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Abscisic acid (ABA) increases the freezing tolerance of bromegrass
(Bromus inermis Leyss cv Manchar) suspension-cultured cells from an LT, of -7°C
to -30°C after 5 d of treatment. Associated with increased freezing tolerance was
the induction or increased abundance of 22 polypeptides and 29 translatable
RNAs. Five days of +4°C treatment neither hardened the cells to a level of
hardiness nor induced as many polypeptide changes as with ABA treatment.
There were however, some translation products that had the same pI and MW as
with ABA treatment. Many of the ABA responsive translatable RNAs persisted
well after ABA was excluded from the medium during which hardiness remained
relatively high.

Differential screening of a cDNA library constructed from poly(A*) RNA
of ABA hardened cells yielded 16 cDNAs. RNA gel blot analysis indicates that
9 RNAs were expressed only with ABA treatment, 7 RNA had increased steady

state levels and 1 was transiently expressed. Five of the 7 increased level RNAs



were also cold responsi\}e. Nine of the RNAs were responsive with 10 pM ABA
or greater, which was also the minimum concentration for inducing hardiness.
Preliminary sequencing data identified cDNAs with high homology to aldose
reductase, phosphoglucomutase, dehydrin, germin, cathepsin D and embryo
globulin.

The ¢cDNA putatively identified as aldose reductase was fully sequenced
and found to share 92% nucleotide similarity to the coding region of barley
NADPH-dependent aldose reductase. mRNA accumulation was detected 3 h after
ABA treatment and reached the highest level after 5 d when cells were hardiest.
Cold treatment caused a transient increase in the mRNA. PEG 8000 increased
hardiness slightly but there was no RNA accumulation. GA,,in combination with
ABA lowered hardiness and mRNA accumulation relative to ABA alone.
Increased aldose reductase activity was detected after 5 d ABA treafment but
cellular sorbitol levels did not increase. Aldose reductase expression during ABA
induced hardening in bromegrass cells is probably not directly responsible for
increasing hardiness but may be involved in the adjustment of metabolic processes
during cold acclimation.

Bromegrass cell cultures treated with 75 pM (+)-ABA or (-)-ABA induced
similar levels of hardiness and the accumulation of the 16 mRNAs between the
2 treatments were also similar. Cells treated with the ABA analog (+)-2’,3’-
dihydro ABA were more hardy and also accumulated more mRNA than the (-)
enantiomer. Nine of the mRNAs most strongly reflected this difference in

hardness.
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Molecular Biology of Abscisic Acid Induced Freezing Tolerance in Bromegrass

Cell Suspension Cultures

1.0 Introduction

Low temperature stress poses a major environmental constraint on natural
plant distribution and is a major limiting factor in agricultural production. As
more crops are cultivated north of their native distribution, the greater the chance
of frost damage will be. Lethal freezing of economically important species occurs
annually with estimated losses of $1.5 billion in the USA and $14 billion
worldwide. Increasing the freezing tolerance of certain major crop species may
be difficult as some are at their limit of genetic potential for winter hardiness and
therefore only small gains in freezing tolerance will be realized via conventional
breeding technology. Before we can address the issue of major crop
improvements directly, our fundamental understanding into the mechanisms of
freezing tolerance must be greatly expanded.

The sequence of events leading to an increase in freezing tolerance under
low temperature conditions in winter hardy plant species is called cold acclimation
and, as many studies have shown, this is a metabolically intensive process.

Associated with acclimation are quantitative shifts in carbohydrate, lipid, protein



and nucleic acid metabolism. Within each class of compounds are changes in the
distribution of the various molecular species as well as the accumulation of other
compounds not normally abundant in the cell of a non-acclimated plant. Of
particular interest are those molecules which exert control over the change in
metabolism (i.e. the nucleic acids and proteins).

In the early seventies, Weiser (207) had suggested that cold acclimation
includes a requirement for changes in gene expression. This may be required for
the adjustment to metabolism at low temperatures and for hardening. At the
time, this was difficult to demonstrate due to the limited resolution of available
procedures. With the advent of high resolution electrophoretic techniques,
researchers have been able to resolve literally hundreds of changes in polypeptide
species and upon development and adaptation of molecular biology techniques to
plant research, compositional changes in the translatable RNA population were
also observed. There are indeed extensive changes to the pattern of protein
synthesis and translatable RNA during cold acclimation (75).

The question is then which of these proteins or RNAs are responsible for
the increase in freezing tolerance? A common approach is to build a cDNA
library from RNA of a hardened plant and select cDNA clones correspond to
RNAs that are differentially expressed during acclimation. These cDNAs can then
be used to analyze patterns of transcript accumulation, identify corresponding
genomic DNA sequences for gene regulation studies, determine if similar cDNA
sequences with known functions exist and produce transgenic plants expressing the

gene product and possibly altering the phenotype. The cDNA cloning approach



is rapidly becoming the tool of choice for those interested in the genetic regulation
of cold hardiness. Cold inducible RNAs expressed during cold acclimation in
alfalfa (140, 143), Arabidopsis (76, 112, 150) and barley (18) have been cloned.

It has been suggested that during cold acclimation, endogenous levels of the
phytohormone, abscisic acid (ABA), increases and thus modulates freezing
tolerance. There are several lines of evidence to support this proposal: (1) Many
hardy plant species show an increase in endogenous ABA during cold acclimation
(23, 73), (2) exogenous application of ABA at room temperature can also increase
freezing tolerance in whole plants (23, 117) and cell culture systems (25, 105), (3)
ABA induced freezing tolerance occurs only in species which have the capacity to
cold acclimate (25) and (4) both low temperature and ABA induce expression of
a common set of polypeptides and translatable RNAs (117, 200).

The evidence strongly suggests that ABA plays a major role in freezing
tolerance, however, studies involving the cloning of ABA inducible genes related
to hardiness have not been reported. The goal of this thesis is to identify and
characterize the molecular changes associated with ABA induced freezing
tolerance in bromegrass cell suspension cultures. Specifically, the thesis will deal
with 4 objectives: (1) characterization of changes in gene expression during ABA
induced freezing tolerance, (2) cloning of ABA-responsive mRNAs, and
identification of a set of cDNAs most correlated with hardening, (3) analyze the
expression of an aldose reductase-like gene during hardening and (4) determine
the pattern of gene expression associated with the induction of freezing tolerance

by ABA and its analogs.



Although there have been several studies that have characterized the
changes in the pattern of protein synthesis and translatable RNAs during cold
acclimation (75, 198), none of the plant systems used increase freezing tolerance
by more than 10°C. Bromegrass cell suspension cultures on the other hand can
acclimate from LT, of -7°C to well below -30°C within 5 days of ABA treatment.
This substantial increase in hardiness has two major advantages. First, because
there is such a large difference in hardiness between the tender and hardy state,
use of rapid viability assays such as TTC reduction (199) are more 'robust' and
less sensitive to experimental error. Second, bromegrass suspension cultures are
one of the most hardy monocot cultures available for cold hardiness studies and
therefore may represent a good source of 'hardiness genes'. The bromegrass
culture is also very fast growing and the characteristics of growth and cold
acclimation are well established (25, 94, 196). As this study demonstrates
(Chapter 3), the bromegrass cell suspension culture not only responds to ABA
treatment in such a dramatic manner at the physiological level, but for the first
time we also can observe the complexity of ABA induced gene expression during
the induction of freezing tolerance.

The next step in characterizing the molecular changes observed at the
translatable RNA level is to construct a ¢cDNA library and screen for RNAs
expressed during ABA induced hardening. ¢DNAs representing ABA responsive
genes were isolated and used as probes for identifying specific molecular changes
in response to a change in hardiness. Using a quick screening method, putative

functions were assigned to some of the cDNAs. The cDNA cloning section of this



thesis (Chapter 4) represents the first time that genes with known functions could
be linked to the hardening process in bromegrass cell cultures.

