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Keywords Abstract

acclimation; anthesis; Cbf gene; frost

tolerance; supercooling; wheat Occasionally, wheat can be exposed to overnight freezing temperatures whilst it is

in the early reproductive stage and considerable frost damage can occur. In the
vegetative stage, full expression of frost tolerance genes can be gained when plants
are exposed to acclimation temperatures (4 °C). Paradoxically, wheat during
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flowering has limited or no ability to effectively acclimate or re-acclimate and it
demonstrates frost sensitivity during this stage. Using a combined approach
involving infrared thermography and molecular analysis, the causes and effects of
frost-induced damage to wheat during ear emergence were investigated. It was
demonstrated that frost damage only occurs to wheat ears if the temperature falls
below —5 °C but some ears, and some spikelets on frozen ears do not freeze but
supercool and escape freezing. In whole plant freezing experiments, spikelets
showed both complete and partial sterility upon maturation and this was linked
to parallel infrared observation of detached ears showing full or partial freezing
of spikelets. It was hypothesised that wherever spikelet freezing occurred the
spikelet was sterile and grain production per ear was drastically reduced, and in
contrary, spikelet survival was as a result of supercooling. Molecular analysis of
the upregulation of Cbf14 showed that as ear emergence progressed the ability to
induce Cbf14 decreased but at early stages of ear emergence Cbf14 was able to be
induced by exposure to acclimating temperatures (4 °C). The hypothesis that the
lack of the ear to acclimate is because of the incapability to induce the CBF tran-
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scription factor was only partially upheld in this investigation. Further work is
needed to elucidate more precisely the molecular incompetency for the acclima-
tion of wheat during ear emergence.

barley area, respectively) when cereals crops were in the late

Introduction flowering to early dough stage, and average frost damage

In Australia particularly and in other regions of the world
such as subtropical zones, the Mediterranean and continen-
tal climatic zones wheat and other temperate grain crops
can be exposed to freezing during or after ear emergence
and huge loss of yield can occur (Fuller et al. 2007,
2009, Chen et al. 2009, Thakur et al. 2010). During these
late developmental stages, both male and female reproduc-
tive organs appear to be frost sensitive and frost damage
reduces grain set and thereby yield (Thakur et al. 2010). In
Iraq, during the crop season 1979/1980, frosty weather pre-
vailed in the northern parts (Nineveh governorate, which
accounts for 50 % and 25 % of the country’s wheat and
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recorded was 50 %. Grain yield was lost owing to damage
to whole or parts of ears when they failed to develop fur-
ther and took on a bleached appearance (Tarik 1981). In
southern Queensland, Australia, frost damage losses to
wheat crops during flowering are estimated to cost the
Australian grain industry A$100 million per year (Tshew-
ang et al. 2010). In China, Zhong et al. (2008) reported
that the probability of frost damage to wheat was nearly
40 % in the 1970s, rising about 50 % in 1980s and 78 %
in 1990s and damage occured when low temperatures
coincided with sensitive late plant growth stages. Whilst
crop damage at this time can be caused by decreased
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photosynthesis, leaf death or stem damage, it is apparent
that ear or spikelet death is responsible for most of the
recorded losses (Zhong et al. 2008).

Wheat in the vegetative stage is tolerant of freezing and
this tolerance is determined by a complex interaction
between physical and biochemical factors that are depen-
dent on both genotype and environmental stimuli leading
to acclimation induced by low non-freezing temperatures
(Thomashow et al. 2001). Cold acclimation is regulated by
the Cbf (C-repeat Binding Factor) regulon, which been dis-
covered through the investigations of cold-regulated genes
in Arabidopsis (Fowler et al. 2007). Cbf upregulation is
considered to be the first indicator of whether acclimation
is being induced by exposure to low temperature (Zarka
et al. 2003, Thomashow 2010). The induction of Cbf genes
starts within 15 min of exposure to low temperature
(around 4 °C) and triggers a cascade of upregulation of
target cold genes (e.g. Corl5) after about 2-3 h (Thoma-
show 2010). Full expression of frost tolerance genes occurs
in the vegetative stage and wheat plants in the vegetative
stage can re-acclimate after exposure to warm temperature
and de-acclimation (Paulsen and Heyne 1983, Cromey
et al. 1998). In contrast in the reproductive stage, wheat
has been reported to have limited or no ability to re-accli-
mate (Mahfoozi et al. 2001) and Cbf and Cor gene expres-
sion is assumed to be reduced after vegetative/reproductive
transition (Fowler et al. 1999, Mahfoozi et al. 2001, Limin
and Fowler 2006). There is very little detailed information
in the literature on the frost characteristics of wheat during
ear emergence but supercooling ability and thereby frost
avoidance has been observed both in frost tests and in the
field (Fuller et al. 2007, 2009a). It can be hypothesised that
the frost damage that occurs during late development
stages in wheat is owing to the failure of the upregulation
of Cbf following exposure to normally inductive low tem-
perature but such studies have not been reported to date.
The work reported here is a result of an investigation of the
expression of Cbf 14, which showed the highest transcript
levels upon transfer wheat plants to low temperatures
(Vagujfalvi et al. 2005) during and after flowering and the
characterisation of the ice nucleation behaviour in wheat
ears using infrared thermography.

