
UNIVERSITY OF HELSINKI

DEPARTMENT OF PLANT PRODUCTION

Section of Crop Husbandry

PUBLICATION no. 56

CHARACTERIZATION OF FREEZING TOLERANCE IN Solanum commersonii

(Dun.) WITH SPECIAL REFERENCE TO THE RELATIONSHIP BETWEEN

FREEZING AND OXIDATIVE STRESS

Mervi M. Seppänen

Department of Plant Production

Section of Crop Husbandry

P.O. Box 27

FIN-00014 University of Helsinki

Finland

ACADEMIC DISSERTATION

To be presented, with the permission of the Faculty of Agriculture and Forestry of the

University of Helsinki, for public criticism in Viikki, Auditorium B2, on April 28th, at

12 o’clock noon.

HELSINKI 2000



3

Seppänen, M.M. Characterization of freezing tolerance in Solanum commersonii (Dun.)
with special reference to the relationship between freezing and oxidative stress. 55 p. +
appendices.

Keywords: cold acclimation, cold-inducible genes, freezing tolerance, gene expression,
oxidative stress, paraquat, Solanum commersonii, Solanum tuberosum, somatic hybrid,
superoxide dismutase

Reviewers: Dr. Viola Niklander-Teeri
Department of Plant Biology
University of Helsinki, Finland

Dr. Jaakko Kangasjärvi
Institute of Biotechnology
University of Helsinki, Finland

Opponent: Dr. Brian D. McKersie Ph.D.
BASF Plant Science
North Carolina, USA

ISBN 951-45-9172-0 (PDF version)

Helsingin yliopiston verkkojulkaiut
Helsinki, 2000



4

CONTENTS   4

ABSTRACT   6

LIST OF ORIGINAL PUBLICATIONS   8

AUTHOR’S CONTRIBUTION   9

LIST OF ABBREVIATIONS  10

1. INTRODUCTION  11
1.1. Genetic diversity of freezing tolerance in Solanum spp.  12
1.2. Low temperature stress  14
1.2.1. Chilling stress  14
1.2.2. Freezing stress  14
1.3. Biochemical and physiological adaptations during cold acclimation  15
1.4. Molecular adaptation to low temperature  16
1.4.1. Cold responsive (COR) genes  17
1.4.2.  Dehydrin/LEA/RAB-genes  17
1.4.3. Heat shock proteins (HSP)  18
1.4.4. Regulation of cold-inducible genes  19
1.4.5. Calcium signaling  19
1.4.6.  Light  19
1.4.7. Cold-inducible genes in potato  20
1.5. Oxidative stress  21
1.5.1. Activated oxygen species (AOS)  21
1.5.2. Superoxide dismutase (SOD)  22
1.5.3. Glutathione S-transferase (GST)  23
1.6. Photoinhibition  24
1.6.1. Protective mechanisms  24
1.6.2. Photoinhibition and cold acclimation  25
1.6.3. Photoinhibition in potato  26

2. AIMS OF THE PRESENT STUDY  27

3. MATERIALS AND METHODS  28
3.1. Plant material  28
3.2. Cold acclimation, freezing and light treatments  28
3.3. Plant hormone and stress treatments  28
3.4. Freezing tolerance  29
3.5. Superoxide dismutase (SOD)  29
3.6. Glutathione S-transferase (GST)  29
3.7. Chlorophyll a fluorescence and oxygen evolution  29
3.8. Cloning of cold-inducible genes  30
3.9. Nucleic acid isolation and analysis  30

4. RESULTS  32
4.1. Freezing tolerance, cold acclimation and photosynthetic capacity  32
4.2. Antioxidant capacity  33
4.3. Characterization of cold-inducible gene expression  34



5

5. DISCUSSION  36
5.1. Population segregating in freezing tolerance  36
5.2. Relationship between freezing, cold acclimation and oxidative stress  37
5.3. Expression of cold-inducible genes  38

6. CONCLUDING REMARKS  40

7. ACKNOWLEDGEMENTS  42

8. REFERENCES  44



6

ABSTRACT

Under field conditions, frost damage to a potato canopy is due to freezing temperature
and high light stresses, since freezing nights are often followed by bright mornings.
Freezing decreases energy consumption in photosynthetic carbon fixation and light
energy becomes excessive. Excessive light energy increases the risk for electron transfer
to molecular oxygen and formation of activated oxygen species (AOS). Thus, efficient
detoxification of AOS and antioxidant capacity could be one mechanism to prevent frost
damage. AOS can, however, play a dual role during stress response since they can either
accelerate frost damage or act as a signal molecule to induce defense and protection
mechanisms. The aim of this study was to reveal mechanisms behind the freezing
tolerance of Solanum commersonii Dun. with special reference to the relationship
between tolerances to freezing and oxidative stress.

A population of potato progenies (S1) segregating for freezing tolerance was produced
by selfing a somatic hybrid SH9A (S. commersonii x S. tuberosum cv. SPV11). The
freezing tolerance of non-acclimated (NA) and cold acclimated (CA) S1 hybrids was
measured using the ion leakage method. The antioxidant capacity of S1 hybrids was first
studied by measuring tolerance to paraquat, a superoxide radical producing herbicide,
and later by analyzing superoxide dismutase (SOD) isoenzyme activities during cold
acclimation. The molecular mechanisms of freezing tolerance were studied by isolating
three cold-inducible genes (glutathione S-transferase, Scgst1; 70 kD heat shock cognate,
Schsc70; dehydrin Scdhn2) from cold acclimated S. commersonii by differential
screening. Changes in the transcript levels of cold-inducible genes (Scgst1; Schsc70,
Scdhn2; osmotin-like protein Osml13) were followed during temperature and oxidative
stresses. Frost damage was simulated by freezing and highlight treatments and changes in
the variable to maximum fluorescence (Fv/FM) were monitored simultaneously with
studies on gene expression.

