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To my wife Anna 

 
“The path to our destination is not always a straight one. We go down the wrong road, we 

get lost, we turn back. Maybe it doesn’t matter which road we embark on. Maybe what 
matters is that we embark”  

- Barbra Hall 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  4 



  5 

Cold Acclimation in Oats and Other Plants:  
Dissecting Low Temperature  

Responses Using a Comparative Genomic Approach 
Marcus Bräutigam 

Department of Cell and Molecular Biology 
University of Gothenburg, Box 462, SE-405 30 Göteborg, Sweden 

Abstract 
Cold acclimation protects plants from temperate regions of the world from the deleterious 
effects of low and freezing temperatures. This is through a series of transcriptional, 
regulatory and metabolic changes that enable continued growth and survival. The focus in 
this thesis is to increase our understanding of the cold acclimation process and there by 
open the door to development of cold hardy oat (Avena sativa) varieties for the Nordic 
climate conditions. We started by sequencing 9,792 oat ESTs from a cDNA library 
prepared from pooled total RNA extracted from cold induced oat plants. These sequences 
were assembled into a UniGene ser of 2,800 sequences, 398 displayed homology to genes 
previously reported to be involved in cold acclimation. The CBF factor family have a key 
regulatory role during cold acclimation and in our UniGene set we found four oat CBF 
sequences.  

To infer regulatory networks we developed a rule-based method, which combined data 
from microarrays with promoter sequences and known cis-elements. The method was 
tested on the cold acclimation process in Arabidopsis and could indentify both known and 
novel network connections. We also performed a comparative transcriptome study between 
rice and Arabidopsis during low temperature stress to explore the molecular differences 
between chilling sensitive and freezing tolerant plants. Interesting observations were that 
the dynamics of the response of key genes appears to be higher in Arabidopsis than in rice. 
Several important downstream genes encoding proteins with freezing protective activities 
in Arabidopsis are not present in rice or important cis-elements. Also stress mediated 
hormone signalling seem to be absent in rice. Together these observations partly explain 
why rice is unable to cold acclimate to the same extent as Arabidopsis. 

Finally we developed a TILLING (Targeting Induced Local Lesions IN Genomes) 
population in the oat consisting of 2,600 independent events. By random sequencing of 
two genes involved in the lignin (AsPAL1) and ß-glucan (AsClsF6) synthesis we estimated 
the mutation frequency in the population to be approximately 1 per 26,000 bp. This means 
that each gene is mutated ca 250 times looking at the entire population and assuming an 
average gene size of 2 kb. This TILLING population will now be an important tool for 
both breeding and genetic studies in oats.  

Keywords: cold acclimation, oat, EST, microarray, transcriptome, chilling, freezing, rice, 
Arabidopsis, TILLING, mutation  
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Introduction 
Low temperatures limit the geographical distribution and yield of many commercial crops 
species. Many plant species from temperate regions has developed sensory mechanisms to 
sense changes in the environment that signal the coming winter, which opens the door for 
the plants to adopt to the change, which lead to an increased freezing tolerance (FT). The 
primary environmental factor responsible for increased FT is low none freezing 
temperatures, a phenomenon known as cold-acclimation (Thomashow, 1999). Both 
farmers and modern plant breeders have exploited plants ability to survive freezing 
temperatures with the aim to develop cultivars with increased FT. However, in the past few 
decades, there has been little improvement of the FT of important crop species. FT of 
wheat (Triticum aestivum) varieties today, for instance, is only marginally better than those 
developed in the early part of last century (Fowler and Gusta, 1979). Revealing the nature 
of the genetic mechanism behind cold acclimation and FT will provide potential for new 
development strategies for FT crops. The main objective with the works included in this 
doctoral thesis was to increase the knowledge underlying genetic mechanisms of freezing 
tolerance in plants, with the long-term goal to use these results in the development of a 
Scandinavian winter oat.  

Oats 
Oat is a cereal crop of the family Gramineae (Poaceae) with uncertain centre of origin but 
likely it originates from the Mediterranean or Middle East (Rines et al., 2006). It occurs at 
three ploidy levels, diploid, tetraploid, and hexaploid, with a base chromosome number of 
seven. The most cultivated oat in the world today is Avena sativa L. is a hexaploid, 
originating from a combination of three diploid genomes (AA, CC and DD) (ref). There 
are several diploid oat species with AA and CC genome. The origin of the D genome is 
unknown but it’s quite similar to the A genome and therefore it’s probably only a recent 
variant of it. The genome size of hexaploid oat has been approximated to 13Gb (giga base 
pairs) (Bennett and Smith, 1976), which is approximately four times larger than the human 
genome.   

Cultivated hexaploid oat is considered as a secondary crop, which means that it evolved 
from weeds infesting cultivated fields (Ladizinsky, 1998). Wheat and barley (Hordeum 
vulgare) was first domesticated about 10,000 years ago in the Middle East region (Desai, 
2004), and they could initially compete well with the wild oat species. Later these crops 
where introduced to central- and northern Europe, with harsh climate condition, then the 
oat weeds became more successful and could therefore dominate the field. Eventually 
farmers started to domesticate the wild oat species by the selection of non-shattering oat 
weed seeds, which were present as contaminants in the wheat and barley fields. Some of 
the earliest records of oat grown as grain crop date bake to the period of the Roman 
occupation of Europe. Initially oat was primarily used as feed for horses and livestock but 
in writings from the 18th century it’s also stated that oats constituted an important part of 
the human diet in Scotland, Wales and Ireland (ref). European colonists also brought the 
spring habit of A. sativa oats to North America, Australia and New Zealand. The winter-
habit red oats, A. byzantine, extant in Spain and Portugal were imported from America, 
where they were grown as forage crop as well as grain for horses. In the temperate region 
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of Asia the naked type of A. sativa (hulless) evolved and today this is the dominant oat 
cultivar in China (Wang, 2004).      

 Currently, oat remains an important grain and forage crop in many parts of the world 
grown on 13.2 million hectares with a total grain production of 25,6 million metric tons in 
2008 (http://www.fas.usda.gov/wap/current/toc.asp). Among the cereals cultivated in 
Sweden oats is in third place with an average production of 855,000 ton/year compared to 
wheat, which is the largest crop in Sweden, with an average production of 2,000,000 
ton/year (Jordbruksverket, 2008). Compared to other cereal crops, oat is well suited for 
production under marginal environments, including cool-wet climates and soils with low 
fertility (Buerstmayr et al., 2007). Because oat also flowers and matures quickly in short 
seasons with long day length regimes, oat has until today been an important spring crop in 
the Nordic countries. The majority of the oat production today are grown between latitudes 
of 40° and 50°N in North America, Europe and Asia, and only a small portion of total oat 
production is produced in the southern hemisphere, i.e. South America, Australia and New 
Zealand (USDA, 2008).  The main usage of oats is as on-farm feed, which accounts for at 
least 60 % of the total world production, and only 13 % is used for food production. One 
drawback with oats, from the farmer’s perspective, is that the average yield is less than for 
wheat, maize and soybean. In Sweden, for example, the average yield for oats the last five 
years has been approximately 3,9 ton/ha, whereas the average yield for winter wheat has 
been 6,1 ton/ha (Jordbruksverket, 2008). In addition, since oat kernels has a hull that 
makes up almost 25% of the total grain weight, the energy yield per hectare is even less 
than that of wheat. Therefore there has been a continuous decline in the world oat 
production the past decades and this can be attributed to the decreased demand for oat as 
on-farm feed. Farmers have switched to crops with higher yield like wheat, barley, maize 
and soybean (Rines et al., 2006). Thus, to keep oat as a crop with in the modern 
agricultural practice there is need of development of a higher yielding oats, which is easer 
to digest when used as feed.  
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Low temperature stress 
Low temperature (LT) stress includes chilling (<20°C) and/or freezing (0<°C) 
temperatures, adversely affects both productivity and geographical distribution of 
important agricultural crops. LT restrains the expression of the full genetic potential of 
plants owing to its direct inhibition of metabolic reactions and, indirectly, through cold-
induced osmotic (chilling-induced inhibition of water uptake and freezing-induced cellular 
dehydration), oxidative and other stresses(Chinnusamy et al., 2007).  

Physiology of chilling 
Many plant species originating from tropical and sub-tropical areas suffer from injuries 
when exposed to temperatures above the freezing point but below 15° C; this is called 
chilling injury to distinguish it from freezing injury. Chilling injury is a serious problem 
during germination and early seedling growth in many plant species like maize and rice 
(Bedi and Basra, 1993). Visual symptoms of chilling injury can take a variety of forms, 
depending on the species, age of the plant, and the duration of low-temperature exposure. 
Young seedlings typically show signs of reduced leaf expansion, wilting, and chlorosis. 
Extreme cases will result in accelerated senescence, a reduced growth and eventually 
death. In some plants, the reproductive development is especially sensitive to chilling 
temperatures. Exposure of rice plants, to chilling temperatures at the time of anthesis 
(floral opening) results in sterile flowers. 

In chilling sensitive plants, major effect is the physical transition of cell membrane from a 
flexible liquid-crystalline to a solid gel phase. This change in physical state of the 
membrane affects the cellular function in a number of ways. The most immediate effect is 
increased permeability leading to cellular leakiness and ion imbalance. As a consequence 
of abnormal metabolism, injured cells accumulate toxic metabolites and active oxygen 
species.  

Physiology of freezing 
Many plant species found in the temperate regions of the world differ from their tropical 
counterparts in their ability to survive temperatures below 0°C. Freezing temperatures pose 
a significant threat to plant survival and growth for multiple reasons. 

Several studies has shown that the membrane systems of the cell are the primary site of 
freezing injury in plants (Webb et al., 1994; Steponkus et al., 1998) and it’s well 
established that freezing-induced membrane damage results primarily from the severe 
dehydration associated with freezing (Pearce, 2001). As temperature drops below 0°C ice 
nucleation generally begins in the intracellular spaces, partly because of a difference in the 
solute concentrations leading to a higher freezing point for the intracellular fluid 
(Thomashow, 1999).  The chemical potential of ice is less than of liquid water and 
therefore the formation of ice results in a decrease in the water potential outside the cell. 
As a consequence the unfrozen water moves from the higher potential in the cell to the 
lower potential in the intracellular space. This water movement cause the severe cellular 
dehydration during freezing.  
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Acclimation 
Most temperate plants can acquire freezing tolerance upon prior exposure to sub lethal LT 
stress at temperatures above 0°C, a process called cold-acclimation. Chilling-sensitive 
plants from the tropical and sub-tropical regions are incapable of cold-acclimation and they 
cannot tolerate ice formation in their tissues. Nevertheless, the temperature threshold for 
chilling damage is lowered even in some chilling-sensitive crop species by prior exposures 
to suboptimal low temperatures (Anderson et al., 1994; Sthapit and Witcombe, 1998), this 
process is called chilling-acclimation. The molecular basis of chilling-acclimation is still 
poorly understood but recent studies shows that it in part is related to the process of cold-
acclimation (Rabbani et al., 2003; Usadel et al., 2008).  

