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Summary

Cold tolerance is the most basic requirement for winter cereals on the prairies and considerable research efforts have
been made throughout western Canada to improve cultivars and the production system. Upstream of this research is
the underlying mechanism of cold tolerance including: how cell membranes deal with cold and freezing temperatures,
the plants’ genetic response to cold temperatures, and the adaptation of photosynthesis to low temperatures. Early,
shallow planting of winter cereals optimizes the plant’s ability to maintain photosynthesis and produce the building
blocks for plant establishment and acclimation, ensuring the maximum cold tolerance potential of the cultivar is
reached.

Introduction

Cold tolerance is the most basic requirement for winter
cereals on the prairies. Simply put, if the seedlings
established in the fall are not sufficiently cold tolerant
they will not survive the winter. An extensive amount
of work has been completed throughout western
Canada to improve winter cereal cultivars, but the most
important research in winter cereals has been on the
production system. Improvement of the winter cereals
production system has led to optimization of the
growing environment for the plants, improving their
acclimation conditions, ensuring the plants are
sufficiently established and have the resources to
survive the winter, and limiting their exposure to lethal
freezing temperatures. This review of cold tolerance
will consider the basics of how cold affects plant cells
and the plant itself. Current testing methods and
research on cold tolerance will be discussed and related
to the way winter cereals are managed in the field.