One of the ¢cDNA clones identified contained a sequence with high
homology to barley NADPH-dependent aldose reductase. In animal systems, this
enzyme is responsible for the conversion of glucose to sorbitol. The expression
of a gene involved in sugar accumulation is of great interest because it is well
known that during the induction of freezing tolerance, sugars generally accumulate
(122). The most common sugar to accumulate is sucrose, however the sugar
alcohols, mannitol and sorbitol, have also been observed to increase in certain
species (122). This thesis (Chapter 5) describes the characterization of aldose
reductase mRNA expression in response to ABA induced freezing tolerance and
of its enzyme activity.

Another method that is available to identify which of the 16 ABA-
responsive cDNAs (see Chapter 4) are most correlated with ABA induced
hardiness is to study their induction response with ABA analogs. Studies have
shown that changing the structure of the ABA molecule, can alter its physiological
effects (139) therefore it may be possible to identify analogs which induce a
hardening response but not other physiological effects, characteristic of ABA that
are not related to hardening. Consequently, this would facilitate the identification
of ABA inducible genes required for the acclimation process. In this study
(Chapter 6), expression of some of the 16 mRNAS were found to be strongly
induced by (+)-2',3"-dihydro ABA but not by the (-) enantiomer. The level of

freezing tolerance was also greater for the (+) form than the (-) form.



2.0 Literature Review



2.1 Introduction

Most temperate plant species increase freezing tolerance when exposed to
progressively lower temperatures (137) but the ability to survive winter is also
dependent on the rate of hardening and the ultimate level and stability of
hardiness. Tolerance to freezing induced dehydration is the major survival
strategy in most cold hardy plant species. The changes in water relations at the
cellular level during freezing have been well documented by others (95, 55).

Weiser (159) first proposed a requirement for the alteration in gene
expression during cold acclimation. Throughout the 1970's and early 1980,
considerable evidence suggested that gene expression was involved in cold
acclimation. Direct evidence to support Weiser's (159) hypothesis was not
available until the development of more recent molecular biological techniques.
Direct evidence to demonstrate that low temperature alters gene expression was
first reported by Guy et al. (59) and subsequently, rapid progress has been made
in characterizing molecular changes associated with frost tolerance.

Currently, genes directly involved in freezing tolerance have not been
identified, however, several candidate genes regulated by cold (111, 113, 60, 87)
may be associated with hardening. It is not known what role these genes play in
a plants' adaptation to freezing stress but it is certain that more than one gene will
be required for the induction, and maintenance of freezing resistance. The
complex multigenic nature of winter hardiness has been demonstrated in genetic

studies with winter wheat (149).



Areview of the current knowledge on the processes of cold acclimation and
frost tolerance is beyond the scope of this thesis. For a thorough analysis of the
physiological, biophysical and biochemical aspects of cold acclimation, the reader
is directed to reviews by Franks (41), Sakai and Larcher (137), Levitt (95), Burke
et al.(9), Steponkus (146), Graham and Patterson (50) Singh and Laroche (143),
Johnson-Flanagan and Singh (78) and Weiser (159). The role of protein
metabolism (55), molecular genetics (153), and growth regulators (127) in cold
acclimation have also been reviewed recently.

Low temperature is not the only stimulus that can induce freezing tolerance
in hardy plant species. Other factors that can induce freezing tolerance without
low temperature conditioning include abscisic acid (ABA), desiccation, and short
day photoperiod. It is currently not known whether the different factors share any
a common pathway in inducing cold hardiness. Comparison of molecular
alterations associated with cold acclimation induced by various factors may identify
similar biochemical events that are required for increased tolerance to freezing
stress. This paper will compare the molecular events associated with cold
acclimation induced by low temperature, ABA, desiccation and short day

photoperiod.



2.2 Low temperature induced freezing tolerance

The exposure of plants to low temperatures involves metabolic adjustments
required for growth and adaptation to freezing stress. The issue of how these
metabolic changes observed during acclimation increase hardiness has not yet
been addressed. It is known that cold acclimation is a highly complex metabolic
phenomenon, therefore likely to be a quantitative trait as indicated by
conventional genetic studies. The inheritance of frost tolerance has been recently
reviewed by Thomashow (153) and by Sakai and Larcher (137). The myriad of
evidence for altered metabolism during cold acclimation and data from genetic
studies suggest that frost tolerance involves the expression of a group of genes.

Early studies have shown qualitative changes in protein patterns during
hardening (29, 38, 46). Altered soluble protein and isozyme patterns were able
to roughly hint at qualitative changes. More recent studies have applied newer
electrophoretic techniques (89, 117) to identify cold induced changes in protein
synthesis (24, 59, 154, 155, 76, 109, 110, 140, 56, 47, 88, 91, 111, 112, 10, 58, 124,
92, 93) with greater resolution and consistency. Both in vivo and in vitro protein
labeling methods have been used extensively to resolve these changes.

Even though many of the early reports on cold acclimation have dealt with
woody plant species, virtually all of the current research on the molecular aspects
of hardening revolves around herbaceous species. A summary of the molecular
changes associated with cold acclimation for each species will be presented. The

plant species that have been used for the molecular analysis of cold acclimation
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are listed in Table 2.1.

2.2.1 Alfalfa

The process of hardening often involves the conversion of complex
carbohydrates into lower molecular weight products (94). Isoforms of the
hydrolases in cold tolerant and non-tolerant alfalfa cultivars were compared (86).
Amylase isoform differences between hardened and control plants were small but
some variation was observed. Esterase isoforms from both cultivars were present
year round but some had higher activity or were more abundant in hardened
samples.  Isozymic pattern differences in acid phosphatase and leucine
aminopeptidase show seasonal abundance changes, but all forms were present
regardless of the time of year. The data in these studies were complicated by
variations in the procedures used to store the enzymes but resulted in an
interesting finding. When enzyme extracts from both summer and winter plants
were frozen and then thawed, only the winter sample showed any catalytic activity
therefore indicating that freeze tolerant isoforms occur in the winter. It is possible
that cold acclimation entails synthesizing new isoforms or modification of existing
enzymes to prevent freeze denaturation (86).

Synthesis of nucleic acids and proteins during hardening increases the
requirement for reduced coenzymes and ATP (85). In a study similar to the
isozyme analysis of the hydrolases (86), electrophoretic comparisons of the

isozymes of glutamate, NAD-malate, NADP-malate, isocitrate, lactate, 6-phospho-
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gluconate and glucose-6-phosphate dehydrogenases from hardened and non-
hardened alfalfa cultivars were made. The isoforms of all these enzymes were
present in non-hardy plants but the activity increased during hardening and
decreased after deacclimation. Glutamate, NAD and NADP-malate
dehydrogenase extracts retained catalytic activity after freezing from both hardy
and control plants where as the other enzymes analyzed appear to be freeze
tolerant in hardy but not control plants. Overall dehydrogenase activity appears
to increase during cold acclimation and decreases during dehardening (85).

Gerloff et al. (46) examined soluble protein content and peroxidase activity
in hardy and non-hardy alfalfa cultivars and determined that there was increased
soluble protein content and peroxidase activity in all the cultivars after low
temperature growth. Two peroxidase isozymes appeared in the hardy variety only.
New peroxidase isoforms were not detected in hardened plants but it appears that
the energy of activation of the existing isoforms were lower than in control plants.
Krasnuk et al.(84) also reported increased total peroxidase activity in both frost
tolerant and frost sensitive cultivars of alfalfa during cold acclimation.

The steady state polypeptide population changes during cold acclimation
in alfalfa (M. sativa L. cv. Wisconsin 22C) cell suspension cultures (134). Proteins
normally secreted into the liquid media in the control cultures were not detected
in hardened cultures. This may reflect a change in membrane permeability during
hardening.

