy of a lysine-rich sequence, the
K-segment (consensus sequence EKKGIMDKIKEKLPG)
which is the major antigen determinant of dehydrins
(Close et al. 1993) and which can form a class A2
amphipathic o-helix under conditions of reduced
hydration (Close 1996, 1997). LEA III sub-group is
characterised by the presence of a tandem repeat of an 11
aa sequence (consensus @OE/Qx®PKE/QK®XE/D/Q
where @ represents a hydrophobic aa), which can form an
amphipathic a-helix (Dure 1993).

In wheat and barley, the cold-induced Lea genes
include many Lea II genes — dehydrins; in barley, the
induction by cold has been described for Din5 (K, type)
and Dhné (acidic SK; type) (Choi et al. 1999); in
common wheat, the induction by cold has been described
for Wesi20 gene family including Wes200, Wesli80,
Wes66, Wesl120, Weor825 and Weor726 genes (all K,
type; for review, see Sarhan et al. 1997), acidic SK;-type
Wcor410 gene family including Wcord10a, Wcordl0b
and Wcor410c genes (Danyluk et al. 1994; 1998); small
Ky-type dehydrin Wdhni3 (Ohno et al. 2003), etc. From
Lea III sub-group, induction by cold has been described
for chloroplast-located Wesi9, Weorl4a,b and Weorl5 in
wheat and Cor/4b in barley and for many other Cor and
Rab genes. Some of the cold-induced Cor/Lea genes can
be regarded as markers of FrT, ie., their amounts
accumulated under cold correspond quantitatively with
the level of FrT in different cultivars of wheat and barley
(e.g., the WCSI120 proteins in wheat — Houde et al.
1992b, Vitamvas et al. 2007, DHNS protein in barley —
Kosova et al. 2008, Cori4b in barley and wheat —
Crosatti et al. 1995, Vagujfalvi et al. 2000; for review on
the roles of dehydrins upon cold, see Kosova et al. 2007).
A positive effect of the expression of some wheat
Cor/Lea genes on the enhancement of FrT has also been
proven by studies using transgenic techniques (e.g.,
NDong et al. 2002, Shimamura et al. 2006).

The expression of Cor/Lea genes is regulated by
several regulatory pathways which can be basically
divided into ABA-dependent and ABA-independent
(Table 3). The Cor/Lea genes whose expression is
predominantly regulated by ABA contain several ABRE
regulatory elements in their promoter regions which serve
as a binding site for bZIP TFs. The ABRE clements
possess two fragments: TACGTCC (the G-box) and
GGCCGCG (GC-motif) (Thomashow 1999, Allagulova
et al. 2003, Yamaguchi-Shinozaki and Shinozaki 2005).

One of the most important ABA-independent
regulatory pathways is the CBF pathway. In Arabidopsis,
four CBF TFs (CBF1 - CBF4) have been identified; three
of them (CBFI/DREBIB, CBF2/DREBIC and
CBF3/DREBIA) are cold-induced and tandemly arranged
on chromosome 4 while CBF4/DREBID is drought-
induced. The CBF TFs bind to CRT/DRE/LTRE
regulatory elements in promoter regions of their effector
genes (e.g., many Cor/Lea genes). The CRT/DRE/LTRE
elements contain a characteristic sequence GCCGAC
which serves as a binding site for the AP2 domain of the
CBF TF (Yamaguchi-Shinozaki and Shinozaki 2005).

VERNALIZATION AND FROST TOLERANCE

The expression of CBF TFs in Arabidopsis is controlled
partly by /CEI TF (inducer of CBF expression 1; TF with
bHLH DNA-binding domain) which binds to MYC
elements in the promoter regions of the CBF genes
(Chinnusamy et al. 2003); by ICEI, the expression of
CBF3 gene is predominantly regulated while CBFI and
CBF?2 genes are influenced only very slightly. In addition
to ICE1, it has been shown by Vogel ef al. (2005) that
ZATI2 regulates the expression of CBF genes in
A. thaliana. Recently, one AtICE] homologue and two
AtZATI12 homologues have been identified in barley by
Skinner et al. (2006) by BLAST search of EST sequences.
Zarka et al. (2003