A key function of cold-acclimation is to stabilize membranes against freezing injury 
(Webb et al., 1994; Uemura and Steponkus, 1997) and multiple mechanisms appear to be 
involved in this stabilization. The best documented are the changes in lipid composition 
(Uemura et al., 1995; Uemura and Steponkus, 1997) but also the accumulation of simple 
sugars seem to also contribute to the stabilization (Strauss and Hauser, 1986). Numerous 
plants have also been found to possess antifreeze proteins that are involved in the 
membrane stabilization during freezing (Yeh et al., 2000). The underlying molecular 
mechanisms to these physiological changes there are extensive in alterations in the 
expression by a number of cold responsive genes (CORs) (Guy et al., 1985; Thomashow, 
1999; Chinnusamy et al., 2007).  

Much of the injury caused to plants during LT stress can be associated with reactive 
oxygen species (ROS), especially in chilling sensitive plants (O'Kane et al., 1996; Guo et 
al., 2006). Plants have developed effective oxygen-scavenging systems consisting of 
several antioxidant enzymes, such as superoxide dismutase, ascorbateperoxidase, 
glutathione reductase (GR) and catalase and none-enzymatic antioxidants, such as ascorbic 
acid and reduced glutathione. These antioxidants protect membranes from the deleterious 
effect of ROS. It has been showed that chilling tolerant cultivars have higher activates of 
antioxidant enzymes than susceptible cultivars in several crops, such as rice and maize 
(Anderson et al., 1994; Guo et al., 2005). During both cold- and chilling-acclimation, a 
plant activates scavenging enzymes, which helps to detoxify the cell (Apel and Hirt, 2004; 
Gadjev et al., 2006), which then result in an increased tolerance to LT stress.  

Temperature perception 
Plants exhibit a range of responses to the temperature of their environment. Some of these 
responses are fast, while others require involve accumulation temperature data for several 
days or weeks, such as the floral promotion pathway of vernalization.  Even though many 
of the molecular, biochemical and physiological changes associated with low temperature 
change have been well documented, still little is known about the mechanisms through 
which plants sense and transmit low temperature signals.  

From studies in cyanobacteria and yeast it has been hypothesized that the temperature 
mediated alteration of membrane fluidity may itself be the primary temperature senor, and 
there has been much speculation if this is also primary sensor in higher plants (Vigh et al., 
1993; Murata and Los, 1997). In a pharmacological approach, using dimethylsulfoxide that 
rigidified the cell membranes, it has been shown that it’s possible to induce COR genes 
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and Ca2+ influx at room temperature in alfalfa and Brasica napus (Orvar et al., 2000; 
Sangwan et al., 2001). Orvar et al. also showed that COR gene expression and calcium 
(Ca2+) influx could be prevented by an actin microfilament stabiliser at 4°C but induced at 
25°C by an actin microfilament destabiliser.  This suggests that cytoskeletal reorganization 
is part of the sensor mechanism. The differential activation thresholds for cold induced 
signalling diaglycerol kinase (DAGK) in Arabidopsis suspension cultures possessing 
altered “resting” membrane fluidity due to saturase mutations also support the concept of 
that plants sense the temperature through a membrane rigidification process (Vaultier et 
al., 2006).  

Cold signal transducers 
The elevation of cytosolic Ca2+ is an early event in the response LT stress. Our knowledge 
of these cytosolic Ca2+ oscillations come from transgenic studies in Arabidopsis and 
Tobacco (Knight et al., 1991). Cytosolic Ca2+ oscillations can be detected within seconds 
or minutes after the transfer of the plants to LT and they are associated with membrane 
depolarization. Furthermore, they have characteristic waveforms that are dependent on 
both magnitude and absolute temperature of the temperature shift (Knight et al., 1996; 
Plieth, 1999). The magnitude of the Ca2+ oscillation is also dependent of the plant’s 
previous experience of temperature stress, repeated low temperature treatment results in a 
damped Ca2+ oscillation, which implies that plants appear to have a Ca2+ signature memory 
of earlier temperature experiences. It has been shown that there is a positive correlation 
between cold-induced cytosolic Ca2+ influx and accumulation of COR genes in both alfalfa 
(Monroy and Dhindsa, 1995) and Arabidopsis (Henriksson and Trewavas, 2003). Different 
chelators and channel blockers have been used to show that the cytosolic influx of Ca2+, 
and its role as second messenger in cold-responsive signal transduction (Monroy et al., 
1993; Knight et al., 1996). It is also observed that effective Ca2+ signatures are produced 
only in particular tissue or organs. During LT stress the cytosolic Ca2+ influx occurs in the 
whole plant, in contrast to drought, where it is present only in roots (Knight and Knight, 
2000).  

If the plant fails to control the Ca2+ oscillation it will lead to prolonged elevated levels of 
cytosolic Ca2+, which can be toxic for the cells. Experiments have shown that chilling 
sensitive maize is unable to restore the lower resting levels of intracellular Ca2+ after low 
temperature influx, while freezing tolerant wheat quickly do so (Jian et al., 1999). This 
observation has been suggested to partly explain the incapacity among chilling sensitive 
plants to cope with longer periods of cold stress, since prolonged periods with elevated 
levels of cytosolic Ca2+ is suggested to cause ROS accumulation, metabolic dysfunction, 
and structural damage to the cell.   

Cytosolic Ca2+ signal is transmitted primarily through Ca2+ regulated proteins called 
calcium sensors, which change their phosphorylation status when they sense the elevation 
in Ca2+ (Monroy et al., 1993).  The major calcium sensors in plants are calmodulin (CaM), 
CaM domain-containing protein kinases (CDPKs), calcineurin B-like proteins (CBLs) and 
CBL-interacting protein kinases (CIPKs). Many CDPKs are up regulated by cold stress in 
different plant species.  Monroy and co-workers used antagonists and inhibitors of CDPK 
and CaM and showed that alfalfa cells in suspension culture was inhibited in their ability to 
cold acclimate (Monroy et al., 1993). Similar results have also been showed in Arabidopsis 
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(Tahtiharju et al., 1997). Kim and co-workers identified a Ca2+ regulated protein kinase in 
Arabidopsis, CIPK3, and they used a mutant, cipk3, to study this protein during abiotic 
stress (Kim et al., 2003). In this study Kim and his co-workers showed that CIPK3 
mediates the Ca2+ signal and positively regulates the ABA- and cold-induced expression of 
stress related genes. They also suggest that CIPK3 is working as a cross-talk node between 
the ABA- and cold signal transduction, because disruption of CIPK3 function 
simultaneously alter the gene expression induction pattern of RD29A by ABA-, salt-, and 
cold-treatments. This is an interesting result since the cold-induced expression of RD29A 
previously has been shown to be independent of ABA (Thomashow, 1999; Shinozaki and 
Yamaguchi-Shinozaki, 2000). Finally Kim et al also proposed that CIPK3 is located 
upstream of the transcription factors and downstream of the initial Ca2+ signal. The over-
expression of CIPK genes in rice have also confirmed improved tolerance to cold, drought 
and salt stress (Xiang et al., 2007). Ray and co-workers found four up regulated CDPK 
genes during a global expression study of cold stressed (+4°C) Indica rice. They also 
showed that overexpression of one of this CDPK genes (OsCDPK7) resulted in an 
improved tolerance to cold-, salt-, and drought stress.  

Mitogen activated protein kinase (MAP kinase) cascades are also involved in cold stress 
signalling. The activities of MAP kinases have been shown to increase at low temperature 
and this activity increase could also bee observed during drought stress in both alfalfa and 
Arabidopsis (Jonak et al., 1996; Mizoguchi et al., 1996). Similarly, Teige and co-workers 
identified the map kinase MKK2 in Arabidopsis as an important mediator of the cold- and 
salt stress signals – defective mkk2 plants were hypersensitive to freezing and germination 
on salted media, while MKK2 overexpressers showed enhanced freezing and salt tolerance 
(Teige et al., 2004).    

As a result of cold stress there is also an oxidative burst due to the generation of ROS like 
superoxide, hydrogen peroxide (H2O2) and hydroxyl radicals. These oxidative bursts 
induce synthesis ROS scavenger enzymes and other protective mechanism (Apel and Hirt, 
2004; Mittler et al., 2004). The mechanism by which plants are able to sense the oxidative 
burst in response to cold is still unknown. It has been shown that ROS can activate MAP 
kinase cascades in Arabidopsis. The MAPKKK ANP1 mediates H2O2-induced activation 
of MPK3 and MPK6, and stable overexpression of ANP1 is resulting in plants more 
tolerant to heat, freezing and salt stress (Kovtun et al., 2000).  The homologue to ANP1 in 
tobacco, NPK1, is active in cold signal transduction cascades and influence auxin 
signalling (Kovtun et al., 1998). Overexpression of NPK1 in maize also enhances the low 
freezing- and drought tolerance (Shou et al., 2004).  This shows that ROS could be a 
missing link between MAP kinases and stress signalling. 

Another important signalling molecule during LT stress appears to be inositol 1,4,5-
trisphospahte (IP3). Arabidopsis plants with mutations in the FRY1 gene have defective 
inositol polyphospahte 1-phosphatase enzyme, which functions in the degradation of IP3. 
This defect leads to super induction of ABA and cold responsive genes during stress and 
reduced freezing tolerance while the plants maintain unusually high levels of IP3 both 
before and after the exposure to stress (Xiong et al., 2001). It seems that the initial 
perception of abiotic stress (or exogenously applied ABA) by plants result in a transient 
increase in IP3. This data is not in conflict with the hypothesis that Ca2+ function as second 



  15 

messenger, since IP3 have been shown to mediate transient increases in the cytosolic Ca2+ 
in plant cells (Allen et al., 1995). The identification of another allelic mutation in the 
FRY1 gene, the hos2 mutation (resulting in an almost identical phenotype but lacking the 
superinduction of ABA responsive genes) enhanced our understanding of the role of 
FRY1/HOS2. Xiong and co-workers showed that FRY1/HOS2 might work as a negative 
regulator CBF2 and CBF3 expression, since the transcripts level of these two transcription 
factors were significantly higher in the hos2 mutant (Xiong et al., 2004). The hos2 allele of 
FRY1 was specifically temperature sensitive, with the enzymatic activity only affected in 
the cold, which could explain why it lacked the superinduction of ABA responsive genes 
versus the fry1 counterpart.  