The pattern of protein synthesis is also altered in cold acclimating alfalfa

(M. sativa cvs 'Anik' and 'Saranac’) seedlings (109,110). Ten novel or increased
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steady state level polypeptides were identified and eleven polypeptides were
synthesized during the first two days of acclimation. Maximum hardiness,
however, required a considerably longer period of time to develop. The less hardy
alfalfa cultivar 'Saranac’ shares similar polypeptide differences but attained
maximum hardiness much more quickly. It appears that cold induced biochemical
changes observed in alfalfa are rapid but maximum hardiness development is a
much slower process in the more hardy cultivar. Deacclimation was rapid for both
cultivars as two days exposure of hardened plants to room temperature was
sufficient to decrease hardiness to control levels and suppress cold induced
polypeptide synthesis (109, 110).

Changes in the pattern of gene expression were observed in the alfalfa
cultivars 'Anik' and 'Saranac' during cold acclimation (109,110). The in vitro
translation products of two novel RNAs from 'Anik' appear to have the same
molecular weights as the translation products of two novel RNAs from 'Saranac'.

The cold induced differential expression of RNAs observed in alfalfa was
the basis for the differential screening of a cDNA library constructed from mRNA
of cold acclimated plants (111, 113). The isolated cDNA clones hybridized only
to RNA in cold acclimated plants from various alfalfa cultivars. One cDNA clone
(pSM1409) from 'Anik' also hybridized to RNA from ABA or water stressed
plants. The other clones were not water stress, heat shock, wound nor ABA
inducible and thus appear to represent cold specific genes. Northern blot analysis
indicates that some of the clones hybridize to more than 1 size of transcript from

poly (A*) RNA of cold acclimated plants (113).  This suggests that
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posttranscriptional modification of the RNAs produced different size transcripts

or that the different RNAs represent members of a gene family.

2.2.2 Arabidopsis

The molecular aspects of cold acclimation have been most well studied in
Arabidopsis thaliana (47, 88, 91, 60, 65, 96). Cold acclimation of A4. thaliana
involves novel protein synthesis (47, 83, 91). By in vivo labeling with S-
methionine, polypeptides synthesized during cold treatment were labelled and
resolved by 1D or 2D-gel electrophoresis and identified by fluorography.
Approximately eleven new polypeptides were synthesized and one disappeared
during cold treatment (91). Some of the polypeptides apparently disappeared but
with prolonged low temperature exposure reappeared. The actual hardening
process was very rapid. Within one or two days of acclimation, hardiness
increased and so did the expression of new polypeptides (47, 88).

Heino et al.(65) have questioned the role of these cold regulated
polypeptides in frost tolerance. An ABA deficient A. thaliana mutant was
determined to be incapable of cold acclimating but could harden when ABA was
added to the medium. Even though the mutant did not harden under low
temperature treatment, the altered pattern of protein synthesis was strikingly
similar to that of the hardened wildtype. Virtually all of the cold induced novel
polypeptides were present in the mutant. This indicates that these novel

polypeptides do not have a direct role in conferring frost tolerance and may only
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represent metabolic adjustments for adaptation to low non-freezing temperatures.

Current evidence favors the view that novel gene expression occurs during
cold acclimation. Low temperature altered protein synthesis indicates a change
in the population of in vivo translated RNAs. This was verified by in vitro
translation studies which identified alterations in the pool of translatable poly
(A™) RNA (59, 106, 109, 47, 88, 10, 92, 93, 155, 33). The question of whether new
genes are actually transcribed during cold hardening required the cloning of
differentially expressed cold regulated mRNAS. Northern blot analysis using the
cold regulated cDNAs as probes indicated a cold induced steady state
accumulation of corresponding RNAs. Nuclear run-on experiments, at least in
Arabidopsis (96), suggest that the regulation of cold induced RNAs is
predominantly post-transcriptional or is a combination of transcriptional and post-
transcriptional control. More cold regulated genes will need to be analyzed to
determine if cold acclimation does transcriptionally activate new genes.

Low temperature induced changes in the translatable RNA population were
observed in plants grown in both soil (47) and artificial media (88). There
appears to be only 3 or 4 induced or increased level translatable RNAs after 1 day
of low temperature treatment. No consistant decrease or disappearance of RNAs
were observed. Callus cultures similarly treated also induced similar RNA species
but a few RNAs clearly disappeared (47). There were several in vitro translation
products showing similar molecular weight as the silver stained polypeptides

indicating that these cold induced RNAs are probably in vivo translated resulting
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in the observed in vivo protein synthesis changes (47, 88). Lin et al. (96) have
demonstrated that 4 cold induced translation products are heat stable as they
remain in solution after boiling,

Arabidopsis cDNA libraries have been constructed from 1 day (87) and 3
day (60) cold treated plants. A genomic DNA library was also made (87). From
differential screening of a genomic library with single strand cDNA from mRNA
of 1 day control and cold treated plants, a genomic clone was isolated. After
subcloning the insert into a cloning vector, it was used to probe the 1 day cDNA
library to isolate the corresponding cDNA clone (kin1) (87). The kin1 transcript
is present within 6 hrs of cold treatment and remains for the duration of the
treatment. When the plant is brought back to room temperature, the transcript
disappears within 12 hrs. It is also induced by drought and ABA, but not by heat
shock treatment. Southern blot analysis indicates the presence of 2 genes with
high homology to the kinl cDNA in the Arabidopsis genome.

Sequence analysis of the kinl cDNA predicts a putative polypeptide of 66
amino acids in length. The putative protein is very hydrophilic and contains
repetitive sequences. Comparison of the kinl ¢cDNA with published sequences
indicates similarities to a number of antifreeze proteins from arctic flounder. This
suggests that the polypeptide may function as an antifreeze protein to promote
intracellular supercooling (87) or to minimize ice crystal formation.

Four cold regulated cDNAs were isolated by differential screening of a

cDNA library from Arabidopsis plants hardened for 3 days (60). The cold
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regulated (cor) genes are also present in single or low copy numbers per genome.
Northern blot analysis with control, 3 day cold acclimated and 1 day deacclimated
total RNA shows the presence of all 4 cor-related transcripts in 3 day acclimated
plants only. The transcripts were rapidly induced by 1 to 4 hrs of cold treatment.
cor transcripts are also induced by ABA and drought but not by heat shock
treatment. Three of the cor genes are apparently regulated post-transcriptionally
and the fourth regulated transcriptional and post-transcriptionally (60).

From the few cold regulated cDNAs that have been isolated, most of the
DNA sequences do not appear to match with published sequences. This may be
indicative of a requirement for unique protein function under an extremely low
water potential generated by extracellular freezing. Evidence for this unique
requirement was found in Arabidopsis in which the kinl gene, coding for an
antifreeze-like protein, and one of the cor genes coding for a boil stable protein

were identified.

2.2.3 Barley

Analysis of the cold shock response in barley (Hordeum vulgare L) plants
indicated very little change in protein synthesis (101). Barley seedlings were
exposed to low temperature (+6°C) for 4 hours in the presence of *S-methionine
and the labeled polypeptides separated by 1D-SDS PAGE. Minor polypeptide

differences between a winter and a spring cultivar were identified. In contrast to
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the barley data, the heat shock response observed in soybean indicated attenuation
of most housekeeping proteins (83). Whether the expression of these cold shock
polypeptides are directly involved in cold acclimation is not known.

In cold acclimated barley plants, relatively few translatable RNA changes
were observed when in vitro translation products were resolved by 1D PAGE (69).
The most prominent band identifies an RNA coding for a 77 KDa polypeptide
(present at either 2 or 50 days of low temperature growth). A cDNA library was
constructed from mRNA of cold acclimated barley plants and differentially
screened. A cDNA was selected from several clones isolated and was used for
further analysis (36). Northern blot analysis identifies the presence of a
homologous transcript in 3 cold acclimated winter and 1 spring barley cultivars.
A polypeptide 88 amino acids long was predicted from the DNA sequence of the
cDNA. The function of the polypeptide is not known as there was little sequence
similarity with published sequences. Restriction fragment length polymorphism
analysis with S different restriction enzymes shows 2 allelic forms in 19 cultivars
tested.