All S1 hybrids expressed some acclimation capacity (AC) despite their freezing
tolerance. In addition to low temperature treatment, cold acclimation processes were
initiated, at least in part, by AOS. In S. commersonii, H2O2 treatment improved freezing
tolerance in concert with transcript accumulation of cold-inducible genes (Scdhn2,
Osml13). Cold acclimation also resulted in mild oxidative stress and consequently in
improved tolerance to paraquat. Moreover, enhanced SOD, most probably CuZnSOD,
activity was measured in cold acclimated plants. An additional detoxifying enzyme, GST,
was also challenged in S. commersonii during cold acclimation. Compared with freezing
sensitive SPV11, only slightly higher SOD activity was detected in S. commersonii. In
potato hybrids there were no correlations between SOD activity and freezing tolerance
or AC. Slightly more abundant transcript accumulation of Scgst1 and Scdhn2 was
detected after cold acclimation in S. commersonii compared with SPV11. However, in
S1 hybrids the level of stress-responsible gene transcripts, e.g. genes coding for SOD
isoenzymes or cold-inducible genes, did not correlate with the freezing tolerance of the
genotype. Exposure to high light after freezing caused significant reduction in Fv/FM in all
potato genotypes studied. Under these experimental conditions the reduction was
reversible in all potato hybrids as well as in the parental lines. Simultaneously, S.
tuberosum cvs. suffered from irreversible reduction in Fv/FM. The accumulation of
Scdhn2 mRNA correlated with the reduction of FV/FM during reversible photoinhibition.
However, when irreversible photoinhibition occurred, no Scdhn2 transcript accumulation
was detected.
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The results on S1 hybrids indicate that freezing tolerance and AC were independent traits
in S. commersonii. Moreover, cold acclimation processes included components of
oxidative stress, which could be measured as increased antioxidant capacity. In S1
hybrids the superoxide scavenging efficiency was probably high enough to eliminate
oxidative stress during cold acclimation. The fact that most freezing tolerant S1 hybrids
were also most tolerant to paraquat indicates that effective antioxidant capacity is
advantageous for the freezing tolerance of potato. These results also suggest that cold
acclimation capacity is associated with a genotype’s ability to sense low temperature and
thus, the signaling pathway for protective mechanisms exists in S1 hybrids. The presence
of an acclimation signaling pathway in S1 hybrids makes it difficult to reveal genotype-
dependent differences in the expression levels of stress-responsible genes. Modulation of
photosynthesis might also have a role in the signaling pathway during adaptation
responses and damage to the photosynthetic apparatus can prevent this signal. Therefore,
improved tolerance to photoinhibition and acclimation capacity are favorable traits for
transfer to cultivated potato even though freezing tolerance is not enhanced.
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1. INTRODUCTION

In northern agricultural areas minimum temperature and the length of growing season
determine the range of cultivated crop species and cultivars that can be grown.
Occasionally, freezing temperatures, frosts, interrupt the growing season resulting in
frost damage and termination of growth. Under field conditions, frost damage is a
consequence of both freezing and high light stresses, since freezing nights are often
followed by bright mornings. Decreased enzyme activities in photosynthetic carbon
fixation at low temperature together with excessive light energy increase the risk for
electron transfer to molecular oxygen and formation of activated oxygen species (AOS)
(Krause 1994a, b). Accumulation of AOS i.e. oxidative stress become harmful in
situations where their formation exceeds their destruction and they start to react with
membrane lipids, proteins etc. Thus, efficient detoxification of AOS by antioxidants
could be one mechanism, together with increased freezing tolerance, to prevent frost
damage. In addition, sub-zero temperatures above the lethal freezing point may also
affect potato tuber yield. Under these conditions photosynthetic capacity may be reduced
and the shoots be unable to contribute further to dry matter production. Increased crop
productivity at sub-optimal temperatures would therefore require both improved freezing
tolerance as well as good photosynthetic capacity at subzero temperatures.

Among cultivated potato species (Solanum tuberosum L.) there is a limited amount of
genetic variation for freezing tolerance. However, cultivation practices, such as use of
nitrogen fertilization, can influence the degree of freezing damage under field conditions
(Valmari 1959). Excessive nitrogen supply has negative effects on freezing tolerance. On
the other hand, sufficient nitrogen application increases leaf area and the amount of
radiation heat captured by the potato canopy. Thus, the larger leaf area of nitrogen
fertilized potato plants can prevent frost damage to some extent.

Wild potato species, such as S. commersonii Dun. and S. acaule Bitt., are more freezing
tolerant than S. tuberosum cultivars (Chen and Li 1980a). In addition to better freezing
tolerance, these wild species have an ability to improve their freezing tolerance at low
temperature by cold acclimation. Many wild species are, however, sexually incompatible
with cultivated potato, preventing crossing between the species. Instead, freezing
tolerance of cultivated potato can be improved by somatic hybridization to more freezing
tolerant wild potato species such as S. commersonii (Cardi et al. 1993a, b; Nyman and
Waara 1997). The most efficient approach would be, however, to manipulate the
freezing tolerance of existing cultivars with the best yield potential.

Freezing tolerance is defined in genetic terms as a complex quantitative trait controlled
by several, as yet unknown, combinations of genes and gene families (Stone et al.1993).
Studies on the molecular mechanisms behind improved freezing tolerance in cold
acclimated plants have revealed information on cold-induced genes from over 50
different plant species (for review see Sahran and Danyluk 1998). The genetic
complexity of the trait makes genetic engineering challenging. The modern methods of
molecular plant breeding have indicated that the physiological and biochemical bases of
plant freezing tolerance need to be studied more in order to engineer the trait or to find
reliable selection markers. Progenies that have been derived from the interspecific
hybrids between freezing tolerant and sensitive plant species can provide valuable
information on the mechanisms underlying freezing tolerance and acclimation capacity
and the genetic basis of freezing tolerance in plants.
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1.1. Genetic diversity in freezing tolerance in Solanum spp.

The most commonly cultivated potato species, Solanum tuberosum L., can tolerate only
modest freezing (LT50= 

–3°C) whereas several wild potato species express a range of
different levels of freezing tolerance and acclimation capacity (Table 1) (Chen and Li
1980a). There is almost no genetic variation in the freezing tolerance of S. tuberosum
cultivars and therefore it would be desirable to introgress the trait from wild potato
species into existing potato germplasm. S. commersonii and S. acaule can tolerate 

–4.5
and 

– 6.0°C, respectively, in a non-acclimated stage and 
–9°C and 

–11°C, respectively,
after cold acclimation, making them good candidates for donor parents. However, many
wild species are sexually incompatible with cultivated potato due to differences in
endosperm balance number (EBN) (Johnston et al. 1980). Incompatibility can be
circumvented by somatic hybridization and successful experiments have been carried out
to produce interspecific hybrids between S. tuberosum x S. commersonii (Cardi et al.
1993a, b; Nyman and Waara 1997). Somatic hybrids are usually more vigorous and they
morphologically resemble S. tuberosum. In general, the hybrids exhibit a higher degree of
freezing tolerance and varying extents of capacity to cold acclimate (Cardi et al 1993a;
Nyman and Waara 1997). However, some asymmetric hybrids were also found to be
chilling sensitive i.e. more sensitive than S. tuberosum, and developed chlorosis during
cold acclimation (Nyman and Waara 1997). Further use of somatic hybrids in breeding
programs is problematic as most of them are male sterile. Only one out of 57 hybrid
plants was male fertile and able to produce seeds by selfing (Cardi et al. 1993a). Nyman
and Waara (1997) concluded that male fertility was largely dependent of the parental S.
tuberosum genotype.