Materials and Methods

Plant materials

Three experiments were carried out to characterise and
analyse the frost hardiness expression of wheat during flow-
ering. A European winter cultivar (cv. Claire) with moder-
ate un-acclimated frost tolerance (LT50 of approximately
—5 °C) and a reasonable capacity for acclimation (LT50 of
approximately —9 °C) (Fuller et al. 2007) was used.
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All experiments were carried out at Plymouth University,
United Kingdom during 2008, 2009 and 2010. In the first
experiment, detached ears were used in a frost chamber,
which enabled the monitoring of individual ears and a con-
trolled thermal regime, which is impossible in the field.
The other experiments were non-destructive and used
whole plants that were followed through to yield. Plants
were either collected from a field crop or grown in large
square containers (30 x 30 cm X 25 c¢cm deep) buried into
the ground in a raised bed. All plants were grown at a

population density equivalent to 200 plants per m™ 2.

Experiment 1 — frost resistance of ears of winter wheat

Ears of wheat were collected from the field on two occasions
at two growth stages; A — Ear 7/8th emerged (Z59) and C —
anthesis (Z65) (Zadoks et al. 1974) in the early morning
when all plant tissues were fully turgid during early June
2008 when the temperature was higher than the cold accli-
mation threshold (circa 19 °C) according to weather data
recorded at the Plymouth University weather station. The
cut stems were immediately sealed with Vaseline (petroleum
jelly) and placed into an insulated chilled plastic box con-
taining ice packs and transferred within 1 h to a refrigerator
at 4 °C in the dark and stored until frost tested in the after-
noon of the same day. Thirty ears were arranged onto a tray
(Plate 1a) and were frozen in a dry condition to 0, —2, —4,
—6 and —8 °C with a 2 h hold at each temperature in an
M533 Sanyo programmable cabinet. A further 10 ears were
maintained as controls and kept in the refrigerator at 4 °C.
During freezing, the tray of ears was observed using an infra-
red thermal imaging camera (Inframetrics 760) to visualise
the spontaneous ice nucleation and subsequent freezing/
supercooling patterns. Images were recorded in real time on
videotape and later analysed using Thermagram™ software
(Thermotechniks Systems Ltd, Cambridge, UK) which
enabled temperature tracking of the background tempera-
ture (confirmed visually using a cross-hair point see Plate 1)
and individual spikelets on ears. Ice nucleation was detected
visually by the sudden colour change of a point on a spikelet
from blue to light blue/white which then quickly spread.
Subsequently, freezing was confirmed by subtracting the
background temperature from the spikelet temperature
(delta °C) to give an exotherm trace (Fig. 1). The experi-
ment was repeated three times. Data derived from this
experiment included the percentage of ears that froze/
supercooled, the temperature of freezing and the level of
frost damage as estimated by a relative electrical conductiv-
ity (REC) (Aronsson 1980, Levitt 1980, Fuller et al. 1989).

Experiment 2 — non-destructive estimate of damage to ears of
wheat caused by low temperature and freezing

Thirty-six pots of wheat were allocated at random into three
groups in the summer of 2009 when the environmental
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Delta temperature

120

Minutes

Fig. 1 Typical spikelet exotherm trace derived from infrared thermo-
graphy using Thermagram™ software. (Delta Temperature = spikelet
temperature — background temperature, ice nucleation began at —5 °C).

condition was favourable for growth. The groups were allo-
cated to represent the following three growth stages (12 pots
per Zadoks GS):
A: (Z51-Z60) from 10 % of spikes visible (ear peep) to
whole spike visible,
B: (Z61-769) from early 20 % spike with anthers to late
90 % spikes with anthers
C: (Z70.2-7279) from Kernels middle spike extended
20 % to: very late milk, half solid in milk.