Two other cultivars of barley were also analyzed for gene expression during
cold acclimation. Three different types of responses were observed when
'Georgie' seedlings, a winter cultivar, were hardened for 4 days: (1) induction of
novel translatable RNAs, (2) increased level of existing RNAs or (3) decrease
level or disappearance of RNAs (10). A similar pattern of response was observed
in the winter cultivar 'Onice' with the exception of a few minor differences. F rom

these results, it was concluded that rapid gene expression occurs in response to
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low temperature but 3-4 days of cold treatment were required for maximum
expression of the cold induced RNAs (10). It is possible that 4 days of low
temperature treatment is not sufficient to induce some of the genes that are more
genotype spcific as they may require a longer low temperature exposure for
induction.

Five ¢cDNA clones were selected by differential screening of a cDNA
library constructed from mRNA of cold acclimated 'Georgie' seedling shoots (11).
These clones hybridize to mRNA predominantly from cold treated seedlings and
within 8 hrs of deacclimation, cold induced transcripts hybridizing to the cDNA
probes were not detectable. Some of the clones are only expressed in certain
tissues after cold treatment and also hybridize weakly to mRNA from hardened
wheat and rye. DNA sequences for 2 of the ¢cDNA clones contain putative
polypeptides with an extremely basic domain. No function has been assigned to
the gene products yet, as these sequences contain very little similarity with other

published sequences (11).

2.2.4 Brassic

It has been suggested that membrane lipid oxidation at low temperatures
generates harmful peroxides (141). Peroxidases must therefore be active at low
temperatures to remove these compounds. Qualitative and quantitative changes
in peroxidase isozymes of cold acclimated plants have been reported (46, 102, 61,

5, 80, 84, 75). In hardened winter rape (Brassica napus L var. Oleifera cv.
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Gorczanski), total peroxidase activity increased by ten fold over control plants
(80). Cold hardened winter rape contained 2 low molecular weight soluble
protein fractions with unusual properties (79). Amino acid analysis indicates a
highly basic protein with very few proline and methionine residues when compared
to control proteins from the same fraction.

B. napus cv. Jet Neuf seedlings expressed approximately fourteen novel or
increased abundance polypeptides and decreased the expression of six others
within 48 hrs of low temperature treatment (106). A similar change in protein
synthesis was detected in as early as 6 hrs of cold treatment. Although freezing
tolerance was not determined at the end of 6 hrs, it is improbable that hardiness
would increase significantly during this time. Rapid changes in protein synthesis
during the initial phases of hardening appears to be a common process in cold
acclimation. In vitro translation products separated by 2D PAGE reveal the
induction or increased abundance of some RNAs and a decrease in others but the
majority of the RNA species were present after cold treatment. One RNA that

did decrease coded for the small subunit of RUBP carboxylase/oxygenase.

2.2.5 Bromegrass

Cold acclimation of bromegrass (Bromus inermis Leyss cv. Manchar) cell
cultures harden from -7 to -17°C after 5 days at +2 to +4°C (21, 92). After 5
days of low temperature treatment, 6 new SDS soluble polypeptides were

expressed and the abundance of 1 other decreased. After 1 day, 1 polypeptide
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disappeared but novel expression was not apparent (92). in vivo labeling with
[*C]-leucine for 86 hrs at +4°C indicated an induction of 3 new polypeptides and
the reduction of 2 others (135). In vitro translation experiments revealed that
after 5 days of +4°C hardening, the expression of 7 novel RNAs and the
repression of 5 other RNAs were identified. It appears that a considerable
increase in freezing tolerance was attained with relatively few polypeptide changes,
even though the cells were not at maximum hardiness after 5 days of low
temperature treatment. Further analysis of these cold induced polypeptides
associated with hardening and deacclimation will more precisely determine their

correlation with frost tolerance.

2.2.6 Solanum

Cold acclimation in potato requires protein synthesis. Chen et al.(20)
demonstrated that cycloheximide treatment of Solanum commersonii stem cultures
inhibited the development of cold hardiness. Low temperature hardening of S.
commersonii induces the synthesis of 11 to 14 new polypeptides (154,155). After
1 day of deacclimation, the majority of the cold induced polypeptides disappeared
and hardiness had correspondingly decreased. Some cold induced polypeptides,
expressed in the early and middle phases of hardening, were not present at

maximum hardiness (155). The transient expression of these polypeptides during
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cold acclimation may reflect the involvement of a cascade of regulatory proteins
required for the induction and maintenance of frost tolerance.

An increase in frost tolerance in S. commersonii stem cultures was
associated with a low temperature induced expression of novel translatable RNAs
(154, 155). Similar to the temporal pattern of cold induced protein synthesis, the
changes in the RNA population over a period of 14 days at +5°C indicates a
pattern of transient expression for a sub-population of the RNAs. After 1 day of
deacclimation, hardiness was lost and concurrently many of the RNAs declined to
control levels. The appearance of these RNAs with the development of frost
tolerance and their disappearance after dehardening implies a direct role for gene
expression during cold acclimation.

Suspension cultures of S. commersonii can also cold harden to the same
level of hardiness as with whole plants (93). Treatment of cell cultures for 48h
at 4°C altered the pattern of translatable RNA. Many of the cold induced RNAs
were present by 12h treatment but not all of them were present after 48h

suggesting a requirement for a number of genes in regulating frost tolerance.

2.2.7 Spinach

Guy et al. (59) provided direct evidence to support the hypothesis that cold
acclimation of spinach (Spinacia oleracea) involves changes in gene expression.
They determined that at least 6 mRNAs increased in abundance upon exposure

to 5°C. A close correlation was found between hardiness and the expression of
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certain cold acclimation proteins (CAPs) (160, 85 and 75 KDa) in spinach (59, 56,
57). Upon exposure to warm temperatures, hardened spinach plants deacclimated
very rapidly and many of the cold induced polypeptides disappeared (56). Heat
shock treatment did not induce any of the cold induced polypeptides nor was there
any increase in hardiness. Conversely, there was no increase in tolerance to heat
stress when cold acclimated plants were heat stressed.

Protein fractionation studies (58) indicated that spinach CAPs neither
accumulated within chloroplasts nor mitochondria therefore they are likely to be
cytoplasmic proteins. The CAPs were purified from 2-D gels and were micro
sequenced to determine the partial amino acid composition. It appears that all

three CAPs are rich in aspartic acid, glutamic acid and glycine.

2.2.8 Wheat

During cold acclimation in winter (Kharkov) and spring (Rescue) wheat,
an increase in ferredoxin-NADP reductase synthesis was observed (130).
However, the specific activity was higher in the more hardy winter wheat cultivar
although the Km's for both cultivars were similar.

Invertase activity between hardened winter wheat (Kharkov - most hardy)
and 2 spring wheats (Thatcher - intermediate hardiness and Rescue - frost
sensitive) was compared. A substantially lower energy of activation was observed
with invertase from hardened winter wheat than from the spring cultivars (131).

In a subsequent experiment (132), three invertase isoforms were identified by gel



filtration chromatography. Upon hardening, the activity of isoforms I and II from
winter wheat changed significantly with a shift in activity from form II to form L
The ratio of form I to form II activity from twelve wheat cultivars ranging in
ability to harden were compared, and found to roughly vary with the hardiness
potential of the cultivar (133). Because hardening increases form I and decreases
form II invertase activity, it was concluded that one isoform replaces another
during cold acclimation (133). Although such a detailed analysis has not been
performed with other isozymes, it is likely that similar changes occur with other
enzymes during cold acclimation.