Basics of cold tolerance in the plant cell

The majority of the freezing stress on a plant cell
results from ice development in the region outside of
the cell membrane known as the apoplast1. Formation
of ice outside of the cell membrane reduces liquid
water outside the cell creating a negative water balance
or water potential. This negative water potential means
that the cell must respond through moving water out of
the cell to re-establish the proper water balance. The
loss of free cellular water to ice leads to dehydration
and in order to maintain turgor pressure, changes in the
cell membrane are required1. There are several ways
this can occur. In some cases, non-cold adapted cells
contract to reduce cell surface area by forming
endocytotic vesicles (absorption of outer membrane
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into the cell) (Figure 1). In cold adapted cells,
exocytotic extrusions (Figure 1) are produced with no
reduction of the cell surface size2. Exocytotic
extrusions are finger-like sections of the membrane that
protrude from the cell surface and give the cell a
jagged-like appearance.
If thawing of the ice outside the cell occurs, the result
is a change in water balance leading to an influx of
water into the cell. Since the process of cell membrane
expansion is slower than water balance adjustment, the
cells that have undergone endocytotic vesicle
formation can do very little to prevent swelling, which
leads to the cell rupture and death (Figure 1)2. In noncold adapted plants, this type of cell death occurs 30%
and greater than 40% in oats and rye, respectively3.
Survival of cold adapted plant cells is associated with
the formation of exocytotic extrusions that are
responsive to osmosis (no membrane apposition)
(Figure 1). Since the membrane size remains the same,
upon thawing it is able to expand without lysis (rupture
of the cell membrane) occurring.
In cells that are exposed to severe dehydration through
freezing, cellular membranes and membranes of
cellular organelles (chloroplast and mitochondria)
come in close proximity or apposition with each other
leading to the membrane components interacting. The
formation of membrane structures called inverted
micellar intermediates, which lead to the development
of interlamellar attachments and hexagonal II phase
structures (Figure 1), compromise the integrity of the
membranes in the cell and cause the cell to be no
longer responsive to osmosis (water flow back into the
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cell)4. If the freezing stress has caused extreme
dehydration, the end result of these membrane
interactions is cell death, even in cells that are cold
acclimated.
The ability of the cell to become cold tolerant and
perform adaptive changes in membrane structure does
not occur rapidly. To reach maximum cold tolerance,
cells must acclimate slowly under cool, above freezing
temperatures over a number of weeks. Acclimation of
the plant cell involves many diverse processes
including cell membrane alterations, adjustment in cell
metabolism to maintain photosynthetic capacity,
increasing cell concentrations of solutes like sugars,
and up-regulating proteins that are involved in a
number cold adaptive cell processes5. All of these
processes combine to increase and maintain the cold
tolerance in the individual cells and the whole plant.
Cold acclimation of cell membranes has been shown to
be associated with a change in membrane lipid
composition. In response to cold temperatures, it has
been shown that wheat and rye chloroplast membranes
alter the ratios of structural lipids called
glyceroglycolipids from monogalactosyldiglyceride to
digalactosyldiglyceride. This change is associated with
improved cold tolerance6,7. The change from
monogalactosyldiglyceride to digalactosyldiglyceride
results in the desaturation of the membrane, which
limits the development of hexagonal phase II
complexes through improved ability to bind to water
molecules that reduces effects of dehydration6. As a
result, lower freezing temperatures are required to
remove the water that is bound to the membrane to
induce these cell membrane compromising complexes
(Figure 1).
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Increased sugar content in cereals is associated with
increased cold tolerance. A comparison of winter and
spring wheat varieties found that during a four week
acclimation period, the more cold tolerant variety
accumulated the most sugars and the less cold tolerant
spring wheat line accumulated lower amounts of
sugars8. After one week of acclimation, all varieties
showed large increases in mono- and disaccarides
(glucose, fructose and sucrose). After two weeks, the
levels of these sugars continued to increase in the cold
tolerant winter wheat lines and levelled off in the
tender spring wheat line. Furthermore, polysaccharide
concentration (raffinose and fructans) continued to
increase in the most cold tolerant winter wheat line. To
add to this common trend, a gene expression study
examining the effects of cold acclimation over a two
week period found that a specific gene (galactinol
synthase) related to polysaccharide development had
sustained upregulation in the winter wheat variety
compared to the spring wheat variety after two hours of
acclimation9. Finally, Fowler et al. (1981) examined
36 wheat varieties and found that total sugars, as well
as simple sugars (glucose and fructose) were all
correlated to LT50 and field survival index (FSI). The
strong correlation indicated the importance of sugars
for winter survival.
Increased sugars in the cell are thought to have a
number of roles in improving cold tolerance. First, the
sugars can be used to maintain cell water potential by
limiting the amount of water that leaves the cell due to
ice formation in the apoplast. Sugars are also thought
to associate with the membrane of the cell by replacing
lost water and maintaining membrane fluidity12.
Finally, sugars play a role as energy sources and
building blocks for other important cold tolerance
processes in the cell.
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Figure 1. Effects of freezing temperatures on cold and non-cold acclimated cells of cereals (adapted from Ruelland et al. 2009 and
Uemura et al. 2005).
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In an attempt to understand the genetic basis of cold
tolerance in cereals, a number of studies have used
quantitative genetic and molecular mapping techniques
to identify genetic regions or loci associated with cold
tolerance. These loci have been named FROST
RESISTANCE 1 and 2 (FR-1 and FR-2). FR-1 was
initially discovered to be tightly linked13 to
VERNALIZATION (vrn-1), the requirement of the
plant to be exposed to cool temperatures before
reproductive growth occurs. Through plant physiology
studies, it is thought that FR-1 is a pleiotropic (one
gene having an effect on multiple traits) effect of vrn114, meaning that there may not be actual genes
associated with cold tolerance at FR-1. Instead, it is
thought that holding the plant in a vegetative phase
through vernalization or any other means (e.g.
photoperiod response) maintains cold tolerance15,16,17.
Upon the fulfillment of vernalization requirement, a
shift from vegetative to reproductive phase occurs,
leading to a subsequent loss of cold tolerance. FR-2,
likely the most important locus for cold tolerance, has
been the focus of most of the cold tolerance research in
cereals. It has been found to be associated with the
regulation of a large portion (estimated 40%) of the
cold tolerance in cereals18,19,20.
Genetic mapping confirmed that FR-2 is loosely linked
to one of the winter habit genes (vernalization gene;
vrn-A1) and DNA sequencing of FR-2 in wheat and
barley determined that this locus is composed of a
cluster of C-repeat binding factor (CBF) genes21,22.
CBFs are transcription factors that up regulate cold
tolerance genes through binding to a conserved element
in the promoters of cold tolerance or dehydrationresponsive genes23, as well as being associated with
regulating genes responsible for phenotypic changes
including the compact growth habit and thick leaves of
a cold acclimated, cold tolerant plant24. It is not known
which specific CBF genes are most important for cold
tolerance or if it is an additive effect. Differences in
cold acclimation induction temperatures among cereal
species have been noted and are explained by CBF
expression. In a study by Campoli et al. (2009), CBF
gene expression patterns of rye, wheat and barley were
examined at four different acclimation temperatures.
The results showed that there were differences in cold
acclimation induction temperatures across species.
Rye showed signs of increased CBF expression at
18°C versus winter wheat and barley, which showed
increased CBF expression at 10°C. This may explain
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some of the differences between species in terms of
cold tolerance as rye starts to cold acclimate at much
higher temperatures compared to wheat and barley26.
Variation has also been found at this locus in barley for
number of genes present, as well as the presence of a
non-functional CBF pseudogene which may also
explain some of the variability in cold tolerance among
varieties26.
Specific examples of genes from these gene families
are COR14b, a protein that is found in the stroma of the
chloroplast and is associated with protecting the
photosystem from photodamage27 and WCS120 gene
family28, which belongs to the dehydrin group of
proteins. The function of dehydrins is not known, but
they are suspected to be involved in several processes
important for cold tolerance including: scavenging for
reactive oxygen species, protecting membrane lipids,
and cryoprotecting enzymes29. Beyond these specific
genes, cold acclimation is associated with complex
changes in gene expression over the acclimation
period. Monroy et al (2007) compared gene expression
of one winter and one spring wheat variety over a two
week cold-acclimation period and determined that 450
genes were differentially expressed (turned-on or
turned off) between the two varieties. These genes
include a number of regulatory genes like transcription
factors, protein kinases, binding proteins, as well as
genes involved in sugar metabolism, photosynthesis,
stress response, cell wall proteins and also numerous
genes with unknown function. A more recent study
using the Affymetric Wheat Genome microarray,
which can simultaneously survey 55,052 unique genes,
determined that over 12,900 genes were affected
during cold acclimation and vernalization30.
For cold adaptive processes to occur, the plant cell
must synthesize building blocks through harvesting
light energy (photosynthesis) and utilizing the energy
and fixed carbon (glucose/sucrose) in subsequent
downstream biochemical reactions (glycolysis and
citric acid cycle). Therefore, adjustment of
photosynthesis to cold temperatures is perhaps the most
crucial process for acclimation and is required for a
plant to reach maximum cold tolerance31,24. When
temperatures drop below the acclimation threshold,
biochemical (enzymatic) processes slow significantly
in comparison to the ability of the plants chlorophyll
and antennae pigments to capture light. These slower
biochemical processes cause an energy bottleneck,
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disrupting the balance of light energy captured
compared to the light energy used by the plant
(photostasis). The plant must deal with the excess of
light energy or reactive oxygen species like hydrogen
peroxide (H2O2) and superoxide (O2-) will develop5.
Production of these reactive oxygen species is a result
of the electron transport chain having no available
electron acceptor (system is over-reduced) due to
slower downstream biochemical processes. This
results in significant damage to crucial chloroplast
proteins that are required for photosynthesis and other
processes. Since low temperatures limit the activity of
enzymes that normally neutralize H2O2 and O2-, the
plant uses a short term strategy to adjust energy going
into photosynthetic processes through releasing the
light energy as heat. This method is known as nonphotochemical quenching. The long term strategy of
cold tolerant winter cereals, which has been shown to
not occur in non-cold tolerant spring cereals, is the
adjustment of the photosynthetic capacity
(photochemical quenching) of the system. It has been
shown that the approximate time for the photosynthetic
system to adjust to cold acclimation temperatures is 3-4
weeks32. Adjustment of the photosynthetic system is
associated with a specific change of the phenotypic
growth habit of cold adapted, cold tolerant cereals
(termed phenotypic plasticity) to a smaller compact
form with thicker leaves. This growth habit, thought to
be associated with CBF expression, allows for
increased efficiency in the ability to absorb light
energy (photons) and to carry out photosynthesis due to
the thicker leaves having increased energy production
per unit volume in comparison to a non-cold
acclimated or non-cold tolerant cereals with greater
leaf area24. This gain in efficiency also reduces the
amount of non-metabolically productive nonphotochemical quenching occurring. The decrease in
vegetative growth in comparison to spring or nonacclimated cereals is thought to allow for the energy
from photosynthesis to be used processes other than
vegetative growth, like cold acclimation. Increased
photosynthetic efficiency leads to an increase in
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available carbon metabolic products that are
transported out of the leaf in the form of sucrose and
fructans and stored in the vacuole of carbon sinks,
mainly in the crown of the plant33 where they are used
as energy sources, building blocks for cold acclimation
and cryoprotectants.