When the majority of plants reached the allocated
growth stage, the pots were lifted from the raised bed and
re-allocated to one of four treatments (T1-T4) (three pots
each)
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Plate 1 (a) Layout of 30 wheat ears (replicate
1 of 3) frozen to —6 °C. (b) Infrared image of
the same ears 15 minutes after reaching

—5 °C showing exothermic ice nucleation
events (lighter patches — arrowed). Crosshair
(CRS) shows background temperature and
bottom scale shows a 10 °C span from +1 to
—9 °C. (¢) Infrared image 30 minutes later
than B showing ears with the exothermic
events spreading widely throughout ears but
with some spikelets not showing exotherms.
(d) Infrared image 1 hour 15 minutes later
than C showing some ears still showing
exothermic events but 3 ears (arrowed, 10%
of sample) which have supercooled.

T1: kept in the field (control — non-acclimated and
non-frozen).

T2: transferred directly to the frost chamber (non-accli-
mated) and exposed to the following freezing regime.

1 °Cfor1h,0°C for 2h, —2°C for 2 h, —4 °C for
2 h, —6 °C for 2 h and then defrosted at 1 °C for 1 h.

T3: transferred to the acclimation chamber at 4 °C
and 8 h light (177 umol m 2 s™') for 14 days and
then returned back to the field (acclimated but not
frozen).

T4: transferred to the acclimation chamber and then
frost tested in the frost chamber (acclimated and frozen)
using the same freezing regime which applied to T2.

All pots were then returned to the raised bed, reburied
and left to grow on until maturity. Ears were then col-
lected and for each individual ear, spikelets were counted,
the ear threshed and the number of grains counted. The
mean number of grains per spikelet was then calculated to
get the fertility ratio or spikelet fertility (Scott and Langer
1977).

Experiment 3 — molecular analysis for Cbf expression of wheat
during ear emergence

The expression of Cbf14 because of acclimation was investi-
gated in both young vegetative plants and in field grown
plants during ear emergence. For the vegetative assessment,
seeds were sown in seed trays and plants were raised to the
4-5 leaf stage (ZGS14 — 15). Trays were randomly divided
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into two groups: unacclimated at 20 °C and acclimated at
4 °C and trays were transferred to the respective controlled
environment rooms. Vegetative samples (leaves and
pseudostem) were then collected after 0, 8, 24 h and
14 days and immediately transferred to —80 °C for subse-
quent mRNA extraction. For the ear emergence assessment,
the experimental set-up described in Experiment 2 was re-
established in 2009/2010 and ear and flag leaf samples for
molecular analysis were collected from plants grown from
two of the growth stages (GSA and GSB) exposed to either
20 (unacclimated) or 4 °C (acclimated). Pots at each of the
ear emergence growth stages were lifted from the raised
bed and transferred to the respective controlled environ-
ments. Samples were then collected after 0, 8, 24 h and
14 days and immediately transferred to —80 °C for
subsequent mRNA extraction.

Molecular analysis

Frozen ears/leaves (100 mg + 10) were ground in liquid
nitrogen with a mortar and pestle. The total RNA was
isolated using Sigma reagents (spectrum plant total
RNA kit, Cat # STRN50; Sigma-Aldrich (Sigma-Aldrich,
Dorset, UK)) according to manufacturer’s instructions.
Extracted RNA was quantified with a Nanodrop 1000 to
estimate concentration and then stored at —80 °C. The
first strand cDNA was obtained by using M-MLV Reverse
Transcriptase (M1302: Sigma-Aldrich) in 20 ul volume
on RNA isolated from either leaves or ears.