RNA levels were compared between low temperature grown spring and
winter wheat (139). Spring wheat does not harden appreciably relative to winter
wheat. Both sSRNA and rRNA increased markedly in acclimated winter wheat but
not in acclimated spring wheat. The base composition of the acclimated winter
wheat sSRNAs also shifted towards a higher (G+C)/(A+PU+U) ratio which
indicates the presence of new SRNA species associated with cold acclimation. A
low temperature induced change of DNA-dependent RNA polymerase activity was
observed in winter wheat (138). Chromatin DNA-dependent RNA polymerases
isolated from both winter and spring cultivars indicates that polymerase activity
was higher in the winter cultivar. The predominant increase in activity was
contributed by RNA polymerase 1. Since RNA polymerase I is responsible for
rRNA synthesis, it would account for the increase in rRNA observed during cold
acclimation. Increases in TRNA were confirmed in other cultivars of winter wheat

by Devay and Paldi (35). They determined that increased rRNA was not from
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increased expression of the TRNA genes, but was the result of winter wheat
containing more rRNA cistrons than spring wheat (121).

A comparative analysis of the soluble protein changes between etiolated
seedlings of winter wheat (Triticum aestivum cvs. Frederick and Norstar) and a
spring wheat (T. aestivum cv. Glenlea) indicates that the majority of the
polypeptides induced or increased by low temperature were common to all 3
cultivars (140). The major difference between the 3 cultivars was due to a higher
abundance of a 200 KDa polypeptide in both winter wheats. It was concluded that
the majority of the low temperature induced changes were not associated with
hardening but reflected an adjustment to growth at low temperatures. In vivo
protein analysis of root, crown and leaf tissues indicated a synthesis of at least 8
new polypeptides which were more abundant in the 2 winter cultivars (124). A
200 kDa cold induced polypeptide was found to be most abundant in all 3 tissues
of the winter cultivars after acclimation, but was especially abundant in the aerial
tissues. Since aerial organs are usually more hardy than root tissues, the
differential expression of this polypeptide suggests a close correlation with
increased frost tolerance (124).

From genetic studies, it is known that winter hardiness is a complex trait.
In wheat, regulation of frost tolerance is associated with 11 of the 21 chromosomes
and therefore likely to involve many genes (149). Evidence to suggest that gene
expression occurs at the molecular level during cold acclimation of winter wheat
was reported by Danyluk and Sarhan (33). They determined that 23 increased

abundance mRNAs were differentially expressed in frost tolerant cultivars but not
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all were present at the level of hardiness attained by the end of cold treatment.
Some of the RNAs were transiently expressed while others remained throughout
hardening. Upon deacclimation for 24 hrs, all of the cold regulated RNAs
decreased to control levels. Cold treatment also decreased the expression of 14
RNA:s in the frost tolerant cultivars of which 13 were in common with the cold
sensitive cultivar (33). The cold regulated RNAs were shown to be actively
translated and polysomes isolated from hardened plants had a higher in vitro
translation activity than from control plants (125). The expression of cold
regulated genes may be required to either maintain or increase the rate of protein
synthesis required for hardening.

Lin et al. (96) reported that wheat has a cor gene related to Arabidopsis
cor 41. A cDNA library of poly (A+) RNA isolated from cold acclimated winter
wheat (cv. Winoka) was screened with Arabidopsis cor 47 cDNA probe and a
positive clone, pWG1 was isolated. Northern blot analysis indicated that
transcripts homologous to pWG1 were only presented in cold acclimated plants.
Similar to the cor cDNAs from Arabidopsis, the PWGT1 also encodes a boiling

stable polypeptide.



26

2.3 Abscisic acid induced freezing tolerance

2.3.1. Involvement of ABA in cold acclimation

The first indication that a growth regulating substance modulated cold
hardiness was observed in woody plants. It was thought that hardiness was the
result of dormancy development in the late summer or early fall during which
certain substances translocated to the bark would result in hardiness. Subsequent
work by Irving and Lanphear (71,72) demonstrated that dormancy and cold
hardiness development was independent of bud dormancy (71). It was suspected
that the increased cold hardiness in Acer negundo may involve an ABA-like
substance (72). Low temperature treatment resulted in high endogenous levels of
an ABA-like substance. Chromatographic analysis of the ABA-like substance
indicated a high degree of similarity with authentic ABA. Furthermore, plants
treated with either the ABA-like substance or ABA increased hardiness (70).

Several lines of evidence from the current literature suggest that ABA is
involved in plant adaptation to freezing stress: (1) endogenous levels of ABA were
shown to increase during cold acclimation (108, 160, 19, 20, 90, 57), (2) application
of ABA at room temperature can induce freezing tolerance in whole plants (70,
19, 20, 90, 111) and in cell cultures (21, 120, 82, 119, 92, 93, 118), (3) ABA
induced freezing tolerance was only observed in those species which could cold
harden and not in species which lacked the ability to cold acclimate (21) and (4)

ABA has been shown to affect metabolic processes similar to those manifested by
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cold treatment (20, 90, 150).

There is substantial evidence to indicate that endogenous ABA levels rise
during cold acclimation. This was observed in both woody and herbaceous
species. Under a long or short day photoperiod at +5°C, 4. negundo plants
increased hardiness as well as endogenous ABA levels (70). Irving (70) also
demonstrated that hardiness development was more a function of increased ABA
than a decreased gibberellin concentration because the application of GA to
dormant and hardened plants broke dormancy but did not decrease hardiness as
rapidly. An increase in ABA level was observed in the fall in sour cherry (Prunus
cerasus) flower buds (107) but by mid-winter the increased ABA concentration
decreased to basal levels.

Exposure of the frost tolerant potato Solanum commersonii to 2°C
day/night lead to a large transient increase of ABA in the leaves (19, 20) during
which frost hardiness and total soluble protein also increased. When the frost
sensitive potato species S. tuberosum was subjected to the same treatment, there
was no significant increase in frost tolerance, free ABA or total soluble protein
level. Even though the ABA peak in S. commersonii was transient during
acclimation, hardiness actually continued to increase well after the time of the
ABA peak while still at low temperature. Application of the protein synthesis
inhibitor cycloheximide to stem cultures of S. commersonii at the beginning of cold
treatment prevented hardening. When the inhibitor was added after S days of low

temperature treatment, hardiness induction was not inhibited. The induction of
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freezing tolerance in S. commersonii is thus associated with a transient increase in
free ABA and novel protein synthesis (20).

Analysis of the crown tissues from two acclimated winter wheat cultivars
indicate a 3 fold higher ABA level in the hardier cultivar (160). Soluble protein
accumulation paralleled hardiness for both cultivars. Cold acclimated winter
wheat unlike sour cherry (107), potato (20), spinach (57) or Arabidopsis (M.
Francks, personal communication) maintains a high ABA level throughout
hardening. Cold acclimation nevertheless characteristically involves an increase
in ABA concentration followed by an increase in frost tolerance.

A second line of evidence supporting ABA involvement in cold acclimation
comes from the fact that application of ABA without low temperature treatment
can induce a hardening response. Treatment of A. negundo seedlings with ABA
under long day nonhardening conditions increased frost tolerance and under short
day conditions enhanced hardiness (70). Chen et al.(20) not only demonstrated
an increased endogenous ABA concentration in S. commersonii but that growing
S. commersonii stem cultures in the presence of ABA at room temperture could
also increase hardiness to the same extent as low temperature treatment. ABA
induced hardening was also inhibited when cycloheximide was added at the
beginning of ABA treatment. In two winter wheat cultivars, ABA treatment
increased hardiness of both cultivars but the hardening effect was greater in the
hardier cultivar (90). ABA treatment of both cultivars at low temperatures

however could enhance the level of hardiness above ABA alone. There is also a



29

similar low temperature requirement in combination with ABA treatment to attain
maximum hardiness in two alfalfa (M. sativa) cultivars (111). However, low
temperature may be required to initiate and/or maintain a biophysical aspect of
hardening,

Wild type A. thaliana is able to increase frost tolerance by low temperature
(47, 88) or ABA treatment (91). An A. thaliana ABA deficient mutant was not
able to cold acclimate but when ABA was added to the growth medium, freezing
tolerance increased to a level similar to cold acclimated wild type plants (65).
This is a strong indication that ABA plays a major role in the induction of cold
hardiness.