Chen et al. (1999a) studied interspecific F1 and somatic hybrids between 20 potato
species and observed that hybrids with more of their genome from the freezing tolerant
parent were also more freezing tolerant. In addition, studies on hybrid potatoes have
shown that the origin of the plastid genome has no effect on freezing tolerance (Chen et
al. 1999b). In potato breeding programs the inheritance of freezing tolerance and
acclimation capacity is complex and it is best explained by an additive-dominance model
with both traits being partially recessive (Stone et al. 1993). Studies on a backcross
population of S. commersonii x S. tuberosum hybrids have further indicated that cold
acclimation is controlled by relatively few genes since the recovery of parental genotypes
was observed in a limited population (Stone et al. 1993).
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Table 1. Classification of tuber-bearing Solanum species in terms of freezing tolerance and
acclimation capacity (Chen and Li 1980a).

                  LT50-value (°°°°C)
Category Solanum spp. NA-plant CA-plant
Freezing tolerant acaule   –6.0   –9.0
and able to cold acclimate commersonii   –4.5 –11.5

multidissectum   –4.0   –8.5
chomatophilum   –5.0   –8.5

Freezing tolerant but bolviense   –4.5   –4.5
unable to cold acclimate megistacrolobum   –5.0   –5.0

sanctae-rosae   –5.5   –5.5

Freezing sensitive but oplocense   –3.0   –8.0
able to cold acclimate polytrichon   –3.0   –6.0

Freezing sensitive but brachistotrichum   –3.5   –3.5
unable to cold acclimate cardiophyllum   –3.0   –3.0

fendleri   –3.0   –3.0
jamesii   –3.0   –3.0
kurtzianum   –3.5   –3.5
microdontum   –3.0   –3.0
pinnatisectum   –2.5   –2.5
stonotonum   –3.5   –3.5
stoloniferum   –3.0   –3.0
sucrense   –3.0   –3.0
tuberosum   –3.0   –3.0
venturii   –3.5   –3.5
vernei   –3.5   –3.5
verrucosum   –3.0   –3.0

Chilling sensitive trifidum   –3.5   Dead

During frost episodes the degree of freezing injury is affected by ice nucleation
temperature, freezing rate, minimum temperature, duration of exposure to ice, thawing
rate and post-thaw conditions (Palta et al. 1998).  Under field conditions potato plants
are often exposed to a sudden temperature decline. Good freezing tolerance of non-
acclimated plants or capacity to acclimate fast would be desirable traits to introgress into
S. tuberosum from the more freezing tolerant wild relatives. Experiments have shown
that it is possible to find differences in the speed of acclimation and deacclimation among
Solanum species (Palta et al. 1998) (Table 2). Thus, it might be possible to increase
acclimation speed by using late acclimators as parental genotypes.

Table 2. Speed of acclimation and deacclimation among wild Solanum species (reviewed in Palta et al.
1998).

Trait Solanum sp. Description
Early acclimator S. multidissectum Slow rate of cold acclimation
Late acclimator S. sanctae-rosae Fast rate of cold acclimation
Progressive acclimator S. megistracolobum Constant rate of cold acclimation
Non-acclimator S. polytrichon No acclimation capacity
Fast deacclimator S. multidissectum
Slow deacclimator S. toralapanum
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1.2. Low temperature stress

Low temperature stress can be divided into chilling and freezing stresses according to the
temperature at which plants become injured (Levitt 1980). Plants originating from
tropical areas are often chilling sensitive and suffer from chilling injuries at temperatures
from 0 to 15oC. Freezing stress occurs at temperatures below zero and involves intra- or
extracellular ice formation.

1.2.1. Chilling stress

Chilling injuries can be categorized into primary and secondary injuries (Raison and
Lyons 1986). Primary chilling injuries are described as temporary dysfunctions in plant
metabolism, and are usually reversible in nature. Chilling sensitive plants do not have a
capacity to recover from primary injuries, which lead to development of irreversible,
secondary injuries. According to the same terminology, chilling resistant plants suffer
from primary injuries but are able to recover from the stress. Lyons (1973) proposed that
altered membrane properties during chilling stress, and following increased activation
energy of membrane-bound enzymes, may lead to metabolic imbalance and accumulation
of toxic metabolites. Activated oxygen species (AOS) may form a significant proportion
of these toxic molecules and it has been proposed that secondary chilling injuries in
particular are mediated by AOS (Raison and Lyons 1986). At low temperature a major
source of AOS formation, together with mitochondria, is photosynthesis. Walker et al.
(1991) observed that in chilling tolerant tomato (Lycopersicum hirsutum L.) the
photosynthetic electron transport system was down-regulated during chilling stress and
thus, the formation of AOS was controlled. Photosynthetic parameters are also sensitive
indicators of primary chilling injuries in plants. Excessive light energy at low temperature
readily leads to inhibition of photosystem II; a phenomenon termed photoinhibition (see
chapter 1.6).

1.2.2. Freezing stress

Freezing stress occurs when the temperature drops below the freezing point of the cell
sap and ice formation is initiated. Osmolality, the amount of osmotic solutes in the
solution, is directly related to freezing point. Thus, ice formation is initiated in large
vessels where solute concentration is lowest (Levitt 1980). Plasma membranes act as
barriers to the growing ice crystal and prevent its propagation into intracellular space. Ice
crystals continue to grow until equilibrium of the chemical potentials between ice and
unfrozen water is reached (Mazur 1970). In addition to mechanical stress, ice formation
causes so called ‘physiological dehydration’, which is evoked by the removal of water
from the intracellular space as ice forms. Decreasing water content leads also to
concentration of internal solutes and in some cases to an accumulation of toxic amounts
of cellular solutes. Simultaneously, ions and gases can accumulate and cause high oxygen
partial pressure thus increasing the risk of formation of active oxygen species and
oxidative stress (Levitt 1980; McKersie and Lesham 1994).

Plants can adapt to freezing stress either by freezing avoidance or freezing tolerance
(Levitt 1980). A rapid developmental cycle, which ensures that freezing sensitive
developmental stages are not exposed to autumn frosts, is an example of a freezing stress
avoidance mechanism. Plants can also avoid ice formation through absence of freezable
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water, and to some extent by lowering of the freezing point and supercooling (Levitt
1980). Supercooling requires absence of ice nucleators. In the field, however, plant
leaves are colonized by epiphytic bacteria, or covered with dust or other particles that
can act as ice nucleators (Lindow et al. 1982). By definition, frost sensitive plants are
injured at temperatures from –2 to –5oC and are often sensitive to any ice formation
(McKersie and Lesham 1994). The limitations of freezing avoidance mechanisms favor
freezing tolerance in adaptation to geographical regions where freezing stress is evident.
Freezing tolerance requires tolerance to ice formation, cellular dehydration and
accumulation of high levels of cellular solutes (Levitt 1980). The integrity of plasma
membranes is critical in the freezing process and membranes are also proposed to be the
primary targets of freezing injury (Steponkus 1984). Determination of freezing tolerance
using the ion leakage method, which measures the leakage of intracellular solutes after
freezing, is also based on the freezing tolerance of plasma membranes (Sukamuran and
Weiser 1972; Steponkus 1984).