Forward and reverse PCR primers were designed for the
Cbf14 gene that has previously been shown to give the
highest transcript levels within 15 min (Vagujfalvi et al.
2005). Primers for the gene were designed with wheat gene
sequences obtained from Blast software and forward
primer Cbfi4-Int-F 5-CCGTTCAGCACCGCCAAGGC-3’
and reverse primer Cbfl4-Int-R 5'-CCATGCCGCCAAAC-
CAGTGC-3' obtained from Eurofins MWG. cDNA was
used as a template for the PCR detection system. The
master mix consisted of 1 ul Red-Tag, 2.5 ul Red-Taq
buffer, and 0.5 pl forward and reverse primers, 0.5 ul
dNTPs and 18 pl M.H,O and was added to 2 ul cDNA to
make a final volume of 25 ul. The reaction mixture for
each sample was run under the following thermal cycle:
initial denaturation at 94 °C for 2 min once followed by
40 cycles of (denaturation at 94 °C for 30 s, annealing at
60 °C for 30 s, extension at 72 °C for 30 s) and a final
extension at 72 °C for 5 min and then held at 4 °C. A gel
of 2 % agarose was prepared and SYBR safe dye was used
to stain the DNA. The gel was run at 90 V until the brom-
ophenol blue running dye front was about 3/4 through
the gel (approximately 1 h). The tray with the agarose gel
was carefully removed and examined under UV light in a
transilluminator and later analysed using gel imaging
software.
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Results

Experiment 1 — frost resistance of ears of winter wheat

Infrared thermography revealed that the actual tempera-
ture of the ears lagged behind the set point of the freezing
chamber by approximately 1.0 °C. Ice nucleation did not
occur during the 2 hour hold times at set points of —2
nor at —4 °C. Ice nucleation began after 15 min exposure
to the —6 °C set point when ears fell to a temperature of
—5.0 °C and nucleation occurred at random positions on
the ear (Plate 1). The intensity of an exotherm was seen to
give a bright light blue image and individual spikelets on
an ear were clearly visible as freezing spread between spik-
elets until the whole ear was frozen (Plate 1). Most ears
were fully frozen 45-60 min after ice nucleation and by
120 min the heat of crystallisation had begun to dissipate
and the ears started to become isothermal and the colour
returned to the darker blue/purple of the background. It
was noticeable that 1015 % of ears in each replicate did
not show any ice nucleation and had supercooled (e.g.
Plate 1D shows 3 supercooled ears (10 % of those
tested)).

The observation by infrared thermography which
showed that ears did not freeze at the —2 or —4 °C treat-
ments and only began freezing when the temperature fell
below —5 °C was supported by the REC %’s which showed
that no damage occurred at —2 or —4 °C (Fig. 2). At —6
and —8 °C, only those ears that were identified to exo-
therm and freeze showed an increase in REC %, indicating
frost damage, whereas those that had supercooled had
REC %’s which were not significantly differ from the
unfrozen controls. This pattern was similar for both growth
stages studied (a,b).

Experiment 2 — non-destructive estimate damage to ears
of wheat caused by low temperature and freezing

The non-acclimated/unfrozen control (T1) showed a fertil-
ity ratio of around 2.5 grains per spikelet equating to
approximately 50 grains per ear, which is typical for Euro-
pean winter wheat (Scott and Langer 1977) (Fig. 3). Expo-
sure to acclimation (4 °C and 8 h light) for 14 days during
flowering (T3) had a slight negative on fertility ratio, which
was most noticeable at GSB when the plants were closest to
anthesis, and the mean ambient temperature prior to
acclimation was around 13 °C.

When the plants were exposed to subzero treatment (T2
and T4), then fertility was drastically reduced indicating a
big effect of freezing. However, fertility was not reduced to
zero and observations during threshing showed that ears
contained mostly spikelets with zero grains but with a few
fully fertile spikelets (Fig. 3; Plate 2). These observations
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Fig. 2 Relative electrical conductivity (REC %) of groups of ears of
winter wheat at two growth stages (a: Zadoks 59, b: Zadoks 69);
unfrozen (control); supercooled and frozen.
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Fig. 3 The effect of temperature on fertility ratio (grains/spikelet) of
wheat cv. Claire at three growth stages during ear emergence (see text
for detail) exposed to four temperature treatments (T1 control; T2
frozen (=6 °C); T3 acclimated but not frozen; T4 acclimated and frozen
(=6 °Q)). Error bars are £S.E. (sample sizes vary from n = 29-88).

suggest that the frost damage was not distributed evenly

across the ear and that some spikelets appeared to escape
frost damage completely.

70

The results showed that the acclimation process only had
a small positive effect within each growth stage with the
acclimated and frozen treatment (T4) showing slightly
higher fertility ratio than their non-acclimated and frozen
equivalents (T2).