In whole plants studies, ABA treatment by foliar sprays or soil drenching
have not always been effective in increasing hardiness (39, 54). This may be due
to ineffective ABA uptake, enzymatic breakdown or microbial degradation (21).
To circumvent these technical difficulties, a number of workers have opted to use
sterile in vitro cultured systems. Suspension cultures originating from mesocotyl
tissue of bromegrass (Bromus inermis Leyss cv Manchar), winter wheat (T.
aestivum L cv Norstar) and winter rye (Secale cereale L cv Cougar), capable of
cold acclimation, grown in 75 uM ABA (21) were able to harden substantially at
room temperature with four days of treatment. There was no further increase in
hardiness when the same treatment was performed at +2°C. A similar effect was
observed in lotus (Lotus corniculatus L.) callus culture originating from axillary

buds (82). Freezing tolerance increased to the same level as field hardened plants
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when calli were cultured at room temperture in media containing 10 uM ABA.
There was no additional increase in hardiness when combined with low
temperature.

Freezing tolerance was enhanced by ABA treatment in Brassica napus cv.
Jet Neuf microspore-derived cell suspension culture (119) and in microspore
derived embryos (118). Low temperature treatment alone was not as effective in
increasing hardiness, although a higher level of hardiness was attained when ABA
treated microspore embryos were followed by culturing at +2°C for 3 weeks. A
combination of ABA and cold treatment was required for a maximum hardening
response in alfalfa suspension culture derived from cotyledons (120). The
necessity for ABA in combination with low temperature to induce ultimate
hardiness in both alfalfa cultures (120) and whole plants (111) may indicate a
requirement for cold conditioning in order to be ABA responsive or to maintain
the cold hardiness.

The third line of evidence which indicates an integral role for ABA in
inducing frost tolerance was reported by Chen and Gusta (21). They
demonstrated that ABA treatment could only induce freezing tolerance in species
which could cold acclimate and not in warm season species which are not capable
of cold hardening. This suggests that the ability to cold acclimate is genetically
regulated (21, 54). Genetic studies in winter wheat have already supported the
notion of winter hardiness as a heritable trait (149) and thus the ability of ABA
to trigger the hardening response lends further support to this phytohormone as

a part of the cold acclimation response.
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The fourth line of evidence involves the metabolic and physiological
changes observed during ABA induced hardening. For example, cold acclimating
alfalfa undergoes a morphological change by assuming a rosette growth habit
(129). Under long day conditions, ABA treatment could also alter the growth
form to a rosette habit and increase frost tolerance. As outlined earlier, cold
acclimation is accompanied by gross changes in cellular metabolites. ABA
induced hardening at room temperature similarly alters the abundance of certain
cellular metabolites. Examples of these changes have been reported in wheat
(90), bromegrass (150) and potato(20) studies.

Cold acclimation in potato can be inhibited by application of cycloheximide.
Similarly, by preventing protein synthesis during ABA treatment, hardening does
not occur. ABA, similar to cold treatment, can induce frost tolerance in winter
wheat as well as increase proline and sugar levels (90). During cold acclimation,
cellular water content decreases (13, 105, 14) and dry matter content increases
(14, 148, 40, 103). These two responses were also observed in ABA hardened
bromegrass suspension culture cells ( 152). Additionally, ultrastructural alterations
were observed during cold acclimation in bromegrass cell cultures treated with
ABA (151). Numerous examples of low temperature induced changes in protein
synthesis have been reported. Similarly, ABA alters the pattern of protein
synthesis during the induction of hardiness. Results of these studies will be

presented in the following sections.
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2.3.2 Gene expression induced by ABA or water stress

Currently, there is a paucity of data on the molecular changes during ABA
induced cold acclimation. In contrast, considerably more is known about the
inductive role of ABA in mediating biochemical responses during various
developmental processes and other environmental stresses. Studies on ABA
induced gene expression have focused primarily on events during embryo
development, desiccation stress and more recently wounding.

Typical seed development involves embryo maturation followed by
desiccation to produce a mature dormant seed. At a specific stage during
embryogenesis, embryonic tissue ABA concentration rises and concurrently novel
or increased levels of specific proteins are expressed. If premature embryos are
excised from the seed, ABA levels do not rise, the novel proteins are not
expressed and precocious germination results (32). By applying ABA to in vitro
cultured premature embryos, precocious germination is prevented and the
accumulation of storage or embryo proteins is maintained. ABA application to
seed tissues of different species can also prevent precocious germination and or
regulate the expression of various seed proteins including: storage proteins (8, 32),
lectins (126), albumin (161), barley aleurone proteins (67) and other late
embryogenesis abundant (LEA) or LEA-like proteins from cotton (37, 44, 43, 45),
carrot (62), maize (48, 158) and Brassica (62). In each of the above examples,
ABA inducible ¢cDNA clones corresponding to the proteins were isolated.

Northern blot analysis with the ¢cDNA probe verified the presence of the
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complementary RNA transcript after endogenous ABA levels increased or
exogenous ABA application.

Further evidence for the involvement of ABA in regulating these proteins
was demonstrated by fluridone treatment. ABA is thought to be a metabolite of
carotenoid biosynthesis therefore fluridone, which interferes with carotenoid
metabolism presumably inhibits ABA accumulation (165). In the presence of the
inhibitor, endogenous ABA level did not increase, nor did ABA inducible protein
(126) and RNA (8, 63) levels at the expected time during embryo growth. By
supplementing the media containing fluridone with ABA, expression of the protein
and mRNA was restored.

A unique physical property of some of these ABA inducible proteins was
observed in barley aleurone cells (74). ABA treatment of the aleurone layers
induced at least 25 new polypeptides. When the protein was extracted from ABA
treated cells and boiled for 10 min, the majority of the proteins from the control
cells precipitated, whereas most of the ABA induced polypeptides remained in
solution. A similar effect was observed in dormant wheat grain tissues (128).
Two ABA responsive proteins (called dehydrins) associated with dormant wheat
embryonic axes also remained in solution when heated to 70°C. These heat stable
proteins and the ABA inducible cor proteins of Arabidopsis (60) signify a common
physical property for ABA responsive proteins and may therefore have similar
functions.

Late in cotton embryo development, a set of proteins and associated RNA

transcripts called LEA mRNAs are highly expressed (37). Many of the LEA
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mRNAs are induced by treating excised embryos with ABA, however, storage
protein accumulation is not regulated in this manner. DNA sequences of 6 of the
LEA genes code for putative polypeptides that are unusually hydrophobic in
nature. Two of the LEA polypeptides have a high proportion of glycine and
hydroxylated amino acids. They do not seem to have a single thermodynamically
preferred structure, and thus predicted to form amorphous random coils. The
proteins could act as "solvation" molecules to substitute for the solvent
characteristics of water. Two other LEA polypeptides have putative structures
which could bind ionic species. As free water decreases under desiccation, ion
concentrations can increase to the point of being cytotoxic. It has been suggested
that these polypeptides can bind-up excess ions (1).

A cDNA of the gene for the wheat albumin, Em, was sequenced and like
the LEA genes has a very hydrophilic amino acid composition and may exist as
a random coil (98). The regulation of Em by ABA during embryo development
was analyzed first by identifying the cis-acting elements of the Em gene required
for ABA induction. A chimeric gene construct consisting of 650bp of the Em
promotor region fused to the GUS reporter gene was required for ABA inducible
expression in a rice transient assay (99). More detailed analysis revealed the
presence of ABA responsive elements (ABREs) which when fused upstream of a
35s promotor-GUS chimeric gene, could increase GUS activity significantly over
the basal level of the reporter gene alone. Thus the ABRE was able to confer
ABA sensitivity to a constituitive promotor (100). A DNA binding protein was

found to bind to an 8bp element within the ABRE. Mutations to the 8bp
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sequence prevented the DNA binding protein from interacting with it and
consequently ABA responsiveness decreased. The DNA binding protein appears
to contain putative amino acid sequences characteristic of a class of transcription
factors called leucine zippers (52).