Key regulators of cold acclimation 
Transcription factors and the cis-acting elements in the promoters of the stress responsive 
genes are important components of the signal transduction network. The importance of cis-
elements for COR gene expression during cold stress in crops was first shown in 
preliminary promoter studies in wheat and barley. In these studies they showed that 
phosphorylation-dependent events are involved in the LT stress signalling and the 
phosphorylation status controls the binding of nuclear factors to the promoters of the LT 
responsive WSC120 and BLT101.1 in wheat and barley respectively (Vazquez-Tello et al., 
1998; Brown et al., 2001). Vazquez-Tello and co-workers also for the first time identified 
the LTRE element in wheat, which contains the 5-bp core motif common to the 
CBF/DREB1 transcription factor (see below).  

The first evidence of an ABA-independent pathway during cold stress came from studies 
of the RD29A/COR78/LTI78 gene in Arabidopsis. RD29A/COR78/LTI78 is induced by 
cold, drought and ABA (Yamaguchi-Shinozaki and Shinozaki, 1993). However, this gene 
is also induced in ABA-deficient and ABA-insensitive mutants by both cold and drought 
stresses, which indicates that RD29A/COR78/LTI78 is under control of both ABA-
dependent and ABA independent pathways (Gilmour and Thomashow, 1991). Analyses of 
the RD29A/COR78/LTI78 promoter revealed a 9-bp conserved sequence, TACCGACAT, 
named the dehydration response element (DRE), were essential for induction of 
dehydration or ABA response (Yamaguchi-Shinozaki and Shinozaki, 1994).  A similar cis- 
acting element, named C-repeat (CRT) or LT responsive element (LTRE), containing 
A/GCCGAC motif that forms the core of the DRE sequence, have been shown to regulate 
LT inducible promoters in Arabidopsis (Baker et al., 1994; Stockinger et al., 1997), 
Barascica (Jiang et al., 1996), rice (Rabbani et al., 2003) and wheat (Takumi et al., 2003). 
The transcription factors that interact with the CRT/DRE element are the C-repeat Binding 
Factor/DRE Binding protein 1 (CBF/DREB1), which first was found in a yeast one-hybrid 
screen by Stockinger et al (1997).  

Arabidopsis contains three CBF encoding genes, namely, CBF1, CBF2, and CBF3, all 
present in tandem on chromes 4, and they are rapidly induced by LT (Stockinger et al., 
1997; Gilmour et al., 1998; Liu et al., 1998; Shinwari et al., 1998). These transcription 
factors all contain an AP2/ERF (APETALA2/Etylen Responsive element binding Factor) 
DNA-binding domain that recognise CRT/DRE elements, which are present in many COR 
genes, and they belong to the AP2/ERF superfamily of transcription factors. Analyses in 
transgenic plants have shown that ectopic expression of CBF/DREB1 genes is sufficient to 
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activate expression of many COR genes and thereby induce cold acclimation even at warm 
temperature (Gilmour et al., 2000; Maruyama et al., 2004; Vogel et al., 2005). Thus, the 
CBF/DREB1 transcription factors belong to a master switch that controls the expression of 
many important COR genes.  

Global expression studies of transgenic Arabidopsis plants with ectopic expression CBF1, 
CBF2 or CBF3 revealed that there is a large, if not complete, overlap in the regulons of 
genes controlled by the various CBFs/DREB1 (Fowler and Thomashow, 2002). Vogel and 
co-workers also did extensive expression studies in Arabidopsis were they identified 514 
cold responsive genes, referred to as COS (‘cold standard’) and by using ectopic 
overexpressers of CBF2 they concluded that 16.5 % of the cold inducible COS genes fall 
under the control of the CBFs/DREB1 regulon. CBF/DREB1 genes whose transcripts 
accumulate rapidly in response to low temperatures have been isolated in rapeseed, tomato, 
rye, wheat, barley, rice, oat, and many other plants species(Jaglo et al., 2001; Dubouzet et 
al., 2003; Zhang et al., 2004; Brautigam et al., 2005; Skinner et al., 2005; Ito et al., 2006). 
It therefore appears that the CBF/DREB1 pathway is partly conserved in flowering plants.  

Interestingly, the promoters of CBF/DREB1 genes themselves do not contain any 
CRT/DRE elements. This led Gilmour et al (1998) to speculate about the existence of 
unidentified factors; called ICE (for Inducer of CBF Expression) which presumably 
recognised novel cold regulatory elements, or "ICE boxes," present in the CBF/DREB1 
promoters. According to their model, ICE was present but inactive in plant cells at warm 
temperatures and was activated upon transfer to low temperature, in turn, rapidly activating 
CBF transcription. After years of research Chinnusamy et al (2003) presented the first 
evidence of the existence ICE, namely ICE1 . ICE1 were a MYC-type basic-helix-loop-
helix transcription factor that was constantly expressed and it could bind to a MYC target 
in the CBF promoter. They also showed that a mutated ice1 failed to induce CBF3 under 
cold acclimation and it was hypersensitive to freezing. On the other hand, overexpression 
of ICE1 enhanced expression of CBF3, CBF2 and down stream COR genes, but only 
during LT stress. This suggested that   LT stress posttranslational modification is necessary 
to activate ICE1. Recently there was also a report about a ICE2 in Arabidopsis (Fursova et 
al., 2009) and a homolog to ICE1 in barley (Skinner et al., 2006).  

In Arabidopsis many transcription factor genes are transiently induced during LT stress 
(Fowler and Thomashow, 2002), which suggests a feedback regulation mechanism. 
Molecular analysis of a cbf2 mutant in Arabidopsis suggests that CBF2 is a negative 
regulator of CBF1 and CBF3 (Novillo et al., 2004). Further more, CBF genes are 
negatively regulated by an upstream transcription factor, MYB15 (a member of R2R3-
MYB family) in Arabidopsis (Agarwal et al., 2006). MYB15 is also expressed in the 
absence of LT stress and MYB 15 binds to MYB recognition sites in the promoters of 
CBFs.   

Also a LT induced C2H2 zinc finger transcription factor ZAT12, seems to function as a 
negative regulator of CBF (Vogel et al., 2005). ZAT12 is under control of the circadian 
clock and is out of phase with the rhythm of CBF2 (Fowler et al., 2005). Transgenic 
overexpression of ZAT12 decrease expression of CBF under cold stress (Vogel et al., 
2005). I simplified overview of the CBF pathway is given in Figure 1 below. 
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Figure 1. Overview of the proposed CBF regulatory pathway in Arabidopsis. Plants sense low 
temperatures through membrane rigidification and/or other cellular changes, which release 
cytosolic calcium and thereby activate protein kinases necessary for cold acclimation. 
Constitutively expressed ICE is activated by phosphorylation, and ICE there by activates CBF 
expression and repress MYB15. CBF is activating COR genes. Finally, ICE is deactivated and CBF 
is repressed by ZAT12 and MYB15 in a negative feed back control. 

Although the CBF/DREBl regulon is a key component for a successful cold acclimation 
there have been reports about other important players. One such example is the ESKl 
mutant in Arabidopsis, which is constitutively freezing tolerant but it did not effect the 
expression of genes in the CBF/ DREB1 regulon (Xin and Browse, 2000).  

Vernalization  
Wheat and barely are grown in temperate regions throughout the world. Flowering in these 
cereals can be accelerated by prolonged exposure to LT, a process known as vernalization. 
Vernalization occurs during winter when the temperatures are between 0° to 12° C 
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(Trevaskis et al., 2007).  A few weeks of cold are often sufficient to promote flowering, 
and varieties that require vernalization are sown in the early autumn. There are also 
varieties in both wheat and barely that do not require vernalization to flower, these are 
spring sawn.   

Genetic analysis in barley and wheat have shown that there are three genes controlling the 
vernalization requirement; VRN1, VRN2 and VRN3 (Yan et al., 2003; Yan et al., 2004; Yan 
et al., 2006). VRN3 has been mapped to known ortholog in Arabidopsis, the Flower Locus 
T (FT) gene (Yan et al., 2006).  

Vernalization induces the VRN1 gene that promotes the switch from vegetative to 
reproductive development and thereby promotes flowering. VRN1 encodes an 
APETALA1-like MADS box transcription factor. In varieties that require vernalization to 
flower, VRN1 is initially expressed at low levels and it is significantly induced by 
vernalization (Yan et al., 2003).  The extent to which VRN1 is induced depends on the 
length of vernalization treatment. In varieties that flower without vernalization, expression 
of VRN1 increases during the initiation inflorescence and remain high during subsequent 
steps in the development (Trevaskis et al., 2007).       

VRN2 encodes a protein with a zinc finger motif, which mediates DNA binding, and a CTT 
domain (Yan et al., 2004). VRN2 is controlled by the circadian clock during long days but 
are not expressed during short days. On the basis of its expression pattern, and the nature 
of the protein, it has been suggested that VRN2 blocks flowering during long days by 
repressing VRN3. VRN3 is promoting flowering in long days (Yan et al., 2006). 
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Scientific aims 
Overall aim  
The overall aim with the works included in this doctoral thesis is to increase our 
knowledge about the underlying genetic mechanisms of freezing tolerance in plants, with 
the long-term goal to use knowledge in the development of a Scandinavian winter oat. 

Specific aims 
The specific aims were to: 

• Indentify genes related to cold stress in oat, by analyzing EST sequences collected 
from a cDNA library that was based on RNA from LT treated oat plants  
(Paper I). 

• Systematic investigate possible LT stress regulatory circuits in Arabidopsis. Our 
strategy was to take advantage of the vast amount of information and microarray 
data that was present in Arabidopsis to identify new pathways that could be 
functionally studied in Arabidopsis and later picked up in oat (Paper II). 

• Investigate potential differences in the transcriptional dynamics between chilling 
sensitive and freezing tolerant plants during LT stress, with the aim to increase our 
understanding of the underlying mechanism leading to freezing and chilling 
tolerance. In this case we used the rice (Oryza sativa) (chilling sensitive), and made 
a comparison to Arabidopsis (freezing tolerant) (Paper III).  