Methods for Testing Cold Tolerance in Cereals
Indoors

A range of cold tolerance screening methodologies
have been developed in cereals. The protocols all have
similar main procedures and follow the general
guideline laid out by Levitt (1980). Durations of cold
acclimation vary, depending on the experiment, but are
generally between two and six weeks. Before freeze
testing commences, all methods have a short, sub-zero
period for ice nucleation (-3 or -4 °C) that can vary in
length from 12 hours to two days. Gradual freezing of
the plants occurs at a rate of 2-3°C per hour. The time
interval the plant material is maintained at sub-zero
testing temperatures varies across protocols, ranging
from removal once the material reaches the testing
temperature to after many weeks of freezing35,36.
All protocols thaw the plants slowly by placing them
immediately at 0 °C or 4 °C35,37 or slowly raising the
temperature of the freezers 2 °C per hour and
maintaining the freezer at 1 °C for as long as 15 hours
(See Figure 2A and B for a typical set up). The plants
are transplanted and placed in a greenhouse or growth
room. Two to three weeks after freezing, plants
(Figure 2C) are scored as alive or dead35,37, or on a
quantitative scale (e.g. 1-4) rating the extent of
regrowth or damage32,38,39. Fowler and Carles (1979)
carried the analysis of plant survival further using
probit statistical analysis to calculate LT50 or lethal
temperature at which 50% of the plants die to give a
value to the degree of cold tolerance of the plants
(Figure 2D).
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Figure 2. Examples of artificial freezing test equipment and set up (A and B), plants at evaluation stage two weeks after freezing
(C) and, example data curves for cereal seedlings frozen over a series of freezing temperatures.

Methods for Testing Cold Tolerance in Cereals
Outdoors - the Field Survival Index (FSI)