1.3. Biochemical and physiological adaptations during cold acclimation

Plants native to temperate regions have adapted to low temperature by increasing their
freezing tolerance during cold acclimation. Cold acclimation is a genetically controlled
process that is triggered by exposure to low, non-freezing temperature (Levitt 1980).
Adaptation processes include adjustment of metabolism and gene expression to low
temperature as well as development of freezing tolerance. In general, acclimation
processes include increased osmotic concentration, altered lipid and protein metabolism,
and changes in phytohormone concentrations as well as accumulation of cryo-protective
solutes (Levitt 1980). This thesis concentrates on cold acclimation processes that are
characteristic to Solanum spp.

Many attempts have been made to elucidate the mechanisms of freezing tolerance and
identify biochemical traits that are accompanied by increased freezing tolerance during
cold acclimation. Chen and Li (1980b) compared the biochemical changes involved in the
cold acclimation process in the leaves of freezing tolerant S. acaule and S. commersonii
with those in freezing sensitive S. tuberosum. They observed similar increases in sugar
and starch content during cold acclimation although S. tuberosum failed to acclimate.
However, the net synthesis of soluble proteins and the level of total lipid and
phospholipids were higher in freezing tolerant wild species. When changes in
endogenous ABA levels were studied they were observed to increase transiently in S.
commersonii after four days of cold acclimation whereas in S. tuberosum there was no
response to low temperature (Chen et al. 1983). Ruy and Li  (1994), however, detected
two separate peaks of free ABA on the second and sixth days of cold acclimation in S.
commersonii. Evidence for the role of ABA as a signaling molecule was revealed when
exogenously applied ABA was observed to improve freezing tolerance at room
temperature in S. commersonii (Chen et al. 1983). Inhibition of protein synthesis by
cycloheximide diminished the acclimation processes thus indicating the importance of de
novo synthesis of proteins for the development of freezing tolerance (Chen et al. 1983).
Further evidence for the altered gene expression was shown by Tseng and Li (1990),
who identified 23 cold induced polypeptides during cold acclimation.

Increased proline content was also measured in the leaves of potato hybrids when the
plants were subjected to cold acclimation treatment (van Swaaij et al. 1985). Higher
proline accumulation was often detected in potato hybrids that had good genetic capacity
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to cold acclimate and high correlation was shown between proline content and freezing
tolerance. However, when the hybrids were cold acclimated at high relative humidity,
thus avoiding any decrease in leaf water content and effect of drought, proline
accumulation was not detected. It was thus suggested that proline might rather be a
symptom of stress and additional factors are induced during cold acclimation that are
responsible for the increased freezing tolerance (van Swaaij et al. 1985).

Already in 1981 Li et al. concluded that freezing tolerant Solanum sp. had a greater
capacity to alter membrane lipid properties during cold acclimation than sensitive
species. Moreover, they summarized that freezing injury was caused by the loss of
membrane integrity and membrane thermal stability was important. Aggregation of
intramembraneous particles (IMP) occurred in freezing tolerant S. acaule during cold
acclimation whereas in S. tuberosum they were missing. Aggregation of IMP is thought
to be associated with the fluid membrane phase and the particle free areas are in a gel
state. Thus, S. tuberosum was unable to keep membranes in a fluid state during
acclimation (Li et al. 1981). The functionality of membrane-associated enzymes is highly
dictated by the fluidity of the membranes. To restore decreased membrane fluidity at low
temperature, unsaturation of fatty acids via synthesis of new desaturases, is necessary
(reviewed by Thomashow 1999). Comparisons between the lipid composition of freezing
tolerant S. commersonii and freezing sensitive S. tuberosum revealed that in freezing
tolerant species several changes in plasma membrane lipid composition occurred which
could not be found in sensitive species following cold acclimation (Palta et al. 1993).
This suggests that these alternations are namely related to improved freezing tolerance
during cold acclimation.

The relationship between freezing tolerance and morphological markers, such as growth
habit, leaf form, pigmentation, stomatal index and number of paliside layers, has been
studied in several Solanum spp. as well as in hybrids between freezing tolerant and
sensitive species. Palta and Li (1979) investigated morphological characters of 24
Solanum spp. including 7 cultivars of S. tuberosum. They observed that the freezing
tolerant species had two paliside layers as compared with one in the sensitive species.
Tolerant species had also three times higher stomatal index. The two paliside layers and
higher stomatal index might be linked to each other since thicker leaves require more
efficient diffusion of gases. Moreover, branched stems with smaller and thicker leaves
were more often found in freezing tolerant species. Tiwari et al. (1986) suggested that
palisade layer thickness could be used as a selection criterion in breeding programs to
identify freezing tolerant segregants. Kleinhenz et al. (1995) calculated the stomatal
index in hybrids and backcross populations of S. commersonii x S. cardiophyllum. They
suggested that stomatal index could be used to assist in identification of genotype groups
with superior freezing tolerance. They were, however, unable to identify individual plants
with good freezing tolerance. There was also variation in leaf pigmentation between
freezing tolerant and sensitive potato species. Most of the freezing tolerant wild Solanum
spp. had anthocyanin pigmentation while freezing sensitive species were non-pigmented
(Estrada 1982).

1.4. Molecular adaptation to low temperature

In 1970 Weiser proposed that increased freezing tolerance during cold acclimation is a
consequence of altered gene expression. Gene products, which are more abundant in
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cold acclimated plants, are therefore responsible for the elevated freezing tolerance.
Experimental evidence was obtained after 15 years when Guy et al. (1985) reported on
changes in mRNA population and synthesis of novel polypeptides in cold acclimated
spinach (Spinacia oleracea L.). The first cold acclimation specific or cold-induced genes
were isolated from alfalfa (Medicago sativa L.) (cas) (Mohapatra et al. 1989) and
Arabidopsis (kin, lti) in the early 1990’s (Kurkela and Franck 1990; Nordin et. al 1991).
Since the beginning of the 1990s low temperature regulated genes have been identified in
at least 50 different species (reviewed by Sahran and Danyluk 1998). As low temperature
affects the entire metabolism of a plant, a wide variety of cold regulated genes have been
isolated from cold acclimated plants. The cloned genes can be classified into those whose
protein products function directly in protecting against environmental stresses and in
those which regulate gene expression during adaptation response (Shinozaki and
Yamaguchi-Shinozaki 1997). Another classification divides gene products into those
which mediate biochemical and physiological changes required for growth and
development at low temperature and those whose gene products have a direct role in
freezing tolerance (Thomashow 1998). It is probable, however, that the function of many
cold-induced gene products is related to the protection of enzymes against freezing
dehydration and toxic concentrations of solutes.