• Develop a TILLING population in oats.  
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Methodology 
EST generation  
Messenger RNA (mRNA) represents copies from expressed genes in the cell. As RNA 
cannot be cloned directly, they are reverse transcribed to double-stranded cDNA using a 
specialized enzyme, reverse transcriptase. The recovery of single-pass sequences (known 
as expressed sequence tags, or ESTs) from random cDNA clones has been pursued as 
relatively inexpensive and rapid means to access many of the expressed genes of an 
organism (Newman et al., 1994; Hillier et al., 1996). These ESTs usually range in size 
from 100–800 bp. In paper I, we isolated and pooled total RNA from oat plants (cv Gerald) 
that had been cold-acclimated at +4°C for 4, 16, 32 and 64 hours. This RNA pool was used 
for cDNA library construction, which were used for EST sequencing.  

EST clustering and assembly 
The purpose of EST clustering is to collect overlapping ESTs from the transcript of a 
single gene into a unique cluster to reduce redundancy. A simple way to cluster ESTs is by 
measuring the pair-wise sequence similarity in an all-versus-all comparison. Then, these 
distances are converted into binary values, depending on whether there is a significant 
match or not, such that the sequence pairs can be accepted or rejected from the cluster 
being assembled. EST clustering can be either ‘stringent’ or ‘loose’ (Ptitsyn and Hide, 
2005). The stringent clustering method is conservative, uses single-pass grouping of ESTs 
resulting in relatively accurate clusters, but generates shorter-sequence and more singletons 
(sequences that are not in clusters). In contrast, loose clustering is ‘liberal’ and repeats low 
quality EST sequence alignments many times to generate less accurate but longer-sequence 
consensuses. In Paper I, the oat EST sequences were assembled with the Paracel Transcript 
Assembler (PTA) software (Paracel, 2002). PTA uses a HASTE (Hash Accelerated Search 
Tool) algorithm for the pairwise comparison during clustering, which is an adaption of the 
Smith Waterman algorithm (Smith and Waterman, 1981) to save computer time.  
 
Annotation and functional classification of ESTs 
The assembled ESTs represent putative genes and through an annotation and functional 
classification procedure we can put these genes into their biological context. Annotation of 
putative genes is accomplished via similarity searches versus public databases. A universal 
tool for database similarity searches is the BLAST program (Altschul et al., 1997) suite 
from NCBI (www.ncbi.nlm.gov), where BLASTN is used to search with ESTs against 
nucleotide sequence databases and BLASTX to search against protein databases. BLASTX 
translates a nucleotide sequence (query) into protein in six reading frames followed by 
comparisons with protein databases. EST data can also be correlated directly with protein-
centric annotations, such as Pfam (Finn et al., 2008),  INTERPRO (Mulder et al., 2007) 
and Conserved Domain Database (CDD) (Marchler-Bauer et al., 2009), by polypeptide 
translations, since proteins are better templates for indentifying domains and motifs. In any 
large-scale sequencing project it is extremely important to be able to store, organize and 
annotate sequences. Therefore we developed our own in house semi automated analysis 
pipeline. Appropriate PERL scripts were developed to pipeline the process of running tools 
in sequence searches, parsing result files and loading the data into our local database. We 
have also developed a public interface to the annotated oat sequence data, which is 
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available through www.agod.org (presently under reconstruction). These tools have been 
extensively used in all papers presented in this thesis.   

Northern blotting  
With Northern blotting the researcher can detect induced gene expression. The method is 
based on radioactive labelling of a gene specific cDNA probe, which is hybridized to a 
denatured, size-separated, and membrane-immobilized population of total RNA isolated 
from a particular tissue of interest, followed by subsequent washing steps to remove non-
specifically bound probes from the membrane, researchers were able to track changes in 
the amounts of mRNA for genes expressed at reasonable levels. The advantage with 
Northern blots is that they are relatively sensitive and simple in terms of the sample 
preparation and equipment needed to perform the detection. However, for genes with many 
paralogs of high sequence similarity, genes expressed at very low levels, or for the analysis 
of large number of genes within the same sample, Northerns possess problems that are 
circumvented by more recently developed methods of gene quantification. In Paper I, we 
successfully used a Northen blott to detect the induction pattern of the oat COR410 gene.  

RT-PCR   
The reverse-transcriptase polymerase chain reaction (RT-PCR) is sensitive, specific and 
scalable, which makes it the superior choice for detection of transcripts with low copy 
numbers. In the two-step RT-PCR approach used to quantify the gene expression in Papers 
I, isolated RNA was first reverse-transcribed into cDNA. This cDNA could then be used as 
template in subsequent gene-specific PCR amplifications. By designing primers to anneal 
at positions which differed between paralogs and/or which produced products whose sizes 
differed significantly, specificity could be ensured. Although RT-PCR is scalable, and it 
circumvents the problems with Northern described above, this technique is not convenient 
for genome wide transcriptome studies.  

Global gene expression analysis with microarray 
One way of examining gene expression at the genomic scale is through the use of cDNA or 
oligonucleotide microarrays, originally developed by Schena et al (1995) and Fodor et al 
(1993) respectively. These techniques measure differences in transcript abundance 
between two samples on "omic" scales. The fractional detection limit (the relative number 
of a specific transcript mRNA compared to total number available mRNAs in the sample) 
of this method is thought at least 1/300,000. Comparison of the strength of the fluorescent 
signal at each spot location gives an estimation of the relative abundance of the transcript 
in question in each sample. In actuality, the process of image/signal analysis is somewhat 
more complicated, as the data collected needs to be filtered (to remove "false positives" 
created by dust specks on the slide, saturated and missing spots), normalized (to account 
for differences in dye incorporation rates, background signal intensity, etc) and statistically 
treated to identify the populations of genes that are consistently differentially expressed 
between the two samples across technical and biological replicates. At each step of this 
process (sample preparation, hybridization, image capture, normalization, statistical 
analysis), the choices made concerning methods, design, and replication can have 
significant effect on the reliability and sensitivity of the microarray results.  
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In Paper III we performed a microarray analysis, using the Affymtrix Rice Genome 
Arrays. Total RNA was isolated from three weeks old rice seedlings that had been stressed 
at +4° for 0, 0.5, 2, 4, 8, and 24 hours. We used non-amplified target cRNAs for 
hybridization from 4 µg total RNA extracted from leaf tissue. Two biological replicates 
were analysed per time point. The gene expression data form was analyzed using methods 
implemented in the GeneSpring® software, version 7.3 (Agilent Technologies). Per-gene 
normalization was applied and the arrays were adjusted for background noise using the 
GC-RMA algorithm. With in GeneSpring a one-sample t-test were calculated for 
replicated data and we only used probe-sets that had a p-value < 0.05 in 3 out of six 
conditions. To identify probe-sets that were differentially expressed we used the fold 
change. A problem with the fold-change masseurs is to find an appropriate level for cut, 
since to low cut-off levels tends to give to many false positives. In a previous microarray 
study, using the Affymetrix platform, Fowler and Thomashow (2002) showed that a 3-fold 
cut off efficiently excluded false positives. Based on this information we decided to 
consider only probes sets that were at lest 3-fold induced/repressed in at least one time 
point as being responsive to cold stress.  
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Present study  
Cold acclimation in oats 
Since, from the molecular point of view, oat were a relatively unstudied crop with few 
public available sequences, the work in Paper I was initiated by EST sequencing of a large 
number of cDNA clones from a LT induced library. This library was constructed with total 
RNA extracted from cold acclimated leaves of oat variety Gerald (as described in 
Methodology). To confirm that cold induced genes were present in RNA collection before 
we constructed the cDNA library, we performed a Northern analysis on an oat gene 
corresponding to a previously described cold inducible wheat gene, COR410 (Thomashow, 
1999).  We then sequenced 9,792 ESTs which resulted in 8508 high-quality ESTs of 100 
bp or longer, with an average sequence length of 710 bp. These ESTs were assembled to 
an oat UniGene (AsCI UniGene) set of 2,800 putative genes. Of these, 1,726 could be 
functional classified into classes defined by MIPS (Munich Information Centre for Protein 
Sequences), which left a relatively large proportion of the genes (approx. 40%) 
unclassified.  
 
Perception of the stress stimuli, transduction of the signal and a molecular response are 
necessary activities if the plant is to react to abiotic stress. In oat, however, very little was 
known about cold stress response at the molecular level, although we suspected that the 
general mechanisms were conserved among other temperate plants. In order to identify the 
oat genes involved in the LT response in Paper I we created a database denoted CSDB 
(cold stress data base), in which the cold stress related proteins available in the public 
domain were collected. This database was then used to compare all AsCI UniGene 
sequences with the sequences in the CSDB, using a unidirectional BLASTX search. With 
this methodology we could identify 398 oat sequences with significant homology 
(BLASTX e-value < 1.0 e-10 cut off) to at least one sequence in the CSDB, indicating that 
at least 14% of AsCI UniGenes could be associated to cold stress related processes. 
Among these, sequences encoding activities related to perception, signal transduction and 
transcriptional regulation were overrepresented (Table X). To judge whether this high 
portion of LT stress related oat genes in relation to the total number of genes in the oat 
UniGene set were realistic we did similar comparisons with other UniGene datasets from 
cold acclimated barley (HvCI) and wheat (TaCI). We then found that the around of 10 % 
of the genes in both the TaCI and HvCI UniGene could be related to cold stress (Table X). 
We also created a second oat UniGene set from untreated oat leafs (AsNI). When the 
CSDB was searched with AsNI UniGene set only 5.1% of the genes were found to be 
similar (Table X2), a dramatic difference to the AsCI UniGene set. Generalising, it seems 
like at least 10% of all expressed genes in cold acclimating plants are involved in various 
cellular responses needed to prepare the plant to freezing temperatures.  
 
The functional analysis of the AsCIUniGene set in Paper I showed that transcription factor 
genes were represented by 107 sequences, belonging to at least 14 different families. Of 
these, 51 were homologous to cold-induced genes from other systems. Of special 
importance for cold acclimation is the CBF/DREB transcription factor family, since these 
transcription factors have been shown to regulate several downstream genes important for 
freezing tolerance (Stockinger et al., 1997; Fowler et al., 2005; Vogel et al., 2005). 
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However, the regulation is known to be complex and several different CBF/DREB factors 
are involved. From the AsCIUniGene set we identified four putative oat CBF/DREB genes, 
denoted AsCBF1, AsCBF2, AsCBF3 and AsCBF4. In Paper I we investigated their 
expression profiles during cold acclimation using semi quantitative RT-PCR. Their 
expression ranged from early induction already after 15 min (AsCBF3) to induction after 
1h (AsCBF4) and from peaking at 4 h (AsCBF1 and AsCBF3) to peaking at 8h (AsCBF4). 
Despite several attempts using different primer pairs we could not obtain a reproducible 
expression pattern of the AsCBF2 gene. The reason for this is still not known. The complex 
regulation of the AsCBF genes is different from what was previously described in 
Arabidopsis (Gilmour et al., 1998) where the AtCBF1, AtCBF2, and AtCBF3 genes follow 
more or less the same expression pattern with a rapid induction after 15 min and a peak 
after 2h. This could indicate that CBF/DREB factors have intricate and different individual 
roles in inducing and maintaining cold acclimation in oat. This is supported by findings in 
barley, which has at least 20 different genes encoding CBF/DREB factors, which are all 
differentially regulated (Skinner et al., 2005). Thus, a more detailed analysis of the 
promoter structure and regulation of CBF genes in cereals may reveal why some cereals 
like rye and wheat are more cold hardy (freezing tolerant) than oat and barley.    
 