Experiment 3 — Cbf expression in wheat during ear
emergence

Cbf14 expression was clearly increased during acclimation
of vegetative plants (Fig. 4) and was highly expressed after
8 and 24 h and then decreased but was still detectable after
14 days acclimation an expression pattern reported exten-
sively in the literature. There was no CbfI4 expression in
non-acclimated plants.

After reproductive transition the results clearly showed
that Cbfi4 was not expressed in unacclimated plants but
did show some expression in both flag leaves and ears espe-
cially at the earlier growth stage A (Z51-Z59) but with
much less expression at growth stage B (Z60-Z69). The
highest expression was found after 8 h exposure to LT in
growth stage A and then decreased after 24 h. In growth
stage B, the Cbf14 seemed to be only expressed after 24 h of
acclimation and then disappeared by 14 days (Fig. 5).

Discussion

Wheat plants are inherently tolerant to a degree of expo-
sure to subzero temperature and Fuller et al. (2007)
showed that unacclimated wheat cv. Claire tolerated down
to —5 °C without freezing damage and this tolerance can
be further improved in vegetative plants by acclimation.
However, as soon as the vernalisation requirements (cold
induction days to flowering) are fulfilled and reproductive
transition occurs, wheat becomes susceptible to the loss of
cold hardiness (de-acclimation) as temperatures rise and
plants appear to lose their capability to re-acclimate (Fow-
ler et al. 1996, Mahfoozi et al. 2001, Prasil et al. 2004, Ful-
ler et al. 2007). Although wheat varieties differ in their
ability to survive low temperature in the vegetative form,
all varieties appear to become relatively susceptible to frost
after vegetative/reproductive transition and after full
de-acclimation at the end of the winter. The results here
also confirmed those of Fuller et al. (2007, 2009) in that
not all ears that are exposed to subzero temperatures actu-
ally freeze but some are able to supercool and remain
undamaged by the freezing temperatures. The infrared
observations of wheat ears during freezing also showed that
of the ears that do freeze not all freeze at the same time and
freezing does not always spread to all of the spikelets on an
ear. This finding helps to explain the observations of non-
destructive tests and those reported from field observa-
tions, which show extensive but not complete spikelet
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Plate 2 Plate spikes of winter wheat at maturity following exposure to various temperature treatments showing fertile (with grains) and sterile (no

grains) spikelets.

sterility caused by freezing exposure. Initial ice nucleation
of an ear occurred at various locations and there was no
distinct pattern to this. It is thought that this is not atypical
because a similar finding has been observed by infrared
imaging during freezing in the field (Fredericks pers.com).
The reason for the initial random ice nucleation is not
known but dew formation may provide possible ice nucle-
ation sites and it is possible that overnight a spikelet may
guttate and the droplet of water may form a site for ice
nucleation from which ice spreads back into the ear itself.
In the field in Australia where ear frost damage is acute,
there is relatively little incidence of dew formation during
ear emergence because the atmosphere has a very low
RH % and in such situations external ice nucleation may
be less likely and supercooling more likely. Infrared ther-
mography showed that the spread of ice along ears from
the site of initial nucleation often proceeded in an erratic
manner suggesting that there are barriers or restrictions to
ice travel within the ear and it is likely that these are at the
nodal regions at the point of attachment of the spikelets to
the rachis, this was also noted by Pearce (2001). Ice may

Ladder

Fig. 4 CBF14 expression during vegetative
stage after 0, 8, 24 h and 14 days exposing to CBF
LT.
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well not spread into some spikelets at all and these there-
fore supercool and are undamaged. Also independent ice
nucleation events may appear at secondary locations in the
ear. Notwithstanding the irregular pattern of ice nucleation
and ice spread, it was evident that only ears that had actu-
ally frozen showed frost damage as measured by REC %
and supercooled ears showed no frost damage. The
REC %’s measured were, however, low (15-20 %) com-
pared with those recorded in many other frost hardiness
experiments where significant cellular frost damage is indi-
cated by REC %’s of 75-90 % (Fuller et al. 1989). This
suggests that in the ear freezing experiments the actual cell
damage caused by freezing was not that extensive. How-
ever, the results of the non-destructive experiments showed
that in terms of spikelet fertility there was frequently total
loss of fertility at these temperatures. Fuller et al. (2007)
also observed this and it is proposed that cellular frost
damage does not need to be extensive but if it affects criti-
cal reproductive organs then the net effect is sterility, which
is catastrophic for yield. It appears therefore that the likeli-
hood of damage to ears of wheat from a transient frost will