1.4.1. Cold-responsive (COR) genes

The role of many cold-responsive (COR) gene products in freezing tolerance is still
uncertain. For example, the Arabidopsis cold-responsive gene products (COR6.6,
COR15a, COR78, COR47) share the common property of being very hydrophilic and
remaining soluble upon boiling (Thomashow 1998). They also have relatively simple
amino acid compositions and sequence motifs that are repeated several times. One of the
most intensively studied cold-responsive genes is COR15a, the gene product of which
(COR15am) is targeted to chloroplasts during cold acclimation (Thomashow 1994).
Over-expression of COR15a in transgenic plants resulted in increased cryostability of
plasma membranes (Artus et al. 1996) but had no effect on the freezing survival of whole
plants (Jaglo-Ottosen et al. 1998). During cold acclimation, the entire battery of COR-
genes is up- regulated simultaneously with increased freezing tolerance. Therefore, an
attempt was made to isolate a regulatory element responsible for the initiation of the
COR-gene transcription at low temperature. A cold regulatory element (CRT/DRE) in
the promoter region of a low temperature regulated gene, RD29A (COR78), was
identified by Yamaguchi-Shinozaki and Shinozaki (1994) and the first CRT/DRE binding
protein (CBF1) was isolated by Stockinger et al. (1997). A transcription activator,
CBF1, that binds to the CRT/DRE element of the promoter region of COR-genes was
over-expressed in transgenic plants (Jaglo-Ottosen et al. 1998). In transgenic plants the
transcription of four known COR-genes was induced and the freezing tolerance was
improved more than if a single COR15a was over-expressed. Most recently, independent
studies by different research groups revealed that the CBF1 (DREB1B) belongs to a
small gene family including two other binding factors CBF2 and CBF3 (DREB1C,
DREB1A) (Liu et al. 1998; Shiwari et al. 1998; Medina et al. 1999).

1.4.2. Dehydrins/LEA/RAB - genes

Dehydrins (synonymous with LEA-D-11 family) are proteins most often related to
increased desiccation tolerance (Close 1996). They are also induced by low temperature,
which is related to the physiological dehydration that takes place during cold acclimation.
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Dehydrins are an immunologically distinct group of proteins, the function of which is not
known but they are considered to be structural proteins rather than proteins having
enzymatic function (Close 1996). Since some of the dehydrins are localized in the
nucleus they are proposed to function in protection and stabilization of transcription
machinery from low temperature inactivation (Close 1996). In barley (Hordeum vulgare
L.), dehydrin loci have been mapped close to major quantitative loci on chromosome 7
that control freezing tolerance (Pan et al. 1994; Close 1996). A study on dehydrin gene
expression showed that only one barley dehydrin, dhn5, which was not mapped to the
freezing tolerance loci, was up-regulated by low temperature under controlled
acclimation conditions (van Zee et al. 1995). In wheat (Triticum aestivum L.) the
WCS120 gene family shows the highest homology with dhn5 in barley (Sahran et al.
1997). During cold acclimation, the accumulation of WCS120 correlated positively with
genotype capacity to develop freezing tolerance (Sahran et al. 1997). Thus, WCS120
antibody can be used as a marker for the freezing tolerance trait in Poaceae (Houde et al.
1992; Sahran et al. 1997). The WCS120 protein family is abundant, being app. 0.9% of
total proteins in the crown tissue of winter wheat and is proposed to function in
alleviating dehydration stress during freezing (Houde et al. 1992; Sahran et al. 1997).
These proteins are as effective as sucrose and BSA in protecting lactate dehydrogenase
against freezing dehydration (Houde et al. 1995). Moreover, WCS120 proteins are
accumulated in the meristematic crown (Houde et al. 1992), e.g. in a crucial plant tissue
for winter survival (Tanino and McKersie 1984). Although three WCS120 proteins
(WCS120, WCS200, WCS66) have been mapped to group six chromosomes in wheat,
the studies on chromosome substitution series have revealed that the Wcs120 gene family
is regulated by factors located on chromosome 5A (Limin et al. 1997). The gene
regulation of the Wcs120 family has also been examined intensively. The expression of
Wcs120 is probably regulated by a negative regulatory factor which is phosphorylated
during cold acclimation (Sahran et al. 1997).

1.4.3. Heat shock proteins (HSP)

All organisms respond to high temperatures by inducing the expression of heat shock
proteins (HSPs). The production of HSPs is an essential component of a plant’s
thermotolerance (Vierling 1991). HSPs are categorized by their molecular weights (kDa)
as HSP110, HSP90, HSP70 and low molecular weight or small HSPs. They are localized
in the cytosol or cellular compartments (Vierling 1991). The term heat shock cognate
(HSC) is used for those members of the HSP family that are expressed also in non-
stressed growing conditions i.e. in the absence of heat stress. In general, the function of
HSPs is related to normal protein biogenesis. Among the many disturbances in protein
metabolism, misfolded proteins induce HSPs (Kozutsumi et al. 1988). HSC70 are also
shown to facilitate translocation of protein precursors or secretory proteins to
microsomes or through the ER (Nguyen et al. 1991; Miernyk et al. 1992). The
expression of members on HSP90 (Krishna et al. 1995), HSP70s (Anderson et al. 1994)
and small HSPs (Lurie and Klein 1991; Sebehat et al. 1996; Sebehat et al. 1998) are also
up-regulated by low temperature stress. The role of HSPs in the protection against
chilling stress was shown in tomato (Lycopersicon esculentum Miller), where a heat
shock treatment prior to a transfer to chilling temperature protected the fruits from
chilling injuries (Lurie and Klein 1991). In addition, the increase in chilling tolerance was
closely correlated with HSP expression (Sebehat et al. 1996). Further investigations
revealed that a pre-exposure to heat shock is required for the expression of some HSPs
at low temperature (Sebehat et al. 1998).
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1.4.4. Regulation of cold-inducible genes

The number of isolated cold regulated genes has increased rapidly, and molecular studies
have more intensively focused on the regulation and signal transduction of these genes.
Corresponding regulatory elements have been found in the promoter regions of several
low temperature induced genes. The regulatory cis-acting elements were first identified
in cold regulated genes of Arabidopsis (Baker et al. 1994, Yamaguchi-Shinozaki and
Shinozaki 1994). Mutation analysis has revealed low temperature responsive elements
(LTREs) that define the rate of cold inducible gene expression. In the promoter region of
a strongly low temperature induced gene, lti78, the LTRE sequence is present in several
copies whereas a weakly low temperature regulated gene, lti65, has only one copy of the
element (Nordin et al. 1993; Palva 1994). Investigations on the impact of multiple
stresses on the induction of stress-responsive RD29A promoter have revealed complex
interactions even in the regulation at a single gene level (Xiang et al. 1999). Xiang et al.
(1999) observed that whereas low temperature and ABA treatments had an additive
effect on gene expression, low temperature inhibited response to osmotic stress.