Due to the inconsistency and uneven winter kill across
field seasons, locations and within-trial plots, the field
survival index (FSI) was developed to provide an
objective index of the winter hardiness of cereal
varieties and agronomic treatments (stubble type,
fertilizer rate, etc.) across a number of trials40,41. To
calculate FSI, plots are first scored in the spring, after
green-up, on a percent survival basis. Only plots
showing a differential are used for the analysis (95% to
5% survival). Varieties with winter survival higher
than 95% and lower than 5% are either not stressed
enough to show a difference or were almost completely
killed. Consequently, including this data in analyses
tends to mask differences in winter survival and can
often result in misleading conclusions. The
computation of FSI is somewhat complex and requires
the initial estimation of the relative difference in winter
survival among varieties across locations. This relative
value is then used in the estimation of the FSI value for
each plot at each location to have 100% winter survival
and the estimation of a FSI stress value for each plot
which normalizes plot to plot variation in the data.
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Data resulting from the analysis for each variety grown
at a location is then combined in an overall analysis
across locations. This generates a cultivar ranking and
a final FSI value for the specific cultivar that ultimately
represents the minimum FSI value of a variety required
to have no winterkill (100% survival) in a plot. A
higher FSI value indicates that the variety has an
increased level of winter hardiness. In some cases the
percent differences between cultivars can be quite
large. For example, the difference in FSI between
Norstar, cold tolerant winter wheat (FSI=514) and
Manitou non-cold tolerant spring wheat (FSI=160) is
354%. FSI is especially effective in lowering
experimental error due to the use of the stress value
calculations, as well as providing a true scale of winter
survival among cereal varieties. Also, lines or varieties
being tested do not need to be consistent across
experiments to assign a FSI rating. As long as a
control variety with a FSI value is present in the
experiment, the relative FSI value can be calculated
and compared to all other FSI values from previous
experiments.
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Application of Plant Physiology Knowledge to
Agronomy Practices in the Field

Cultivars
The only winter cereals grown with any success in
western Canada are fall rye, winter wheat and winter
triticale (wheat-rye hybrid). Fall rye has impressive
cold tolerance with LT50 values ranging between -26.5
to -33°C and FSI ratings ranging from 550-735
meaning that fall rye can be grown throughout the
prairies. Winter wheat has less cold tolerance potential
and ranges in LT50 values of -18 to -24 °C and FSI
values of 420 to 514 are typical for western Canadian
winter wheat varieties41. Extensive efforts have been
made to increase cold tolerance of winter wheat
varieties available to producers in Western Canada.
However, almost no tangible gain has been made in
cold tolerance since the release of Norstar, which has
led to the conclusion that natural variation for cold
tolerance in winter wheat has been exhausted42.
Further efforts to examine cold tolerance and the
possibility of transferring this trait into wheat includes
crossing wheat with rye to establish the expression of
cold tolerance of triticale43, as well as crossing with
wild relatives of wheat44. The most cold tolerant
winter wheat variety developed in western Canada is
Norstar (FSI=514) and a majority of the new winter
wheat varieties have Norstar in their pedigree45.
Current efforts in germplasm enhancement for
improved cold tolerance have revolved around in-depth
examination of the FR-2 locus and examining genetic
variation in cereal germplasm. This could lead to the
discovery of new cold tolerance genes not currently
employed in western Canadian germplasm46 as well as
the regulatory mechanism of these genes, which may
allow selection for optimal epistatic (multiple genes)
interactions26.

Agronomy and Cold Tolerance

Date of Seeding and Seeding Depth
Considerable research on optimal planting dates has
been conducted in western Canada47,48,49,50. All of
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these studies arrive at a similar conclusion; optimal
planting date for winter survival and yield is generally
4 to 6 weeks before the onset of winter
conditions48,47(Figure 3). Seeding depth has also been
examined with optimal seeding depth determined to be
from 1 to 2.5 cm51,52,48. Since cold acclimation has
been shown to be a light dependant process (requires
photosynthesis) in winter cereals27, meeting the
optimum seeding date and depth facilitates fall plant
establishment and ensures that the photosynthetic
capacity is in place so the plant can produce a welldeveloped crown (a least three leaves) and be prepared
to cold acclimate when soil temperatures begin to drop.
Cold-acclimated cereal plants can continue to
photosynthesize throughout the fall and winter,
provided the temperatures remain warm enough and
the leaves are intact53. Sugars (sucrose and fructans)
produced over this period can be translocated to the
crown to be used as energy, building blocks for
acclimation processes, or as a solutes to maintain water
balance in the crown cells. The effects of early plant
establishment on sugar content has been determined
under field and indoor environments where earlier
seeded plants or plants under a longer acclimation
period produced considerably higher amounts of
fructans54. As a side note, higher levels of fructans in
the plants acclimated over a longer period were also
associated with improved tolerance to snow molds
compared to plants acclimated for a shorter period of
time, another factor in winter survival which is not
discussed in this review (see Gaudet et al. 2001 for
more details). It must also be noted that seeding too
early can reduce winter survival and cold tolerance as it
can lead to extension of the growing point in the crown
towards the soil surface making it more exposed to
cold temperatures or temperature fluctuations55.
Exposure to plant diseases may also play a role in
reduced winter survival of early planted winter
cereals56.
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Figure 3. Effect of seeding date on winter survival based on the reduction of a cultivars field survival index (FSI) (From Fowler
1995).

Rotation

A major advance in winter cereal winter survival is the
stubbling-in or planting of winter wheat into standing
stubble in a no-till system. Planting into standing
stubble does not have a direct effect on the cold
tolerance of the plant per se. Instead, it modifies the
plant environment as snow cover is deeper and more
uniform in standing stubble versus fallow fields.
Increased snow trapping is associated with warmer soil
temperatures through the winter and a decrease in
exposure of freezing temperatures that approach lethal

LT50 values of the plant. Increased snow cover
improves the chance of the plant to survive the winter,
but prolonged and deep snow cover is associated with
reduced winter survival and snow mold risks (Table 1).
Sugar content is higher in plants seeded at an earlier
seeding date54 and therefore associated with cold
acclimation and the ability to photosynthesize under
cool temperatures. Resistance to deep snow cover and
snow mold may also have to do with a reduced rate of
sugar metabolism during the snow cover period, which
is variety specific57.