There were a number of genes encoding proteins with unknown functions in the 
AsCIUniGene set. These were divided into two groups, one in which homologous to 
proteins with unknown function, and the other group contained genes where no significant 
similarities could be found to any other sequence, i.e. genes that could be oat specific. In 
order to rule out that small “non-real” peptides contributed to this group, only sequences 
with open reading frames of 100 aa or more were included. This resulted in a potential oat 
specific group with 427 genes. Assuming that approx. 10% of these is cold related, more 
than 40 completely new oat genes involved in cold acclimation could be present in this 
collection. Such genes are potentially very interesting and could encode hitherto 
uncharacterised proteins or regulatory factors involved in adaptation to LT and freezing 
protection. 
 
In parallel to the EST project we also started a field study were we during 4 consecutive 
years screened more than 300 oat varieties for winter survival. After the first two years, the 
25 lines with the highest winter survival were selected for further evaluation during the 
winters of 2005/2006 and 2006/2007. All lines were evaluated according to percentage of 
survival and according to a nine-degree vigour scale, where the highest score means 
excellent agricultural performance (time of flowering, height of plants at bolting, straw 
strength, yield, etc.). From this screen we selected six lines that will be used for molecular 
characterisation of freezing tolerance in oat (Table 1).    
 
Finally, after we had published the oat EST paper we identified a vernalization gene 
among the sequences in the AsCIUniGene set, AsVRN1. This gene was found to be 
homolog to the wheat VRN1 protein. VRN1 promotes transition from vegetative to floral 
growth and VRN1 expression is induced by vernalization in winter wheat. On the other 
hand the expression of VRN1 in spring wheat increases during the initiation inflorescence 
and remain high during subsequent steps in the development.  
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 Winter survival (%) Agronomic value (1-9) 

  2004 2005 2006 2007 2004 2005 2006 2007 

PI 555736 30 50 30 90 3 7 4 6 
CIav 9349 50 70 40 90 7 7 2 3 
CIav 8213 30 70 20 90 5 3 4 3 
Wich CIav 9340 30 60 40 90 7 5 5 5 
CIav 9346 40 50   7 5   
Win/Nor-1 50 40   3 3   
 
Table 1. Winter survival among selected oat lines in field trials. Lines are evaluated according 
to percentage of survival and according to a nine-degree vigour scale, where the highest score 
means that the agricultural performance (time of flowering, height of plants at bolting, straw 
strength, yield, etc.) is according to commercial standards. 
 
Since VRN1 has this characteristic expression patterns in wheat, it should be possible to 
use VRN1 as a marker for freezing tolerance. Thus we tested AsVRN1 as a marker for 
winter survival among the selected lines in Table 1. We also include the English winter oat 
variety Gerald and as control we used a two Swedish spring oat varieties Belinda and Stork 
(Figure 2.) In this study total RNA were extracted from plants that had been cold treated at 
+4° C for 0, 7, 15 and 42 days.   
 

 
        
Figure 2. RT-PCR experiment on the expression of the AsVRN1 gene on selected oat lines. 
Name of the lines are indicated at left. Exposure time (days) at +4° indicated at top of the figure.  
 
This study clearly shows that AsVRN1 can be used as a marker of freezing tolerance. 
Another interesting observation is that the English winter oat variety Gerald has the same 
expression pattern for AsVRN1 as the Swedish spring oat Belinda. This indicates that 
Gerald is just a more hardy spring oat.  
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Regulatory networks in Arabidopsis during cold stress  
One key factor in understanding cold acclimation in plants is to elucidate gene regulatory 
networks in the cold acclimation process. During the recent years Arabidopsis microarray 
data from cold acclimating plants have become available in the public domain. Such data 
has been used to deduce regulatory relations between different genes and to define 
transcription factors at different levels in the gene hierarchy from the initial signal to the 
final cellular response, but still there were many missing links in the cold regulatory 
models. Therefore we in Paper II initiated a more systematic investigation of possible LT 
stress regulatory circuits in Arabidopsis. Our strategy was to take advantage of the vast 
amount of information and data that was present in Arabidopsis to identify new pathways 
that could be functionally studied in Arabidopsis and later picked up in oat. Thus, we 
developed a combined rule-based and statistical approach to infer genetic regulatory 
networks from microarray data by integrating the information from: 1) known promoter-
binding-site (motifs) and corresponding transcription factors (TFs); 2) the time-order 
relationships between TFs and their target genes in terms of expression response; and 3) 
motif synergies identified by gene expression profile similarities. In our approach, genes 
containing known over-represented motifs are grouped into disjoint clusters fulfilling three 
constraints. First, all genes in each cluster had to contain the same known motif or 
combination of motifs in their promoters, for which there is a known binding TF. Second, 
the earliest recorded time-point of significant induction/repression of each gene in the 
cluster must occur at the same time as the first recorded time-point of significant 
induction/repression of the gene encoding the regulating TF, or at the immediately 
following time-point. Third, the expression profiles of the genes in the cluster must show a 
higher correlation than the expression profiles of randomly selected genes. Applying these 
three constraints leads to formation of a grouping of the genes, based on which a 
regulatory network is derived by linking each known TF to the group(s) of co-expressed 
genes that it regulates.  
Motifs or cis-elements are the regulatory regions found within the promoter of any gene, to 
which transcription factors specifically binds and thereby control the gene expression. 
Thus, in order to identify the motifs to be used for the first constraint, we searched the 
upstream sequences (positions -1000 to -1 bp) for the presence of known motifs using the 
PatMatch tool (Yan et al., 2005). Usually the mere presence of a motif in the upstream 
region of a gene is not sufficient proof of its role in regulation, thus our method only 
consider a motif if its frequency of occurrence in the promoter is greater than the frequency 
by which it is expected to occur by chance. The second constraint was implemented by 
identifying whether the first time-point of significant induction/repression of each target 
gene occurred at or after the first time-point of significant induction of the TF-encoding 
gene. Any genes not fulfilling this constraint were excluded from the further analysis. For 
the third constraint, we used a method where the average similarity of the expression 
profiles of a group of potentially co-regulated genes is compared with that of an equal 
number of randomly selected genes (Pilpel et al., 2001). Genes were only considered to be 
co-regulated, if and only if, their degree of similarity was significantly higher than that of 
the randomly selected genes. 

Thus, by combining available microarray data on cold induced plants in Arabidopsis with 
our method we could develop high-resolution interaction map. More specifically, by 
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integrating information from motif synergies, gene expression profile similarities, known 
binding-site motifs for transcription factors (TF), the time-order relationships between TFs 
and their target genes in terms of expression initiation combined with a functional 
annotation, networks could be established. This confirmed many of the earlier known cold-
acclimation pathways and also predicted novel putative regulatory interactions (Fig X).  

Low temperature stress in rice 
In Paper III we used two fully sequenced model plants, rice and Arabidopsis, and with the 
aim to expose molecular differences between chilling sensitive and freezing tolerant plants 
during low temperate stress at  +4°C. Thus, we performed a comparative microarray 
analysis. From our data we identified 1,438 LT responsive rice genes and using the same 
selection criteria we identified 1,967 LT responsive Arabidopsis genes from public 
microarray data. All genes were functionally classified using the MapMan ontology 
scheme and divided into two groups, ‘rapid’ and ‘slow’ response genes. A gene was 
defined as a rapid response gene if it was induced/repressed during the initial 2 hours of 
LT treatment, whereas genes that were induced/repressed later than 2 hours of LT 
treatment were defined as slow responsive. When comparing the two data sets several 
interesting observations could be made.  
In LT stressed Arabidopsis a larger number of genes were induced/repressed and the 
response was more dynamic than in rice, i.e. a larger portion of the Arabidopsis genes 
responded transiently (22.9% in Arabidopsis versus 7.9% in rice). There were a 
significantly larger number of rapid response genes in rice than in Arabidopsis (181 versus 
285). Since rice is chilling sensitive and +4°C is an extreme temperature for this plant, one 
interpretation is therefore that rice is incapable of handling the “excess stress” and 
responds by “hitting the panic button” i.e. not only LT genes were induced/repressed, but 
also a large number of genes not directly involved in temperature stress. 
In both data sets, more the 20% of the LT responsive genes were related to gene regulation 
and signalling and many different TF families were identified. However, again there were 
clear differences in the expression dynamics of the TFs. The famous CBF/DREB family 
can exemplify this. We identified six LT responsive OsDREB1 genes and when compared 
to AtCBF1-3 it was clear that the Arabidopsis gene was strongly induced and transiently 
regulated, whereas the expression of all the OsDREB1 genes was much less pronounced 
and there was no clear transient trend. Since the transient expression pattern of the 
Arabidopsis TFs was true for a majority of the LT responsive genes, while most of the rice 
TFs were either constantly induced or repressed, it indicates that the regulatory system for 
handling LT stress is not working in an optimal way. The repressors that are responsible 
for the negative feedback are either not activated or not present at all.  
Both type-A and B ARR genes are induced by cytokinin (To et al., 2004; Muller and 
Sheen, 2007), they work as antagonists, since type-A genes act as a negative feedback 
regulator and repress the cytokinin signal, whereas type-B genes work as a positive 
regulators. Almost all Arabidopsis ARR genes found in this study were transiently induced, 
but the rice ARR genes were permanently down-regulated. In addition, CRF and cytokinin 
oxidase genes were induced in Arabidopsis but not in rice. CRF are TFs belonging to the 
AP2/EREBP family, which are known to be positive regulators responding to cytokinin 
signalling. This data indicates that in Arabidopsis the cytokinin pathway is repressed, 
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which will delay growth and development and thereby protect the plant. In rice a similar 
repression is not in place. An effective delay of growth through the repression of the 
cytokinin signal is one important mechanism for LT tolerance. 
Finally, Arabidopsis induced a significantly larger number of genes encoding proteins 
responsible for the actual long-term defence against LT than rice. Among these we 
observed AtCOR15A-B and AtRD29A-B, which are known targets of CBF and are strongly 
induced (more than 100-folds) in Arabidopsis. Surprisingly, although these proteins are 
crucial for LT tolerance in Arabidopsis, there are no homologous sequences to AtCOR15A-
B and AtRD29A-B in any of the freezing tolerant crops like wheat, barley or rye. This 
implies that these proteins are not essential for LT tolerance in monocotyledons. On the 
other hand, another strongly induced CBF target gene, At4g30650 encoding a protein of 
unknown function, homologous sequences were identified in both rice and wheat. 
However, the promoter of the homologous rice gene did not posses any CRT/DRE 
element, which indicates that this pathway is not active in rice. 