1.4.5. Calcium signaling

Recent studies on the regulation of cold responsive genes have investigated the role of
calcium in the signal transduction cascade. At the incidence of low temperature or
oxidative stress, a mobilization of intracellular [Ca2+]cyt has been recorded (Price et al.
1994). [Ca2+]cyt signaling is also required for the induction of cold responsive genes in
alfalfa (cas15)  (Monroy and Dhindsa 1995) and in Arabidopsis  (kin1) (Tähtiharju et al.
1997) during cold acclimation. The early steps of cold acclimation include a rapid
phosphorylation and dephosphorylation of pre-existing proteins (Monroy et al. 1993).
More detailed investigations on the role of protein phosphorylation in the low
temperature regulation of cas15 revealed that an inhibition of protein phosphatase 2A
(PP2A) was necessary for the induction of cas15. Moreover, if PP2A was inhibited at
room temperature by ocadaic acid, cas15 transcript accumulated at room temperature
(Monroy et al. 1998). Although the signaling pathway of low temperature and oxidative
stress involves calcium influx, the data indicate that the signals mobilize different pools of
calcium (Price et al. 1994).

1.4.6. Light

Light provides energy via photosynthesis for cold acclimation processes (Dexter 1933).
Light is also necessary for the development of maximum freezing tolerance (Levitt 1980)
and for the maximum induction of cold regulated genes such as Wcs19 (Chauvin et al.
1993). However, low temperature in combination with light can easily cause an ‘energy
crisis’ when the amount of received solar energy exceeds the consumption (more in
chapter 1.6.). Plants can sense this energy imbalance and initiate adaptation mechanism
such as photosynthetic acclimation to low temperature (Huner et al. 1998). Thus, the
changes in the relative redox state of PS II can act as an environmental signal. Results
from recent studies have indicated that the reduction state of photosynthesis has an
important regulatory role for gene expression in winter cereals (Gray et al. 1997) as well
as in Arabidopsis (Karpinski et al. 1997). The accumulation of Wcs19 transcript
correlated with relative reduction state of PSII and not with growth temperature or
irradiance (Gray et al. 1997). The regulation via photosynthesis is not detected in all cold
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induced genes since the accumulation of another cold-specific gene from wheat, Wcs120,
was dependent upon temperature and light (Gray et al. 1997). Karpinski et al. (1997)
proposed that during excess light stress, a signal pathway is initiated at plastoquinone
and then regulated by the redox status of the plastoquinone pool. The signal from
plastoquinone preceded another signaling candidate, hydrogen peroxide, the amount of
which increased rapidly during light stress. Later Karpinski et al. (1999) proposed that
plants possess mechanisms for systemic acquired acclimation in which H2O2 is involved.

Moreover, plant antioxidant systems and transcription of scavenger enzymes are also
challenged during cold acclimation (see more in chapter 1.5.).

1.4.7. Cold-inducible genes in potato

Alterations of gene expression during cold acclimation and synthesis of novel proteins
have been observed in potato (Tseng and Li 1990). Among Solanum species the effect of
acclimation on gene expression has been studied in two wild potato species; in S.
commersonii (Zhu et al. 1993, 1995; Baudo et al. 1996) and in S. sogarandinum (Rorat
et al. 1997, 1998). Zhu et al. (1993, 1995) isolated three osmotin-like cDNAs (pA13,
pA35, pA81), which were not only low temperature inducible, but were also induced by
ABA and pathogens in S. commersonii. The induction of osmotin-like protein mRNA
was relatively slow at low temperature and it did not result in an elevated protein level
(Zhu et al. 1995). Instead, osmotin-like protein accumulated after pathogen
(Phytophthora infestans) infection (Zhu et al. 1995). Later studies on transgenic S.
commersonii overexpressing the gene for osmotin-like protein showed that the protein
had antifungal activity, since delayed development of P. infestans infection was measured
in transgenic plants (Zhu et al. 1996). However, the transgene had no effect on the
freezing tolerance.

Several dehydrin-genes are induced during exposure to environmental stresses such as
low temperature and drought (Palva 1994; Close 1996). In the case of low temperature
stress in potato, Baudo et al. (1996) identified similar dehydrin sequences from freezing-
sensitive S. tuberosum and tolerant S. commersonii. The expression of the dehydrin-gene
was similarly induced in both species after cold acclimation and ABA treatment.
Increased ABA levels were observed in S. commersonii during cold acclimation but not
in S. tuberosum (Chen et al. 1983). Since low temperature increased mRNA
accumulation similarly in both species, the authors suggested that the gene has
independent regulatory pathways in these species (Baudo et al. 1996). However, the
presence of any other signaling molecules, such as hydrogen peroxide, was not
discussed. Similarly as in S. tuberosum leaves, a low temperature storage of potato
tubers resulted in an accumulation of transcripts for low temperature inducible genes
such as dehydrins (CI17) and small heat shock protein (CI19) (van Berkel et al. 1994).

Studies on another freezing tolerant wild potato species, S. sogarandinum, showed that
during cold acclimation there were more changes in mRNA translation products in
freezing tolerant than in sensitive lines (Rorat and Irzykowski 1996). Later Rorat et al.
(1997) isolated and characterized twelve cold-inducible genes from cold acclimated S.
sogarandinum. The sequence homology revealed that some of these genes were probably
responsible for the protection of cellular and chloroplastic functions during stress,
whereas some of them were related to metabolic adjustment to low temperature (Rorat
et al. 1997). In subsequent studies a total of 24 cold-inducible genes were categorized
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into three groups according to the transcript accumulation during cold acclimation in
freezing tolerant S. sogarandinum and sensitive S. tuberosum cv. Cisa (Rorat et al.
1998). The transcript accumulation of most of these genes (n=14) did not differ between
the genotypes. However, the mRNA accumulation of four cold-inducible genes was
characteristic to S. sogarandinum (Rorat et al. 1998).

1.5. Oxidative stress

1.5.1. Activated oxygen species (AOS)

Oxidative stress occurs in situations where the formation of activated oxygen species
(AOS) exceeds their destruction and they begin to accumulate. Prolonged presence of
high levels of AOS is detrimental since they are highly reactive and can cause inactivation
of enzymes, lipid peroxidation, protein degradation and damage to DNA (Asada and
Takahashi 1987). Activation of oxygen molecules can lead to  formation of superoxide
(O2

1), singlet oxygen (O2
1), hydrogen peroxide (H2O2) or hydroxyl radicals (OH-)

(McKersie and Lesham 1994). Several sites for subcellular production of AOS have been
documented, the best known being the light reactions of photosystems I and II in the
chloroplast and mitochondrial electron transport. In addition to spontaneous formation
of AOS as a side-product of metabolic activities,  active production of AOS takes place
through NADPH oxidases in plasma membranes (McKersie and Lesham 1994).