Table 1. Minimum cultivar field survival index values for an undamaged winter cereal stand based on depth of snow cover (From
Fowler 1995).

Snow depth

FSI

Bare summerfallow
5 cm snow cover
10 cm snow cover
>15 cm snow cover (snow mold risk)

>650
540
430
<420

Fertilizer (Phosphorus/Nitrogen)

Fertilizer management plays a significant role in cold
tolerance of winter cereals and soil testing is
recommended before planting to optimize inputs and
maximize cold tolerance and winter survival.
Phosphorus appears to have the most direct effect on
cold tolerance in winter cereals, although the
mechanism of how it affects cold tolerance and winter
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survival is somewhat unclear. The literature indicates
that phosphorus-limited treatments or mutant plants
with lower levels of phosphorus in the leaves have an
increase in cold tolerance. The reasoning for this is
that phosphorus is a component of the building blocks
(sugar-phosphate intermediates) of sucrose the end

Volume 6 ▪ 2013

PS&C

Prairie Soils &
Crops Journal

Understanding the Basics of Crop Growth and Development

product of photosynthesis. If phosphorus is limited,
production of sucrose is limited leading to an energy
bottleneck and a disruption of the energy balance in the
cell. As a result the photosystem must adjust in the
same way that it would under cold acclimation
temperatures58. However, in the field, this relationship
is generally not observed and it has been shown that
too low or too high levels of phosphorus lead to a
reduction in winter survival59,60,61. Therefore, optimum
phosphorus levels are required. This disagreement
with indoor cold tolerance experiments indicates that
optimum phosphorus levels may be not directly
associated with cold tolerance, but more likely linked
to plant regrowth in the spring61. No significant effect
of nitrogen levels have been consistently found in
research completed in western Canada41,61 and the
majority of effects on winter survival are associated
with method of nitrogen application; with seed placed
nitrogen often causing ammonia phytotoxicity leading
reduced stand establishment62 and winter survival63.
However, there have been numerous studies showing
that excess nitrogen decreases cold tolerance34,54,64.
One possibility may be that optimum nitrogen and
phosphorus balances are required to maximize cold
tolerance and winter survival which may be location
and soil dependant61,54,64.

fundamental structures and processes (cell membranes,
gene regulation and photosynthesis) confirms applied
agronomic research. Shallow seeding 4-6 weeks
before the onset of winter conditions enables quick
plant establishment and maximizes cold tolerance
through the plants ability to photosynthesize and
produce the building blocks for cold acclimation. The
plant cell uses these building blocks to alter membrane
structure and transcribe of genes involved in preparing
the plant for cold stress. Changes in plant cells that
lead to maximum cold tolerance take 4-6 weeks or
longer and coincide with the length in time from
planting to the onset of winter conditions. Producers
need to keep this in mind when planting winter cereals,
as maximum cold tolerance and winter survival is
directly related to a successful harvest in the summer.

Acknowledgements

The author would like to thank Dr. D.B. Fowler for
useful comments and insight on this manuscript.

References
1.
2.

Seed treatment

Seed treatments generally do not increase cold
tolerance unless the seed has been infected previously
with dwarf bunt, which is known to affect seedling
cold tolerance65,66. Recently, it has been shown that
seed treatments with a neonicotinoid insecticide
improved cold tolerance in spring wheat39. Research
completed in other plant species indicates that
neonicotinoids elicit a salicylic acid response, which is
associated with an increase in scavenging
(neutralization) of reactive oxygen species67. As
mentioned above, reactive oxygen species are
responsible for damage of cellular membranes and
photosynthetic reaction center complexes. Limiting
this damage may allow the plant to cold acclimate
more effectively. Further research is required and
experiments to assess the effects of the neonicotinoid
treatment on cold tolerance in winter wheat are
currently being pursued.

Conclusion

Cold tolerance is the most basic requirement for winter
cereals on the prairies. Basic research examining
Volume 6 ▪ 2013

www.prairiesoilsandcrops.ca

3.

4.

5.
6.

7.