The LEA proteins may play a desiccation protective role in programmed
dehydration. Metabolic adjustments required for an embryo to tolerate drying
may be a part of a more universal process in plants to withstand drought stress.
Evidence for the involvement of ABA in modulating gene expression during a
water deficit has been reported by many workers.

One of the most dramatic examples of desiccation tolerance in higher
plants is seen in the African resurrection plant Craterostigma plantagineum Hochst.
The mature leaves of this plant is able to withstand almost complete drying and
upon rehydration can continue growth (42, 2). In response to drying, endogenous
ABA concentration increases, the pattern of protein synthesis is altered and new
translatable RNA are expressed (2). mRNAs corresponding to desiccation
inducible cDNA clones were inducible by ABA treatment, and were repressed
upon rehydration of the leaves. Other examples of desiccation altered gene
expression have been observed in rice (114, 22), maize embryos (49), tomato (7,
28), barley (23), soybean (3, 31) and Mesembryanthemum crystallinum (4). Similar
to C. plantagineum, drought specific mRNAs from rice (114, 22) and tomato (28)
are ABA inducible without desiccation.

Exposure of plants to high salt conditions may elicit a similar biochemical

response as desiccation because both types of stress subject the plant to a low
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water potential environment. An altered pattern of gene expression has been
reported in salt stressed M. crystallinum (4), Distichlis spicata (166), tobacco
suspension culture cells (145) and rice (114, 22). The cDNAs corresponding to
the RNAs induced by salt stress in M. crystallinum (4), tobacco cells (145) and rice
(114,20) are also inducible by ABA treatment. Desiccation inducible RNAs from
maize dry embryo (49) and rice (114, 22) are also salt inducible. It is not
surprising that the rice and maize RNAs in addition to being desiccation and high
salt inducible are ABA inducible as well.

Genetic evidence for the regulation of drought inducible genes by ABA was
demonstrated with a mutant variety of tomato (flacca) that is only capable of
synthesizing low levels of ABA (28). cDNAs corresponding to the RNA
transcripts isolated from wilted wild type (wr) leaves could be induced in a non-
wilted plant with ABA treatment. Wilted mutant leaves could not express these
RNAs but were able to when treated with ABA. A higher endogenous ABA level
in water stressed wt leaves was correlated with an accumulation of the wilt
inducible RNAs. Cohen and Bray (28) concluded that drought stress induced
changes in the endogenous ABA levels regulate the expression of these RNAs.

The regulation of the rice RAB21 (Responsive to ABA) gene was originally
identified as water stress inducible, but it is also salt stress and ABA inducible -
(114). DNA sequencing of the Rab21 cDNA (subsequently renamed rab16 a-d)
turns out to be a member of a small gene family consisting of 4 genes tandemly
arrayed. The promotor region of the 4 genes contain a highly conserved sequence

that is also found in cotton LEA genes (163) and the wheat Em gene (52, 100).
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Gel retardation and DNase I footprint analysis indicate that some trans-acting
factor(s) binds to this conserved sequence ( 163) and thus may be an ABRE (115).

A role for ABA during wound induction has been suggested (122). When
the leaves of potato or tomato plants are wounded, such as by insect attack or
mechanical damage, the proteinase inhibitors I and II (PI-I and PI-II) accumulate.
These inhibitors are directed at decreasing the nutritional content of the plant by
preventing protein digestion in the insect gut. It has been shown that even though
wounding may be localized, PI-II accumulates throughout aerial portions of the
plant and therefore is a systemic response (123). Previous work in water stressed
maize seedling (64) and embryo (49) proteins indicated that they are also ABA
and wound inducible. Pena-Cortes (122) tested whether PI-Il was ABA responsive
and if ABA was involved in the systemic induction of the wound response. The
results were: (1) exogenous ABA treatment increased PI-II RNA without
wounding, (2) ABA-deficient mutants of potato and tomato show no signs of PI-II
wound inducibility but when the petiolar ends of the leaves were dipped in an
ABA solution, PI-Il RNA accumulated and (3) wounding increased endogenous
ABA levels not only in the affected leaf but also in other leaves as well. The PI-II
gene has been sequenced (81) and comparisons made by Guiltinan et al. (52)
indicate the presence of the same ABRE found in Em and rab16 5' regulatory
region.

Whether during embryo development, desiccation or wounding stress,
endogenous ABA levels increase and a set of ABA inducible genes are expressed.

Exogenous ABA application can also induce the same genes. These gene products
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may perform different functions as they are components of different physiological
responses to different stresses. However, the occurence of the LEAs and some
rabs in embryos and other tissues during desiccation or ABA treatment may
indicate a universal role for these proteins in desiccation tolerance. Since freezing
stress can be considered a desiccation stress at low temperatures, similar proteins
may be induced by ABA or cold acclimation treatment to increase freezing
tolerance. In addition, ABA responsive homologous regulatory sequences were
found to be in common with these genes. ABA may, therefore, play a central role

in mediating a molecular response to developmental and environmental stimuli.

2.3.3 Gene expression during ABA induced acclimation

As mentioned above, ABA is thought to be involved in the adaptation of
plants to freezing stress. In this section, we will concentrate on changes observed
at the molecular level during ABA induced hardening.

Changes in protein synthesis during ABA induced hardening have been
observed in alfalfa suspension culture (134), alfalfa seedlings (111, 112),
Arabidopsis seedlings (91), Brassica suspension cultures (76, 77), bromegrass
suspension culture (135, 92), potato stem (156) and suspension culture (93).

The electrophoretic pattern of soluble proteins change during ABA induced
hardening in alfalfa (M. sativa cv Wisconsin 22C) suspension culture cells (134).
ABA treated alfalfa (M. falcata cv 'Anik' and M. Sativa cv. "Trek’) seedlings also

have an altered pattern of protein synthesis (111, 112). Some of the newly
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synthesized polypeptides have molecular weights and pls similar to those expressed
in cold acclimated seedlings. It is difficult to determine if these novel
polypeptides are associated with hardening from the results given.

ABA treatment of Arabidopsis seedlings for 3 to 4 days increases hardiness
by 4°C (91). In comparison, low temperature hardened the plants much more
slowly even though the ultimate hardiness was the same whether by ABA or low
temperature. 2D-PAGE of in vivo labeled proteins reveal approximately 11
polypeptide species induced by low temperature and 15 by ABA. Eight of the
polypeptides appear to be induced by either ABA or low temperature (91).

B. napus cv Jet Neuf suspension cells can harden to an LT, of -20°C when
cultured in ABA for 8 days (119) during which the pattern of protein synthesis
changes (76, 77). One of the in vivo synthesized polypeptides was associated with
an endoplasmic reticulum enriched membrane fraction.

Bromegrass suspension culture cells treated with ABA for 4 to 5 days
increased hardiness to -30°C (21, 92). The change in protein synthesis throughout
86 h of ABA treatment indicated a sequential induction of new polypeptides
during hardening (135). Two extracellular proteins were present only in the media
of ABA or cold treated cultures (136). During the first day of treatment 7 new
or increased level and 3 decreased level SDS soluble polypeptides were identified
(92). After 5 days, 22 new polypeptides appeared. Cold treatment for the same
period of time did not induce the same number of polypeptides nor the same level
of hardiness as with ABA. Both treatments did not induce any polypeptides with

similar molecular weights and pls, although 1 polypeptide with the same apparent
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molecular weight and pl did disappear from both treatments (92).

ABA increases the freezing tolerance of potato (S. commersonii) stem
cultures by 5°C (156) and changes the pattern of in vivo synthesized polypeptides
(156). Similar to cold treatment (155), the development of hardiness was
characterized by transiently expressed polypeptides. Six of the ABA responsive
polypeptides have the same estimated molecular weight and pI as six polypeptides
induced by cold treatment and thus may be a part of the same hardening
mechanism induced by cold or ABA treatment.