The formation of AOS is accompanied by several cellular processes. Superoxide radicals
are mainly generated in chloroplasts and in mitochondria. In chloroplasts, a
photoreduction of molecular oxygen can occur in PS I where the electrons are
transferred to oxygen from ferredoxin (Mehler reaction). It generally takes place in
conditions where the Calvin cycle is not functioning and NADP is limiting (for review
see McKersie and Lesham 1994). Superoxide radicals are thus more likely to be
produced during periods of high photosynthetic activity when the amount of absorbed
light exceeds the capacity of the photosynthetic apparatus to transport electrons (Bowler
et al. 1992). Superoxide radicals can be similarly produced by chemical treatments.
Paraquat is a bipyridylium herbicide, which can be reduced by ferredoxin in chloroplasts.
As a result, an electron is transferred to oxygen and a superoxide anion is formed. In the
electron transport chain of mitochondria, oxygen molecules are consumed by
cytochrome oxidase. If the transport chain becomes blocked, electrons are used for a
reduction of oxygen and superoxide and hydrogen peroxide molecules are also formed.
Singlet oxygen is generally formed when the excitation energy in PS II is passed from
photoactivated chloroplasts to an oxygen molecule rather than to PS reaction centers.
The most reactive AOS in the living cells is, however, the hydroxyl radical (OH-) which
is formed in the Haber-Weiss reaction from hydrogen peroxide (H2O2) and superoxide
(.O2

-) in the presence of metal ions (Equation 1). OH-
 can directly react with several

biomolecules initiating e.g. lipid peroxidation. Therefore, plants attempt to prevent the
Haber-Weiss reaction by eliminating H2O2 and 

.O2
-
 prior to these molecules getting into

contact with each other (for review see Bowler et al. 1992).

Fe2+, Fe3+  H2O2 + 
.O2

-
   →    OH-

 + O2
 +  

.OH   (Haber-Weiss reaction) (Eq. 1)

To avoid the Haber-Weiss reaction, as well as other harmful reactions caused by AOS, a
highly efficient antioxidant defense system that detoxifies AOS is present in all plant
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cells. This antioxidant system is composed of enzymatic and non-enzymatic antioxidants.
The non-enzymatic antioxidants can be further divided into water and lipid soluble
antioxidants (Bowler et al. 1992; McKersie and Lesham 1994). Superoxide radicals (.O2

-)
are mainly scavenged enzymatically by superoxide dismutase (SOD) in a dismutation
reaction that produces hydrogen peroxide (H2O2) and oxygen. H2O2 is then disposed of
enzymatically by ascorbate peroxidase, catalase or non-enzymatically by ascorbate
(Figure 1.) (Bowler et al. 1992; Foyer et al. 1994). The oxidation of ascorbate leads to
formation of monodehydro- or dehydroascorbate which are converted back to a reduced
form through the glutathione cycle. This reaction, in the so-called Halliwell-Asada
pathway, couples ascorbate and glutathione cycling (Figure 1).

. O2
-

H2O2      ascorbate   GSSG        NADPH

    APX

H2O   dehydroascorbate   GSH        NADP

Figure 1. Plant antioxidant defense system, the Halliwell-Asada pathway, where the dismutation of
superoxide radicals is included. APX-ascorbate peroxidase; DHAR- dehydroascorbate reductase; GR-
glutathione reductase; GSH- glutathione (red.); GSSG-glutathione (ox.); SOD-superoxide dismutase.
(modified from Bowler et al. 1992).

1.5.2. Superoxide dismutase (SOD)

Superoxide dismutases (SOD) are located in most subcellular compartments that
generate AOS, thus, playing a central role in the plant antioxidant system. The enzyme
eliminates superoxide radicals (.O2

-) in a dismutation reaction. Three different types of
SODs are found in plants and they are named after the metal cofactors;  MnSOD,
Cu/ZnSOD and FeSOD (McCord and Fridovich 1969). MnSOD is located in
mitochondria (Rabinowitch and Fridovich 1983) and peroxisomes (Sandalio et al. 1987),
whereas Cu/ZnSOD activity occurs in chloroplasts and cytosol (Rabinowitch and
Fridovich 1983) and FeSOD in chloroplasts (Van Camp et al. 1990).

Low temperature stress affects whole plant metabolism including the antioxidant system.
O’Kane et al. (1996) monitored transient accumulation of hydrogen peroxide during
exposure to acclimating conditions in Arabidopsis. This suggested that cold acclimation
at non-freezing temperatures most probably leads to oxidative stress, which is
compensated for by enhanced activities of antioxidant enzymes during acclimation.
Bridger et al. (1994) also noticed enhanced tolerance to AOS accompanied by increased
freezing tolerance in cold acclimated winter cereals. Wheat, barley and oat (Avena sativa
L.) genotypes were tested for their tolerance to superoxide and singlet oxygen radicals
by treatments with paraquat and acifluorfen. High correlation was observed between
freezing and oxidative stress tolerance during cold acclimation. Among other studies
these results have led to a hypothesis that a sufficiently high antioxidant capacity can
protect plants from oxidative injuries under stress and therefore, increase stress tolerance

AP DHAR GR

SOD
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(Foyer et al. 1994). In maize, the chilling induced reduction in photosynthesis was related
to a genotype’s antioxidant capacity. When the antioxidant capacity of chilling sensitive
(Zea mays L.) and insensitive (Z. diploperennis) maize species was compared, two-fold
higher SOD and ascorbate peroxidase (APX) activity was measured in Z. diploperennis
prior to acclimation (Jankhe et al. 1991). Similarly in chilling insensitive spinach
chloroplasts, cold acclimation resulted in increased scavenger activity (SOD, APX,
MHDAR) and to improved protection of the photosynthetic apparatus against AOS
(Schöner and Krause 1990). Simultaneously increased levels of xanthophylls were
measured thus indicating a coordinated protection against low temperature and light
stress via scavenger activity and pigment composition.

Several transgenic plants with altered SOD activity have been produced and tested for
their susceptibility to superoxide radicals and photooxidation (Perl et al. 1993; Sen
Gupta et al. 1993; Arisi et al. 1998) or freezing (McKersie et al. 1993; 1997). Potato
plants overexpressing chloroplastic or cytoplastic CuZnSOD were more tolerant to
photooxidative stress (Perl et al. 1993). A similar observation on enhanced tolerance of
photosynthesis to high light at low temperature was done on tobacco (Nicotiana
tabacum L.) plants, for which CuZnSOD activity was increased in transgenic plants (Sen
Gupta et al. 1993). According to McKersie et al. (1993; 1997) an alfalfa (Medicago
sativa L.) transformant expressing a MnSOD transgene had better regrowth after
freezing stress and improved winter survival compared with control plants. Cold
acclimation increased the tolerance of microsomal membranes against AOS (Kendall and
McKersie 1989) as well as improved tolerance to paraquat (Bridger et al. 1994).
However, the scavenging activity of superoxide radicals was not directly related to the
primary site of freezing injury. As a consequence, laboratory freezing tests failed to
identify SOD transgenics which had improved winter survival under field conditions
(McKersie et al. 1999).