Steponkus, P. L. 1984. Role of the plasma
membrane in freezing injury and cold acclimation.
Ann. Rev. Plant Physiol. 35:543-584.
Dowgert, M. F. and Steponkus, P. L. 1984.
Behavior of the plasma membrane of isolated
protoplasts during a freeze-thaw cycle. Plant
Physiol .75:1139-1151.
Steponkus, P. L., Uemura, M. and Webb, M. S.,
(eds.) 1993. A contrast of the cryostability of the
plasma membrane of winter rye and spring oat-two
species that widely differ in their freezing tolerance
and plasma membrane lipid composition. JAI Press,
London.
Uemura, M., Joseph, R. A. and Steponkus, P. L.
1995. Cold acclimation of Arabidopsis thaliana
(effect on plasma membrane lipid composition and
freeze-induced lesions). Plant Physiol. 109:15-30.
Ruelland, E., Vaultier, M. N., Zachowski, A. and
Hurry, V. 2009. Cold signalling and cold
acclimation in plants. Adv. Bot. Res. 49:35-150.
Uemura, M. and Steponkus, P. L. 1997. Effect of
cold acclimation on the lipid composition of the
inner and outer membrane of the chloroplast
envelope isolated from rye leaves. Plant Physiol.
114:1493-1500.
Vigh, L., Horvàth, I., van Hasselt, P. R. and Kuiper,
P. J. C. 1985. Effect of frost hardening on lipid and
fatty acid composition of chloroplast thylakoid
membranes in two wheat varieties of contrasting
hardiness. Plant Physiol. 79:756-759.

95

PS&C

Prairie Soils &
Crops Journal

8.

9.

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

96

Understanding the Basics of Crop Growth and Development

Kamata, T. and Uemura, M. 2004. Solute
accumulation in wheat seedlings during cold
acclimation: contribution to increased freezing
tolerance. CryoLetters 25:311-322.
Monroy, A. F., Dryanova, A., Malette, B., Oren, D.
H., Ridha Farajalla, M., Liu, W., Danyluk, J.,
Ubayasena, L. W. C., Kane, K. and Scoles, G. J.
2007. Regulatory gene candidates and gene
expression analysis of cold acclimation in winter
and spring wheat. Plant Mol. Biol. 64:409-423.
Fowler, D. B., Gusta, L. V. and Tyler, L. V. 1981.
Selection for winterhardiness in wheat. III.
Screening methods. Crop Sci. 21:896-901.
Uemura, M., Tominaga, Y., Nakagawara, C.,
Shigematsu, S., Minami, A. and Kawamura, Y.
2005. Responses of the plasma membrane to low
temperatures. Physiol. Plantarum 126:81-89.
McKown, R., Kuroki, G. and Warren, G. 1996.
Cold responses of Arabidopsis mutants impaired in
freezing tolerance. J. Exp. Bot. 47:1919-1925.
Galiba, G., Quarrie, S. A., Sutka, J., Morgounov, A.
and Snape, J. W. 1995. RFLP mapping of the
vernalization (Vrn1) and frost resistance (Fr1)
genes on chromosome 5A of wheat. Theor. Appl.
Genet. 90:1174-1179.
Brule-Babel, A.L. and D.B. Fowler, D.B. 1988.
Genetic Control of Cold Hardiness and
Vernalization Requirement in Winter Wheat. Crop
Sci. 23:879-884.
Fowler, D.B., A.E. Limin, A.E., Shi-Yang Wang,
S.-Y. and Ward, R.W. 1996. Relationship Between
Low-Temperature Tolerance and Vernalization
Response in Wheat and Rye. Can. J. Plant Sci.
76:37-42.
Dhillon, T., Pearce, S. P., Stockinger, E. J.,
Distelfeld, A., Li, C., Knox, A. K., Vashegyi, I.,
Vágújfalvi, A., Galiba, G. and Dubcovsky, J. 2010.
Regulation of freezing tolerance and flowering in
temperate cereals: the VRN-1 connection. Plant
Physiol. 153:1846-1858.
Larsen, R. J. 2012. Winter-Hardy Spring Wheat
Breeding: Analysis of Winter x Spring Wheat
Germplasm and the Development of Selection
Tools Ph. D. University of Guelph, Guelph. 342 pp.
Badawi, M., Reddy, Y. V., Agharbaoui, Z.,
Tominaga, Y., Danyluk, J., Sarhan, F. and Houde,
M. 2008. Structure and functional analysis of wheat
ICE (inducer of CBF expression) genes. Plant Cell
Physiol. 49:1237-1249.
Båga, M., Chodaparambil, S. V., Limin, A. E.,
Pecar, M., Fowler, D. B. and Chibbar, R. N. 2007.
Identification of quantitative trait loci and
associated candidate genes for low-temperature
tolerance in cold-hardy winter wheat. Funct. Integr.
Genomics 7:53-68.

www.prairiesoilsandcrops.ca

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.
30.