 
Development of a TILLING population in oat  
Although oat is the sixth most important cereal in the world, relatively few genetic 
resources are presently available for this crop. Cultivated oats are hexaploid with a very 
large genome (approximately 13,000 Mbp), and an efficient transformation system is 
lacking. Therefore systematic generation of lines mutated by transposons, T-DNA or RNA 
interference techniques is technically difficult and has so far nor been attempted. On the 
other hand, the use of chemical mutagens such as EMS (Ethyl-Methan-Sulfonate) and 
MNU (Methyl-NitrosoUrea) to induce single nucleotide changes by alkylation of specific 
nucleotides should be feasible. TILLING (Targeting Local Lesions IN Genomes) results in 
a population with point mutations more or less randomly distributed in the genome. If the 
mutation frequency is high enough and the population size is big enough all genes will be 
mutated in such a population.  

In Paper IV, we used EMS to develop a TILLING population in hexaploid oat (c v 
Belinda) consisting of 2,600 individual mutant lines. We also cloned genes involved in the 
lignin (AsPAL1) and ß-glucan (AsClsF6) biosynthesis pathways from non-mutated 
Belinda. By random sequencing of these two genes we estimated the mutation frequency in 
the population to be approximately 1 per 26,000 bp. This means that each gene is mutated 
ca 250 times looking at the entire population and assuming an average gene size of 2 kb.  

We observed higher mutation frequency in our oat TILLING population than what was 
previously found in hexaploid wheat (Slade et al., 2005) with about one mutation per 
24,000 bp. It is much higher than barley (Caldwell et al., 2004), maize (Till et al., 2004), 
rice (Till et al., 2007) and dicots (Perry et al., 2003; Till et al., 2003; Triques et al., 2007). 
The molecular mechanisms for these differences are not yet known but presumably bigger 
polyploid genomes can absorb more mutations. One example of this is the mutation of the 
GPC (Grain Protein Content) gene in rice and wheat.  A null mutation of GCP-B1 in the B 
genome of hexaploid wheat caused a few days’ difference in maturity, whereas in diploid 
rice RNAi (RNA interference) of the rice GPC gene results in seed sterility (Dubcovsky 
and Dvorak, 2007).    
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It is known from hexaploid wheat that the three genomes contribute differently to the 
expression of certain alleles and can even vary in different tissues of the plant (Nomura et 
al., 2005). Such a redundant genomic organization is a potential complication when 
identifying specific phenotypes from the TILLING-population. The presence of a specific 
allele on all three genomes would mean that even if one is mutated, other alleles could 
compensate for the lost function. In such a case similar alleles on all three genomes would 
have to be knocked-out to archive null expression of the product. On the other hand, 
already in the M2 segregating TILLING-population we could see several phenotypes 
obviously emanating from mutations in single alleles (Figure 2 Paper IV). This means that 
for some alleles the hexaploid may not lead to practical complications, but for others it 
could. 

With the help of a MALDI-TOF based technique, we proved the feasibility of identifying 
mutations in individual genes by screening for mutations in the AsPAL1 and the AsClsF6 
genes. We identified 4 mutations in AsPAL1 and 9 mutations in AsClsF6, several of which 
mediate amino acid changes.  

 
Finally, oats have many unique agronomical characteristics that cannot be studied in 
Arabidopsis. Wheat and soybean TILLING population exists but it is not always possible 
to implement observations from those plant species to oat. Thus our oat TILLING 
population will be a very useful breeding tool in the future.  
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Concluding remarks 
 

Today the low temperatures negatively affect crop yields in many areas.  A better 
understanding of the molecular differences between low temperature susceptible and 
tolerant crops will give the breeders new tools that opens the door for the development of 
higher yielding crops. It could also increase the geographical distribution of staple crops 
like rice and soybean.    

During the course of this work we have analyzed oat EST data and microarray data from 
both rice and Arabidopsis using a comparative genomic approach, with the aim to increase 
our knowledge about the underlying mechanisms of cold acclimation. We have also 
opened for new possibilities with functional genomics in oats through the development of 
an oat TILLING population.  

More specifically, based on this work, the following conclusions can be made: 

• Oat is low temperature responsive and it contains genes that are homolog to well 
known genes related to the process of cold acclimation process in other plants.  

• The oat genome contains a number CBF/DREB factors that are cold responsive and 
differently regulated during low temperature stress. 

• In silico analysis of regulatory networks in Arabidopsis during low temperature 
stress suggests that specific combinations of transcription factors may be important 
for the low temperature response.   

• The chilling sensitive Nepalese variety Jumaa Marchii is cold responsive, but 
essential genes for the cold acclimation process is either missing or not responding 
to low temperature stress.  

• The low temperature response in freezing tolerant Arabidopsis is stronger and 
seems to be more dynamic than in rice. Many of the key regulatory transcription 
factors also seem to be transiently expressed. 

• We have successfully developed a TILLLING population in oats and thereby 
contributed with a new tool for breeds and scientists studying oats.        

 
 

   

 



  31 

Acknowledgements 
 

First of all I would like to thank my wife Anna. Without her support this work would never 
have been finalized, and I hope I can make up for all the time you spent at those things that 
had to be done at home.  

Further more, I would like to thank my supervisors Olof Olsson and Björn Olsson, both 
providing me with good ideas and feedback on my work. I especially would like to thank 
Olof for being a good supervisor and business partner, and I hope we will continue to have 
a good collaboration in many years to come in our joint business development project. 

I also thank the colleagues at Lundberg-lab that made these years more pleasant and fun. I 
would like to send a special thank to Aakash, Per, Elin and Monte, who all contributed to a 
good lab environment (when I was around). 

I also want to thank Anders, Jan, Rickard, Klemetina, Rickard, Carsten, Jenny, Peter and 
others at GU holding for interesting discussions about business development in relation to 
oats. At the same time I send thanks to all people involved in the Swedish Oat Association.  

Finally I also want to thank my children and stepson for all the help during the years of my 
PhD education and all others that feel that they have contributed to make this work 
possible.  

For financial support I want to thank the Swedish Research School in Genomics and 
Bioinformatics, SLF, the VL-foundation and VR. 

 

 

 

 

 

 

 



  32 

References  
Agarwal M, Hao Y, Kapoor A, Dong CH, Fujii H, Zheng X, Zhu JK (2006) A R2R3 

type MYB transcription factor is involved in the cold regulation of CBF genes and 
in acquired freezing tolerance. J Biol Chem 281: 37636-37645 

Allen GJ, Muir SR, Sanders D (1995) Release of Ca2+ from individual plant vacuoles by 
both InsP3 and cyclic ADP-ribose. Science 268: 735-737 

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ 
(1997) Gapped BLAST and PSI-BLAST: a new generation of protein database 
search programs. Nucleic Acids Res 25: 3389-3402 

Anderson MD, Prasad TK, Martin BA, Stewart CR (1994) Differential Gene 
Expression in Chilling-Acclimated Maize Seedlings and Evidence for the 
Involvement of Abscisic Acid in Chilling Tolerance. Plant Physiol 105: 331-339 

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signal 
transduction. Annu Rev Plant Biol 55: 373-399 

Baker SS, Wilhelm KS, Thomashow MF (1994) The 5'-region of Arabidopsis thaliana 
cor15a has cis-acting elements that confer cold-, drought- and ABA-regulated gene 
expression. Plant Mol Biol 24: 701-713 

Bedi S, Basra AS (1993) Chilling injury in germinating seeds: basic mechanisms and 
agricultural implications. Seed Science Research 3: 219-229 

Bennett MD, Smith JB (1976) Nuclear dna amounts in angiosperms. Philos Trans R Soc 
Lond B Biol Sci 274: 227-274 

Brautigam M, Lindlof A, Zakhrabekova S, Gharti-Chhetri G, Olsson B, Olsson O 
(2005) Generation and analysis of 9792 EST sequences from cold acclimated oat, 
Avena sativa. BMC Plant Biol 5: 18 

Brown AP, Dunn MA, Goddard NJ, Hughes MA (2001) Identification of a novel low-
temperature-response element in the promoter of the barley (Hordeum vulgare L) 
gene blt101.1. Planta 213: 770-780 

Buerstmayr H, Krenn N, Stephan U, Grausgruber H, Zechner E (2007) Agronomic 
performance and quality of oat (Avena sativa L.) genotypes of worldwide origin 
produced under Central European growing conditions. Field Crops Research 101: 
343 - 351 

Chinnusamy V, Ohta M, Kanrar S, Lee BH, Hong X, Agarwal M, Zhu JK (2003) 
ICE1: a regulator of cold-induced transcriptome and freezing tolerance in 
Arabidopsis. Genes Dev 17: 1043-1054 

Chinnusamy V, Zhu J, Zhu JK (2007) Cold stress regulation of gene expression in 
plants. Trends Plant Sci 12: 444-451 

Desai BB (2004) Seeds Handbook: Biology, Production, Processing, and Storage. CRC 
Press 

Dubcovsky J, Dvorak J (2007) Genome plasticity a key factor in the success of polyploid 
wheat under domestication. Science 316: 1862-1866 

Dubouzet JG, Sakuma Y, Ito Y, Kasuga M, Dubouzet EG, Miura S, Seki M, 
Shinozaki K, Yamaguchi-Shinozaki K (2003) OsDREB genes in rice, Oryza 
sativa L., encode transcription activators that function in drought-, high-salt- and 
cold-responsive gene expression. Plant J 33: 751-763 



  33 

Finn RD, Tate J, Mistry J, Coggill PC, Sammut SJ, Hotz HR, Ceric G, Forslund K, 
Eddy SR, Sonnhammer EL, Bateman A (2008) The Pfam protein families 
database. Nucleic Acids Res 36: D281-288 

Fodor SP, Rava RP, Huang XC, Pease AC, Holmes CP, Adams CL (1993) Multiplexed 
biochemical assays with biological chips. Nature 364: 555-556 

Fowler DB, Gusta LV (1979) Selection for winterhardiness in wheat. I. Identification of 
genotypic variability. Crop Science 19: 769-772 