As expected, the pattern of gene expression is altered during ABA induced
hardening (77, 111, 113, 60, 88, 92, 93, 156). In Brassica suspension culture cells,
a translatable RNA induced by ABA was apparently induced by cold treatment
as well (76). Translation products induced by both ABA and cold were
identified in potato stem culture (156), potato suspension culture (93) and
bromegrass (92).

A comprehensive analysis of the changes in gene expression during ABA
induced hardening in bromegrass was reported by Lee et al. (92). In addition to
assessing the translatable RNA changes during 1 or S days of cold or ABA
treatment, RNA changes were monitored: (1) during the first 12 h of ABA
treatment, (2) with various ABA concentrations and (3) during deacclimation
(initiated by removing ABA from the media). The response to ABA at the
molecular level was extremely rapid as the expression of 13 translatable RNAs
were detected within 1 hr of treatment.

ABA induced freezing tolerance is dependent on the concentration of ABA
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added to the media (21). The response of bromegrass cells to increasing ABA
concentration (up to the level required for optimum hardiness) was an increasing
number of new RNA species. From this data, one may speculate that since cold
hardiness is quantitatively inherited therefore a multigenic trait, frost tolerance
requires the expression of many genes. This is then reflected by the number of
new RNAs expressed at the optimal ABA concentration required to attain
maximum hardiness.

In many of the species used to study cold acclimation, the hardened plant
deacclimates relatively quickly (59, 109, 110, 60, 87, 155). In contrast, bromegrass
deacclimation when hardened by ABA, was considerably slower (127, 73, 92).
Even when ABA hardened cells were cultured in ABA-free media for 7 days,
hardiness was maintained well above the control level and correspondingly, many
of the ABA induced RNAs continued to be expressed (92). A close association
of these RNAs with hardening and deacclimation suggests that the mRNAs
induced by ABA contributes to the induction and/or maintenance of frost
tolerance.

The identification of ABA specific ¢cDNAs directly associated with
hardening has not been reported yet. However, one of the cor ¢DNAs from
alfalfa (111) and all of the cor cDNAs isolated from Arabidopsis (60, 87) are ABA
inducible. It is likely that many more of the cor genes isolated in the future will

also be ABA inducible.
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2.4 Desiccation induced freezing tolerance

An increase in endogeneous abscisic acid concentration in plants subjected
to water stress (or desiccation) have been well documented (34). The elevated
level of ABA is thought to mediate a number of physiological, morphological and
molecular changes in responses to water stress. These changes are necessary for
plants to survive during drought stress. Evidence indicates that ABA treatment
also increases desiccation tolerance (6, 34). The increase in ABA level during
plant dehydration requires nuclear gene transcription (51). The up-regulation of
specific genes during drought stress have been reported in several plant species,
(7, 49, 114, 23, 28) and many of these are regulated by ABA as well. It is likely
that the products of these drought regulated genes may play important roles in the
drought resistance of plants.

The ability of the cytoplasm to tolerate freezing induced desiccation is the
key mechanism for hardy plant cells to survive freezing stress (95). It is not
surprising that hardy plant species that are subjected to water stress at room
temperature can increase freezing tolerance (97, 17, 16, 15, 157, 142, 27, 26).
Desiccation, similar to low temperature stress, increases the endogenous levels of
ABA (164, 6, 162, 51, 66). During cold acclimation, plant tissue water content
decreases (105, 14) and desiccation tolerance increases (116).

In red-osier dogwood stems, Chen et al. ( 17) determined that water stress
increased the frost hardiness from -3° to -11°C in 7 days. Freezing studies using

nuclear magnetic resonance spectroscopy indicated that increased hardiness in
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water-stressed plants resulted from both increased tolerance of freezing and an
increased avoidance of freezing (16). During water-stress induced freezing
tolerance, a decrease in protein, RNAs and starch and an increase in sugar
content was observed after the first three days of water stress. Starch levels
continuously declined while sugar levels increased continuously along with an
intermittent rise in proteins and RNAs (151).

Exposure of wheat and rye seedlings to a dry atmosphere of 40% RH at
room temperature (21°C) induced some degree of freezing tolerance in the
plumules similar to those produced by cold conditioning for 4 weeks at 3°C (27).
Both cold and desiccation treatments altered the protein patterns during the
induction of freezing tolerance, however, they did not induce similar patterns
changes (25). Protein bands increased upon hardening by both treatments and
was correlated to increased freezing tolerance (24, 25).

The similarities in metabolic changes observed between low temperature
and desiccation induced hardening suggests a similar mechanism of frost tolerance
is involved. The similarity between low temperature and drought stress extends
to the molecular level. Not only are the cold regulated genes from Arabidopsis
ABA inducible but are also drought stress responsive (60, 87). Since both low
temperature and desiccation elevate ABA levels, it is not known if ABA is

involved in the induction of freezing tolerance via the same mechanism.
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2.5 Short day photoperiod induced freezing tolerance

Short day (SD) photoperiod can induce the first stage of cold acclimation
in woody plant species (159). It has been shoWn that dogwood plants grown under
a short day (8 h) photoperiod at non-acclimating temperatures could increase
freezing tolerance (104, 16, 18). The short day effect appears to be a classical
example of a phytochrome mediated response (104).

Whether short day photoperiod induced freezing tolerance involves the
alteration of gene expression is not known. Recently, a short day inducible gene
coding for a 32 kD bark storage protein (BSP) from poplar (Populus deltoides) was
cloned. The effect of short day (SD) photoperiod on the accumulation of the 32
kD protein of poplar was examined under controlled environment and natural
growing conditions. SDS-PAGE and protein gel blot analysis indicates that the
relative abundance of the 32 kD protein increase to 20% in 10 days, and to 50%
in 17 days of SD exposure (30). Immunoprecipitation of in vitro translation
products with anti-BSP serum suggests that SD protein accumulation is correlated
with changes in the pool of translatable mRNA. A full length cDNA encoding for
the poplar 32 KD BSP was isolated and its nucleotide sequence determined. The
derived amino acid sequence indicates that poplar bark storage protein is a basic
protein (estimated pl 8.0), and is rich in serine, leucine and lysine. Like the low

temperature responsive genes identified, its function is currently unknown.
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Table 2.1 Plant species used to study the molecular biology of cold acclimation.
Transformation ability: '+' indicates species was successfully transformed, '?'
indicates transformation was not reported for the species. In vivo / In Vitro
labeling: '+' indicates changes in protein synthesis (via in vivo labeling) or gene
expression (via in vitro labeling) occured during cold acclimation, '-' indicates
procedure has not been reported. ¢cDNA clone: '+' indicates cold and / or ABA
responsive mRNAs have been cloned, - indicates cold reponsive genes not
reported. Sequence reported: '+' indicates cDNA corresponding to a cold
responsive gene(s) has been sequenced, '-' indicates no sequence data reported.

Maximum

Cold Transfor- In Vivo/

Hardiness mation In Vitro cDNA Sequence
Plant Species (LTgq) Ability Labeling Clone Reported
Arabidopsis thaliana -10°C + +/+ + +*
Brassica napus -20 + +/+ - -
Bromus inermis -40 ? +/+ + +

(cell culture)

Hordeum vulgare -15 ? -/+ + +
Medicago spp. <=-10 + +/+ + -
Solanum commersonii -11 + +/+ + +
Spinacia oleracea -11 ? +/+ - -
Triticum aestivum =21 ? +/+ + -

*3 Genomic and cDNA sequences.
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2.6 Conclusions and future directions

Low temperature, water stress, and short day photoperiod are
environmental cues which can induce freezing tolerance. These signals may
induce the accumulation of ABA and therefore provide an endogenous signal to
trigger hardening. The application of molecular biology techniques to the study
of cold acclimation has permitted us to demonstrate a link between heritable
hardiness traits and gene expression. A hig