Campoli, C., Matus-Cádiz, M. A., Pozniak, C. J.,
Cattivelli, L. and Fowler, D. B. 2009. Comparative
expression of Cbf genes in the Triticeae under
different acclimation induction temperatures. Mol.
Genet. Genomics 282:141-152.
Knox, A. K., Li, C., Vágújfalvi, A., Galiba, G.,
Stockinger, E. J. and Dubcovsky, J. 2008.
Identification of candidate CBF genes for the frost
tolerance locus Fr-Am 2 in Triticum monococcum.
Plant Mol. Biol. 67:257-270.
Miller, A. K., Galiba, G. and Dubcovsky, J. 2006. A
cluster of 11 CBF transcription factors is located at
the frost tolerance locus Fr-Am 2 in Triticum
monococcum. Mol. Genet. Genomics 275:193-203.
Stockinger, E. J., Gilmour, S. J. and Thomashow,
M. F. 1997. Arabidopsis thaliana CBF1 encodes an
AP2 domain-containing transcriptional activator
that binds to the C-repeat/DRE, a cis-acting DNA
regulatory element that stimulates transcription in
response to low temperature and water deficit.
PNAS 94:1035-1040.
Dahal, K., Kane, K., Gadapati, W., Webb, E.,
Savitch, L. V., Singh, J., Sharma, P., Sarhan, F.,
Longstaffe, F. J., Grodzinski, B. and others. 2012.
The effects of phenotypic plasticity on
photosynthetic performance in winter rye, winter
wheat and Brassica napus. Physiol. Plantarum
144:169-18.
Fowler, D.B. 2008. Cold Acclimation Threshold
Induction Temperatures in Cereals. Crop Sci.
48:1147-1154.
Knox, A. K., Dhillon, T., Cheng, H., Tondelli, A.,
Pecchioni, N. and Stockinger, E. J. 2010. CBF gene
copy number variation at Frost Resistance-2 is
associated with levels of freezing tolerance in
temperate-climate cereals. Theor. Appl. Genet.
121:21-35.
Crosatti, C., Soncini, C., Stanca, A. M. and
Cattivelli, L. 1995. The accumulation of a coldregulated chloroplastic protein is light-dependent.
Planta 196:458-463.
Sarhan, F., Ouellet, F., Vasquez-Tello, A. 1997.
The wheat Wcs120 family: a useful model to
understand the molecular genetics of freezing
tolerance in cereals. Physiol. Plantarum 101: 439–
445.
Rorat, T. 2006. Plant dehydrins—tissue location,
structure and function. Cell. Mol.Biol. Lett.11:536556.
Laudencia-Chingcuanco, D., Ganeshan, S., You, F.,
Fowler, B., Chibbar, R. and Anderson, O. 2011.
Genome-wide gene expression analysis supports a
developmental model of low temperature tolerance
gene regulation in wheat (Triticum aestivum L.).
BMC Genomics 12:299.

Volume 6 ▪ 2013

PS&C

Prairie Soils &
Crops Journal

31.
32.

33.

34.
35.
36.

37.

38.
39.

40.
41.
42.

43.
44.
45.

Understanding the Basics of Crop Growth and Development

Huner, N., Öquist, G. and Sarhan, F. 1998. Energy
balance and acclimation to light and cold. Trends
Plant Sci. 3:224-230.
Rizza, F., Pagani, D., Stanca, A. M. and Cattivelli,
L. 2001. Use of chlorophyll fluorescence to
evaluate the cold acclimation and freezing tolerance
of winter and spring oats. Plant Breeding 120:389396.
Leonardos, E. D., Savitch, L. V., Huner, N., Öquist,
G. and Grodzinski, B. 2003. Daily photosynthetic
and C‐export patterns in winter wheat leaves during
cold stress and acclimation. Physiol. Plantarum
117:521-531.
Levitt, J. 1980. Responses of plants to
environmental stresses. Academic Press., New
York, NY.
Fowler, D. B. and Carles, R. J. 1979. Growth,
development, and cold tolerance of fall-acclimated
cereal grains. Crop Sci. 19:915-922.
Gusta, L. V., O'Connor, B. J. and MacHutcheon, M.
G. 1997. The selection of superior winter-hardy
genotypes using a prolonged freeze test. Can. J.
Plant Sci. 77:15-21.
McKersie, B. D. and Hunt, L. A. 1987. Genotypic
differences in tolerance of ice encasement, low
temperature flooding, and freezing in winter wheat.
Crop Sci. 27:860-863.
Sutka, J. 1981. Genetic studies of frost resistance in
wheat. Theor Appl Genet 59(3):145-152.
Larsen, R. J. and Falk, D. E. 2013. Effects of a seed
treatment with a neonicotinoid insecticide on
germination and freezing tolerance of spring wheat
seedlings. Can. J. Plant Sci. 93:535-540.
Fowler, D. B. and Gusta, L. V. 1979. Selection for
Winterhardiness in Wheat. I. Identification of
Genotypic Variability. Crop Sci. 19:769-772.
Fowler, D. B. 1995. Winter Wheat Production
Manual. Ducks Unlimited Canada, Yorkton, SK.
Fowler, D. B., Limin, A. E. and Gusta, L. V. 1983.
Breeding for winter hardiness in wheat. Pages 136148 in D. B. Fowler, Gusta, L.V., Slinkard, A.E.
and Hobin, B.A., ed. New Frontiers in Winter
Wheat Production. University of Saskatchewan,
Saskatoon, Canada.
Fowler, D. B., Dvorak, J. and Gusta, L. V. 1977.
Comparative Cold Hardiness of Several Triticum
species and Secale cereale L. Crop Sci. 17:941-943.
Limin, A. E. and Fowler, D. B. 1988. Cold
hardiness expression in interspecific hybrids and
amphiploids of the Triticeae. Genome 30:361-365.
McCallum, B. D. and DePauw, R. M. 2008. A
review of wheat cultivars grown in the Canadian
prairies. Can. J. Plant Sci. 88:649-677.