Fowler S, Thomashow MF (2002) Arabidopsis transcriptome profiling indicates that 
multiple regulatory pathways are activated during cold acclimation in addition to 
the CBF cold response pathway. Plant Cell 14: 1675-1690 

Fowler SG, Cook D, Thomashow MF (2005) Low temperature induction of Arabidopsis 
CBF1, 2, and 3 is gated by the circadian clock. Plant Physiol 137: 961-968 

Fursova OV, Pogorelko GV, Tarasov VA (2009) Identification of ICE2, a gene involved 
in cold acclimation which determines freezing tolerance in Arabidopsis thaliana. 
Gene 429: 98-103 

Gadjev I, Vanderauwera S, Gechev TS, Laloi C, Minkov IN, Shulaev V, Apel K, Inze 
D, Mittler R, Van Breusegem F (2006) Transcriptomic footprints disclose 
specificity of reactive oxygen species signaling in Arabidopsis. Plant Physiol 141: 
436-445 

Gilmour SJ, Sebolt AM, Salazar MP, Everard JD, Thomashow MF (2000) 
Overexpression of the Arabidopsis CBF3 transcriptional activator mimics multiple 
biochemical changes associated with cold acclimation. Plant Physiol 124: 1854-
1865 

Gilmour SJ, Thomashow MF (1991) Cold acclimation and cold-rgeulated gene 
expression in ABA mutants of Arabidopsis thaliana. Plant Mol Bio 17: 1233-1240 

Gilmour SJ, Zarka DG, Stockinger EJ, Salazar MP, Houghton JM, Thomashow MF 
(1998) Low temperature regulation of the Arabidopsis CBF family of AP2 
transcriptional activators as an early step in cold-induced COR gene expression. 
Plant J 16: 433-442 

Guo Z, Ou W, Lu S, Zhong Q (2006) Differential responses of antioxidative systems to 
chilling and drougt in four rice cultivars differing in sensitivity. Plant Physiology 
and Biochemistry 44: 828-836 

Guo Z, Tan H, Zhu Z, Lu S, Zhou B (2005) Effect of intermediates on ascorbic acid and 
oxalate biosynthesis of rice and in relation to its stress. Plant Physiol. Biochem 43: 
955-962 

Guy CL, Niemi KJ, Brambl R (1985) Altered gene expression during cold acclimation of 
spinach. Proc Natl Acad Sci U S A 82: 3673-3677 

Henriksson KN, Trewavas AJ (2003) The effect of short-term low-temperature 
treatments on gene expression in arabidospis correlates with changes in 
intracellular Ca2+ levels. Plant, Cell Environ. 26: 485-496 

Hillier LD, Lennon G, Becker M, Bonaldo MF, Chiapelli B, Chissoe S, Dietrich N, 
DuBuque T, Favello A, Gish W, Hawkins M, Hultman M, Kucaba T, Lacy M, 
Le M, Le N, Mardis E, Moore B, Morris M, Parsons J, Prange C, Rifkin L, 
Rohlfing T, Schellenberg K, Bento Soares M, Tan F, Thierry-Meg J, Trevaskis 
E, Underwood K, Wohldman P, Waterston R, Wilson R, Marra M (1996) 



  34 

Generation and analysis of 280,000 human expressed sequence tags. Genome Res 
6: 807-828 

Ito Y, Katsura K, Maruyama K, Taji T, Kobayashi M, Seki M, Shinozaki K, 
Yamaguchi-Shinozaki K (2006) Functional analysis of rice DREB1/CBF-type 
transcription factors involved in cold-responsive gene expression in transgenic rice. 
Plant Cell Physiol 47: 141-153 

Jaglo KR, Kleff S, Amundsen KL, Zhang X, Haake V, Zhang JZ, Deits T, 
Thomashow MF (2001) Components of the Arabidopsis C-repeat/dehydration-
responsive element binding factor cold-response pathway are conserved in Brassica 
napus and other plant species. Plant Physiol 127: 910-917 

Jian L-c, Li J-h, Chen W-P, Li PH, Ahlstrand GG (1999) Cytochemical Localization of 
Calcium and Ca2+-ATPase Activity in Plant Cells under Chilling Stress: a 
Comparative Study between the Chilling-Sensitive Maize and the Chilling-
Insensitive Winter Wheat. Plant Cell Physiol. 40: 1061-1071 

Jiang C, Iu B, Singh J (1996) Requirement of a CCGAC cis-acting element for cold 
induction of the BN115 gene from winter Brassica napus. Plant Mol Biol 30: 679-
684 

Jonak C, Kiegerl S, Ligterink W, Barker PJ, Huskisson NS, Hirt H (1996) Stress 
signaling in plants: a mitogen-activated protein kinase pathway is activated by cold 
and drought. Proc Natl Acad Sci U S A 93: 11274-11279 

Jordbruksverket (2008) Skörd av spannmål, trindsäd och oljeväxter 2008. In,  
Kim KN, Cheong YH, Grant JJ, Pandey GK, Luan S (2003) CIPK3, a calcium sensor-

associated protein kinase that regulates abscisic acid and cold signal transduction in 
Arabidopsis. Plant Cell 15: 411-423 

Knight H, Knight MR (2000) Imaging spatial and cellular characteristics of low 
temperature calcium signature after cold acclimation in Arabidopsis. J Exp Bot 51: 
1679-1686 

Knight H, Trewavas AJ, Knight MR (1996) Cold calcium signaling in Arabidopsis 
involves two cellular pools and a change in calcium signature after acclimation. 
Plant Cell 8: 489-503 

Knight MR, Campbell AK, Smith SM, Trewavas AJ (1991) Transgenic plant aequorin 
reports the effects of touch and cold-shock and elicitors on cytoplasmic calcium. 
Nature 352: 524-526 

Kovtun Y, Chiu WL, Tena G, Sheen J (2000) Functional analysis of oxidative stress-
activated mitogen-activated protein kinase cascade in plants. Proc Natl Acad Sci U 
S A 97: 2940-2945 

Kovtun Y, Chiu WL, Zeng W, Sheen J (1998) Suppression of auxin signal transduction 
by a MAPK cascade in higher plants. Nature 395: 716-720 

Ladizinsky G (1998) Plant Evolution under Domestication. Springer 
Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-Shinozaki K, Shinozaki K 

(1998) Two transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA 
binding domain separate two cellular signal transduction pathways in drought- and 
low-temperature-responsive gene expression, respectively, in Arabidopsis. Plant 
Cell 10: 1391-1406 

Marchler-Bauer A, Anderson JB, Chitsaz F, Derbyshire MK, DeWeese-Scott C, Fong 
JH, Geer LY, Geer RC, Gonzales NR, Gwadz M, He S, Hurwitz DI, Jackson 



  35 

JD, Ke Z, Lanczycki CJ, Liebert CA, Liu C, Lu F, Lu S, Marchler GH, 
Mullokandov M, Song JS, Tasneem A, Thanki N, Yamashita RA, Zhang D, 
Zhang N, Bryant SH (2009) CDD: specific functional annotation with the 
Conserved Domain Database. Nucleic Acids Res 37: D205-210 

Maruyama K, Sakuma Y, Kasuga M, Ito Y, Seki M, Goda H, Shimada Y, Yoshida S, 
Shinozaki K, Yamaguchi-Shinozaki K (2004) Identification of cold-inducible 
downstream genes of the Arabidopsis DREB1A/CBF3 transcriptional factor using 
two microarray systems. Plant J 38: 982-993 

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reactive oxygen 
gene network of plants. Trends Plant Sci 9: 490-498 

Mizoguchi T, Irie K, Hirayama T, Hayashida N, Yamaguchi-Shinozaki K, 
Matsumoto K, Shinozaki K (1996) A gene encoding a mitogen-activated protein 
kinase kinase kinase is induced simultaneously with genes for a mitogen-activated 
protein kinase and an S6 ribosomal protein kinase by touch, cold, and water stress 
in Arabidopsis thaliana. Proc Natl Acad Sci U S A 93: 765-769 

Monroy AF, Dhindsa RS (1995) Low-temperature signal transduction: induction of cold 
acclimation-specific genes of alfalfa by calcium at 25 degrees C. Plant Cell 7: 321-
331 

Monroy AF, Sarhan F, Dhindsa RS (1993) Cold-Induced Changes in Freezing 
Tolerance, Protein Phosphorylation, and Gene Expression (Evidence for a Role of 
Calcium). Plant Physiol 102: 1227-1235 

Mulder NJ, Apweiler R, Attwood TK, Bairoch A, Bateman A, Binns D, Bork P, 
Buillard V, Cerutti L, Copley R, Courcelle E, Das U, Daugherty L, Dibley M, 
Finn R, Fleischmann W, Gough J, Haft D, Hulo N, Hunter S, Kahn D, 
Kanapin A, Kejariwal A, Labarga A, Langendijk-Genevaux PS, Lonsdale D, 
Lopez R, Letunic I, Madera M, Maslen J, McAnulla C, McDowall J, Mistry J, 
Mitchell A, Nikolskaya AN, Orchard S, Orengo C, Petryszak R, Selengut JD, 
Sigrist CJ, Thomas PD, Valentin F, Wilson D, Wu CH, Yeats C (2007) New 
developments in the InterPro database. Nucleic Acids Res 35: D224-228 

Muller B, Sheen J (2007) Advances in cytokinin signaling. Science 318: 68-69 
Murata N, Los DA (1997) Membrane Fluidity and Temperature Perception. Plant Physiol 

115: 875-879 
Newman T, de Bruijn FJ, Green P, Keegstra K, Kende H, McIntosh L, Ohlrogge J, 

Raikhel N, Somerville S, Thomashow M, et al. (1994) Genes galore: a summary 
of methods for accessing results from large-scale partial sequencing of anonymous 
Arabidopsis cDNA clones. Plant Physiol 106: 1241-1255 

Novillo F, Alonso JM, Ecker JR, Salinas J (2004) CBF2/DREB1C is a negative 
regulator of CBF1/DREB1B and CBF3/DREB1A expression and plays a central 
role in stress tolerance in Arabidopsis. Proc Natl Acad Sci U S A 101: 3985-3990 

O'Kane D, Gill V, Boyd P, Burdon R (1996) Chilling, oxidative stress and antioxidant 
responses in Arabidopsis thaliana callus. Planta 198: 371-377 

Orvar BL, Sangwan V, Omann F, Dhindsa RS (2000) Early steps in cold sensing by 
plant cells: the role of actin cytoskeleton and membrane fluidity. Plant J 23: 785-
794 

Paracel (2002) Paracel, PTA: Paracel Transcript Assembler User Manual, Paracel Inc., 
Pasadena, CA (2002).  