Non-acclimated plants (NA) Acclimated plants (CA)

Oh 8h

2ah ladays 8h 24h 14days
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Fig. 5 CBF14 expression in winter wheat at two growth stages (a, b) during ear emergence in acclimated and non-acclimated plants (NA & a) after

0, 8,24 h and 14 days.

depend on the depth of freezing and whether the tempera-
ture falls below —5 °C when the risk of ice nucleation
increases significantly. Also the duration of freezing below
—5 °C is important as it will increase the likelihood of ice
nucleation events occurring and the subsequent spread of
ice throughout the ear. It is acknowledged that the
two parts of this study are tied together rather specula-
tively because one of the limitations of using REC %’s
for detecting frost damage is that it is a destructive tech-
nique and it is not possible to follow individual ears
temporally to seed set. Extensive use of infrared thermo-
graphy may be able to overcome this speculation in future
experimentation.

From the findings of this study, supercooling of wheat
ears appears to be a realistic mechanism for wheat to escape
damage from transient frosts. At present, nothing is known
as to whether or not there is any genetic variation associ-
ated with supercooling ability or whether it is a totally ran-
dom stochastic event. It is not therefore known whether
plant breeding could select for a propensity to supercool in
wheat. However, the manipulation of supercooling presents
itself as a potential target for abiotic frost protection of
wheat during ear emergence. This has been demonstrated
for high-value fruit and vegetable crops (Wisniewski et al.
2002, Fuller et al. 2003, Gusta et al. 2009) but the lower
value of wheat coupled with the extensive acreages over
which it is grown means that solutions need to be inexpen-
sive and easily applied.

Mahfoozi et al. (2001) and Fowler et al. (2007) have sug-
gested that once the vernalisation requirement has been
fulfilled in wheat, the expression of genes for cold acclima-
tion are switched off, claiming that genes for vernalisation
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are the master switch for cold acclimation genes and wheat
would only be able to resist frost to its constitutive frost
resistance level, which appears to be around —5 °C. Fuller
et al. (2007, 2009a,b) also proposed that acclimation can-
not be triggered in wheat plants at the ear emergence stage
and the plant is insensitive to acclimation temperatures.
This is largely upheld in this study although there is limited
evidence of acclimation in flag leaves but not in ears them-
selves (Fig. 3). The molecular analysis (Cbf14 upregulation)
partially upholds this hypothesis. As ear emergence pro-
gressed, the ability to upregulate CbfI4 declined but at an
early stage of ear emergence Cbf14 could still be upregulat-
ed. As the early ear emergence stage is several months after
vernalisation is fulfilled, it is unlikely that vernalisation
provides the ‘Master switch’ for acclimation gene regula-
tion via Cbf control. However, despite the cold-induced
upregulation of CbfI4 at early ear emergence, acclimation
did not occur suggesting that the control of frost resistance
by vernalisation is either downstream of the Cbf transcrip-
tion factor or on a different path to that in which Cbf14
operates. The most highly induced genes during acclima-
tion are COR, KIN, RD, LTI and ERD (Thomashow 1998)
and some of these genes act directly to stimulate the pro-
duction of cryoprotective polypeptides (COR15a), but gen-
erally the proteins encoded by these genes are extremely
hydrophilic, and they could be members of the dehydrins
(Close 1997) or LEA (Wise and Tunnacliffe 2004) protein
families (Fowler et al. 2007). It is possible that despite Cbf
induction its regulon is not induced. Further work is still
necessary to determine the exact point of breakdown of
gene upregulation for acclimation during ear emergence in
wheat.
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Conclusion

Wheat was unable to cold acclimate effectively during ear
emergence but some ears can supercool and escape freez-
ing. Frozen ears did not always freeze uniformly and some
spikelets on a frozen ear could escape freezing and damage.
The irregular spread of ice through the spikes indicated
that ice spread is a complex physical process, which can be
slowed down or temporarily stopped at complex nodal
junctions in the rachis. CbfI4 can still be upregulated by
acclimating temperatures early stages of ear emergences
but less so at later stages. The lack of ability of ears to
acclimate therefore appears to be a combination of either a
lack of inducible Cbf and/or downstream Cbf regulon
induction.
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