Volume 6 ▪ 2013

www.prairiesoilsandcrops.ca

46.

47.
48.

49.

50.
51.

52.

53.

54.
55.
56.

57.

Mohseni, S., Che, H., Djillali, Z., Dumont, E.,
Nankeu, J., Danyluk, J. and Gulick, P. J. 2012.
Wheat CBF gene family: identification of
polymorphisms in the CBF coding sequence.
Genome 55:865-881.
Fowler, D. B. 1982. Date of seeding, fall growth,
and winter survival of winter wheat and rye.
Agronomy J. 74:1060-1063.
Campbell, C. A., Selles, F., Zentner, R. P., McLeod,
J. G. and Dyck, F. B. 1991. Effect of seeding date,
rate and depth on winter wheat grown on
conventional fallow in SW Saskatchewan. Can. J.
Plant Sci. 71:51-61.
McLeod, J. G., Campbell, C. A., Dyck, F. B. and
Vera, C. L. 1992. Optimum seeding date for winter
wheat in southwestern Saskatchewan. Agronomy J.
84:86-9.
Jedel, P. E. and Salmon, D. F. 1994. Date and rate
of seeding of winter cereals in central Alberta. Can.
J. Plant Sci. 74:447-453.
Loeppky, H., Lafond, G. P. and Fowler, D. B. 1989.
Seeding depth in relation to plant development,
winter survival, and yield of no-till winter wheat.
Agronomy J. 81:125-129.
McLeod, J. G., Campbell, C. A., Gan, Y. T., Dyck,
F. B. and Vera, C. L. 1996. Seeding depth, rate and
row spacing for winter wheat grown on stubble and
chemical fallow in the semiarid prairies. Can. J.
Plant Sci. 76:207-214.
Savitch, L. V., Leonardos, E. D., Krol, M., Jansson,
S., Grodzinski, B., Huner, N. P. A. and Öquist, G.
2002. Two different strategies for light utilization in
photosynthesis in relation to growth and cold
acclimation. Plant Cell Environ. 25:761-771.
Gaudet, D. A., Laroche, A. and Puchalski, B. 2001.
Seeding date alters carbohydrate accumulation in
winter wheat. Crop Sci. 41:728-738.
George, D. W. 1982. The growing point of fallsown wheat: a useful measure of physiologic
development. Crop Sci. 22:235-239.
Slykhuis, J. T., Andrews, J. E. and Pittman, U. J.
1957. Relation of date of seeding winter wheat in
southern Alberta to losses from wheat streak
mosaic, root rot, and rust. Can. J. Plant Sci. 37:113127.
Yoshida, M., Abe, J., Moriyama, M. and Kuwabara,
T. 1998. Carbohydrate levels among winter wheat
cultivars varying in freezing tolerance and snow
mold resistance during autumn and winter. Physiol.
Plantarum 103:8-16.

97

PS&C

Prairie Soils &
Crops Journal

58.

59.

60.

61.

62.

63.
64.
65.

66.
67.

98

Understanding the Basics of Crop Growth and Development

Hurry, V. M., Strand, Å., Furbank, R. and Stitt, M.
2000. The role of inorganic phosphate in the
development of freezing tolerance and the
acclimatization of photosynthesis to low
temperature is revealed by the pho mutants of
Arabidopsis thaliana. Plant J. 24:383-396.
Grant, C. A., Stobbe, E. H. and Racz, G. J. 1984.
The effect of N and P fertilization on winter
survival of winter wheat under zero-tilled and
conventionally tilled management. Can. J. Soil Sci.
64:293-296.
Fowler, D. B. and Gusta, L. V. 1982. Fall growth
and cold acclimation of winter wheat and rye
differentially fertilized with phosphorus. Agronomy
J. 74:539-540.
Gusta, L. V., O'Connor, B. J. and Lafond, G. L.
1999. Phosphorus and nitrogen effects on the
freezing tolerance of Norstar winter wheat. Can. J.
Plant Sci. 79:191-195.
Middleton, A. B., Bremer, E. and McKenzie, R. H.
2004. Winter wheat response to nitrogen fertilizer
form and placement in southern Alberta. Can. J.
Soil Sci. 84:125-131.
Fowler, D. B. and Brydon, J. 1991. Response of notill winter wheat to seed-placed ammonium nitrate
fertilizer. Can. J. Soil Sci. 71:55-66.
Freyman, S. and Kaldy, M. S. 1979. Relationship of
soil fertility to cold hardiness of winter wheat
crowns. Can. J. Plant Sci. 59:853-855.
Keener, T. K., Stougaard, R. N. and Mathre, D. E.
1995. Effect of winter wheat cultivar and
difenoconazole seed treatment on dwarf bunt. Plant
Dis. 79:601-604.
Agrios, G. N. 1978. Diseases caused by
basidiomycetes. Pages 372-430 Plant Pathology.
Academic Press, Orlando, FL.
Kang, H. M. and Saltveit, M. E. 2002. Chilling
tolerance of maize, cucumber and rice seedling
leaves and roots are differentially affected by
salicylic acid. Physiol. Plantarum 115:571-576.

www.prairiesoilsandcrops.ca

Volume 6 ▪ 2013