  36 

Pearce RS (2001) Plant Freezing and Damage. Annals of Botany 87: 417-424 
Pilpel Y, Sudarsanam P, Church GM (2001) Identifying regulatory networks by 

combinatorial analysis of promoter elements. Nature genetics 29: 153-159 
Plieth C (1999) Temperature sensing by plants: calcium-permeable channels as primary 

sensors--a model. J Membr Biol 172: 121-127 
Ptitsyn A, Hide W (2005) CLU: a new algorithm for EST clustering. BMC Bioinformatics 

6 Suppl 2: S3 
Rabbani MA, Maruyama K, Abe H, Khan MA, Katsura K, Ito Y, Yoshiwara K, Seki 

M, Shinozaki K, Yamaguchi-Shinozaki K (2003) Monitoring expression profiles 
of rice genes under cold, drought, and high-salinity stresses and abscisic acid 
application using cDNA microarray and RNA gel-blot analyses. Plant Physiol 133: 
1755-1767 

Rines HW, Molnar SJ, Tinker NA, Phillips RL (2006) Genome Mapping and Molecular 
Breeding in Plants. Chittaranjan Kole (Ed), Oat. Springer, Berlin 

Sangwan V, Foulds I, Singh J, Dhindsa RS (2001) Cold-activation of Brassica napus 
BN115 promoter is mediated by structural changes in membranes and cytoskeleton, 
and requires Ca2+ influx. Plant J 27: 1-12 

Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative monitoring of gene 
expression patterns with a complementary DNA microarray. Science 270: 467-470 

Shinozaki K, Yamaguchi-Shinozaki K (2000) Molecular responses to dehydration and 
low temperature: differences and cross-talk between two stress signaling pathways. 
Curr Opin Plant Biol 3: 217-223 

Shinwari ZK, Nakashima K, Miura S, Kanrar S, Seki M, Yamaguchi-Shinozaki K, 
Shinozaki K (1998) An Arabidopsis Gene Family Encoding DRE/CRT Binding 
Proteins Involved in Low-Temperature-Responsive Gene Expression. Biochem 
Biophys Res Commun 250: 161-170 

Shou H, Bordallo P, Fan J-B, Yeakley JM, Bibikova M, Sheen J, Wang K (2004) 
Expression of an active tobacco mitogen-activated protein kinase kinase kinase 
enhances freezing tolerance in transgenic maize. PNAS 101: 3298-3303 

Skinner JS, Szucs P, von Zitzewitz J, Marquez-Cedillo L, Filichkin T, Stockinger EJ, 
Thomashow MF, Chen TH, Hayes PM (2006) Mapping of barley homologs to 
genes that regulate low temperature tolerance in Arabidopsis. Theor Appl Genet 
112: 832-842 

Skinner JS, von Zitzewitz J, Szucs P, Marquez-Cedillo L, Filichkin T, Amundsen K, 
Stockinger EJ, Thomashow MF, Chen TH, Hayes PM (2005) Structural, 
functional, and phylogenetic characterization of a large CBF gene family in barley. 
Plant Mol Biol 59: 533-551 

Smith TF, Waterman MS (1981) Overlapping genes and information theory. J Theor 
Biol 91: 379-380 

Steponkus PL, Uemura M, Joseph RA, Gilmour SJ, Thomashow MF (1998) Mode of 
action of the COR15a gene on the freezing tolerance of Arabidopsis thaliana. Proc 
Natl Acad Sci U S A 95: 14570-14575 

Sthapit BR, Witcombe JR (1998) Inheritance of Tolerance to Chilling Stress in Rice 
during Germination and Plumule Greening. Crop Science 38 

Stockinger EJ, Gilmour SJ, Thomashow MF (1997) Arabidopsis thaliana CBF1 encodes 
an AP2 domain-containing transcriptional activator that binds to the C-repeat/DRE, 



  37 

a cis-acting DNA regulatory element that stimulates transcription in response to 
low temperature and water deficit. Proc Natl Acad Sci U S A 94: 1035-1040 

Strauss G, Hauser H (1986) Stabilization of lipid bilayer vesicles by sucrose during 
freezing. Proc Natl Acad Sci U S A 83: 2422-2426 

Tahtiharju S, Sangwan V, Monroy AF, Dhindsa RS, Borg M (1997) The induction of 
kin genes in cold-acclimating Arabidopsis thaliana. Evidence of a role for calcium. 
Planta 203: 442-447 

Takumi S, Koike A, Nakata M, Kume S, Ohno R, Nakamura C (2003) Cold-specific 
and light-stimulated expression of a wheat (Triticum aestivum L.) Cor gene 
Wcor15 encoding a chloroplast-targeted protein. J Exp Bot 54: 2265-2274 

Teige M, Scheikl E, Eulgem T, Doczi R, Ichimura K, Shinozaki K, Dangl JL, Hirt H 
(2004) The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis. 
Mol Cell 15: 141-152 

Thomashow MF (1999) PLANT COLD ACCLIMATION: Freezing Tolerance Genes and 
Regulatory Mechanisms. Annu Rev Plant Physiol Plant Mol Biol 50: 571-599 

To JP, Haberer G, Ferreira FJ, Deruere J, Mason MG, Schaller GE, Alonso JM, 
Ecker JR, Kieber JJ (2004) Type-A Arabidopsis response regulators are partially 
redundant negative regulators of cytokinin signaling. Plant Cell 16: 658-671 

Trevaskis B, Hemming MN, Dennis ES, Peacock WJ (2007) The molecular basis of 
vernalization-induced flowering in cereals. Trends Plant Sci 12: 352-357 

Uemura M, Joseph RA, Steponkus PL (1995) Cold Acclimation of Arabidopsis thaliana 
(Effect on Plasma Membrane Lipid Composition and Freeze-Induced Lesions). 
Plant Physiol 109: 15-30 

Uemura M, Steponkus PL (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 

Usadel B, Blasing OE, Gibon Y, Poree F, Hohne M, Gunter M, Trethewey R, 
Kamlage B, Poorter H, Stitt M (2008) Multilevel genomic analysis of the 
response of transcripts, enzyme activities and metabolites in Arabidopsis rosettes to 
a progressive decrease of temperature in the non-freezing range. Plant Cell Environ 
31: 518-547 

USDA (2008) World Oats Production, Consumption, and Stocks In, Vol 2008 
Vaultier MN, Cantrel C, Vergnolle C, Justin AM, Demandre C, Benhassaine-Kesri G, 

Cicek D, Zachowski A, Ruelland E (2006) Desaturase mutants reveal that 
membrane rigidification acts as a cold perception mechanism upstream of the 
diacylglycerol kinase pathway in Arabidopsis cells. FEBS Lett 580: 4218-4223 

Vazquez-Tello A, Ouellet F, Sarhan F (1998) Low temperature-stimulated 
phosphorylation regulates the binding of nuclear factors to the promoter of 
Wcs120, a cold-specific gene in wheat. Mol Gen Genet 257: 157-166 

Vigh L, Los DA, Horvath I, Murata N (1993) The primary signal in the biological 
perception of temperature: Pd-catalyzed hydrogenation of membrane lipids 
stimulated the expression of the desA gene in Synechocystis PCC6803. Proc Natl 
Acad Sci U S A 90: 9090-9094 

Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow MF (2005) Roles of 
the CBF2 and ZAT12 transcription factors in configuring the low temperature 
transcriptome of Arabidopsis. Plant J 41: 195-211 



  38 

Wang S (2004) Fodder Oats in China FAO 
Webb MS, Uemura M, Steponkus PL (1994) A Comparison of Freezing Injury in Oat 

and Rye: Two Cereals at the Extremes of Freezing Tolerance. Plant Physiol 104: 
467-478 

Xiang Y, Huang Y, Xiong L (2007) Characterization of stress-responsive CIPK genes in 
rice for stress tolerance improvement. Plant Physiol 144: 1416-1428 

Xin Z, Browse J (2000) Cold comfort farm: The acclimation of plants to freezing 
temperatures. Plant Cell and Environment 23: 893-902 

Xiong L, Lee B, Ishitani M, Lee H, Zhang C, Zhu JK (2001) FIERY1 encoding an 
inositol polyphosphate 1-phosphatase is a negative regulator of abscisic acid and 
stress signaling in Arabidopsis. Genes Dev 15: 1971-1984 

Xiong L, Lee H, Huang R, Zhu JK (2004) A single amino acid substitution in the 
Arabidopsis FIERY1/HOS2 protein confers cold signaling specificity and lithium 
tolerance. Plant J 40: 536-545 

Yamaguchi-Shinozaki K, Shinozaki K (1993) Characterization of the expression of a 
desiccation-responsive rd29 gene of Arabidopsis thaliana and analysis of its 
promoter in transgenic plants. Mol Gen Genet 236: 331-340 

Yamaguchi-Shinozaki K, Shinozaki K (1994) A novel cis-acting element in an 
Arabidopsis gene is involved in responsiveness to drought, low-temperature, or 
high-salt stress. Plant Cell 6: 251-264 

Yan L, Fu D, Li C, Blechl A, Tranquilli G, Bonafede M, Sanchez A, Valarik M, 
Yasuda S, Dubcovsky J (2006) The wheat and barley vernalization gene VRN3 is 
an orthologue of FT. Proc Natl Acad Sci U S A 103: 19581-19586 

Yan L, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W, SanMiguel P, 
Bennetzen JL, Echenique V, Dubcovsky J (2004) The wheat VRN2 gene is a 
flowering repressor down-regulated by vernalization. Science 303: 1640-1644 

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T, Dubcovsky J (2003) 
Positional cloning of the wheat vernalization gene VRN1. Proc Natl Acad Sci U S 
A 100: 6263-6268 

Yan T, Yoo D, Berardini TZ, Mueller LA, Weems DC, Weng S, Cherry JM, Rhee SY 
(2005) PatMatch: a program for finding patterns in peptide and nucleotide 
sequences. Nucleic Acids Res 33: W262-266 

Yeh S, Moffatt BA, Griffith M, Xiong F, Yang DS, Wiseman SB, Sarhan F, Danyluk 
J, Xue YQ, Hew CL, Doherty-Kirby A, Lajoie G (2000) Chitinase genes 
responsive to cold encode antifreeze proteins in winter cereals. Plant Physiol 124: 
1251-1264 

Zhang X, Fowler SG, Cheng H, Lou Y, Rhee SY, Stockinger EJ, Thomashow MF 
(2004) Freezing-sensitive tomato has a functional CBF cold response pathway, but 
a CBF regulon that differs from that of freezing-tolerant Arabidopsis. Plant J 39: 
905-919 

 
 