1.5.3. Glutathione S-transferase (GST)

Glutathione S-transferases (GST) participate in the detoxification of harmful molecules
in plant cells, and thus can be classified as a part of the plant antioxidant system. GSTs
catalyse the conjugation of glutathione to several electrophilic substrates such as
xenobiotics and lipid peroxidation products (Daniel 1993). The detoxifying activity of
GSTs has been found to be involved in pathogen attack, oxidative stress and heavy-metal
stress, as well as in regular metabolic processes such as auxin response and metabolism
of secondary products (Marrs 1996). In plants, the first known function of GSTs was
detoxification of herbicides (Marrs 1996). Herbicide resistant plants were found to be
able to conjugate glutathione to the toxic molecule, transport the complex to the vacuole
and metabolize it to non-toxic compounds. Several researchers have reported the
function of GSTs in response to auxins (parB, Takashashi and Nagata 1992; Hmgst1,
Bilang et al. 1993) and pathogen attack (Gmhsp-26A, Levine et al. 1994). Christie et al.
(1994) showed that type III GST from maize, Bz2, is actually the last known step in the
anthocyanin biosynthetic pathway. Soybean (Glycine max Willd.) GST, GmGST26A,
sharing low sequence homology with maize Bz2, has also been found to function in
anthocyanin biosynthesis (Alfenito et al. 1998). In potato, one of the pathogenesis-
related proteins, prp1-1, was characterized as a pathogen-inducible gene with multiple
copies (Martini et al. 1993) and later identified as a GST.
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Many GSTs are multifunctional and have a wide variety of substrates that the enzyme
conjugates to glutathione (Table 3). Some GSTs have a substrate preference for the toxic
by-products of lipid peroxidation in plants (Marrs 1996). Several environmental stresses,
freezing stress among them, can increase lipid peroxidation and damage to cell
membranes. In fact, Steponkus (1984) postulated that membranes are the primary sites
for freezing injury in plants. The importance of scavenging toxic lipid peroxidation by-
products during chilling stress was supported by Roxas et al. (1997). They observed that
by over-expressing GST, having glutathione peroxidase activity in tobacco, the
transgenic seedlings were able to grow faster at chilling temperatures.

Table 3. Compounds that are substrates for  GSTs or inducers of GST gene expression (Marrs 1996).

Type of function Compound Product
Substrate CDNB (1-chloro-2,4-dinitrobenzene) model substrate for GST assays

Atrazine herbicide
Metolachlor herbicide
Cyanidin-3-glucoside anthocyanin precursor
4-hydroxyalkenal lipid peroxidation
Thymidine propanol DNA degradation

Inducer IAA (indole-3-acetic acid) plant hormone
2,4-D (2,4-dichlorohenoxyacedic acid) plant hormone
Salicylic acid signaling molecule

1.6. Photoinhibition

Photoinhibition is characterized as a reduction of photosynthesis in the presence of light
(Krause 1994a, b). At sub-optimal temperatures the energy flow from the photosystem
may exceed the demand of metabolic pathways due to declined enzyme activities e.g. in
the Calvin cycle. At the same time equal radiation energy is supplied to PS II thus
leading to excess excitation energy in the chloroplasts. Plants can experience
photoinhibition even under favorable growing condition (reviewed in Long et al. 1994).
Under stress the cap between absorbed and utilized light energy increases and more
excessive energy is available. In general, growing conditions which suppress
photosynthetic carbon metabolism increase the potential for over-excitation of the
photosynthetic apparatus and thus photoinhibition (Long et al. 1994). Therefore,
photoinhibition is a commonly observed phenomenon in field grown plants (Somersalo
and Krause 1990b). Chlorophyll fluorescence technique is a sensitive method to detect
changes in photosynthetic capacity due to various stresses (Bolhàr-Nordenkampf and
Öquist 1993). During photoinhibition, the decline in variable to maximum fluorescence
correlates with the decrease of quantum yield of O2 evolution (Demming and Björkman
1987; Krause et al. 1990). Therefore, the fluorescence technique has been extensively
used in studies on photoinhibition and the technique has been found to be useful also in
screening for freezing tolerance in potato for example (Sundbom et al. 1982; Smillie and
Hetherington 1983; Graeves and Wilson 1987; Kristjandottir and Merker 1993).

1.6.1. Protective mechanisms

The mechanisms of photoinhibition have been related to damage in the photosynthetic
reaction center. Evidence was obtained in 1984 by Kyle et al. (1984) for a loss of PSII
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reaction center polypeptide (D1) simultaneously with  development of photoinhibition.
Later,  kinetic studies on photoinhibition  showed that inhibition in electron transport
could also occur without any loss of D1 protein (Aro et al. 1990). Krause and Weis
(1991) proposed that PSII reaction centers could provide a short-term protection against
light energy by acting as quenchers and by converting energy to heat. Their model for the
mechanisms of photoinhibition includes active PSIIα in the oppressed regions of
photosynthetic membranes, and PSIIβ, which are located in the non-oppressed
membrane regions. During photoinhibition, PSIIα can protect photosynthesis from
excessive light energy by acting as a quencher and converting light energy to heat. If D1
protein is undamaged, this protective photoinhibition is readily reversible. In the case of
damaged D1 protein, the recovery is slower. Excessive light energy can also be
dissipated as heat through the xanthophyll cycle where violaxanthin is transformed to
zeaxanthin in a de-epoxidation reaction (Demming et al. 1987). High zeaxanthin content
and an effective xanthophyll cycle have been shown to improve the protection of PSII in
excessive light (Demming et al. 1987; Sarry et al. 1994). Several photoinhibition
avoidance mechanisms have also evolved in plants. Light energy received at sub-optimal
temperature can be controlled for example by leaf orientation (Hurry et al. 1993),
chloroplast movement and reduced antenna size of PSII.

1.6.2. Photoinhibition and cold acclimation

Some plant species have an inherited capacity to increase freezing tolerance through cold
acclimation (Levitt 1980). Although cold acclimation includes processes that are related
to the development of freezing tolerance, a major part of the biochemical changes taking
place during cold acclimation is aimed at improving metabolism at low temperature.
Controlled photosynthesis at low temperature is central to cold acclimation. Firstly, the
energy provided by photosynthesis is required for successful acclimation. Secondly, if a
plant is unable to control photosynthetic reactions at low temperature, excitation energy
may accumulate leading to a formation of destructive activated oxygen species (AOS). In
spinach, cold acclimation increases resistance to high light as well as improving the
recovery (Somersalo and Krause 1989, 1990a, 1990b). Improved tolerance to
photoinhibition was accompanied by increased capacity to scavenge AOS (Schöner and
Krause 1990). Light dependent freezing injury and the presence of oxygen radicals was
first shown by Wise and Naylor (1987). It was proposed that cold acclimation induced
increase in antioxidant capacity to protect photosynthesis from photoinhibition (Hälggren
and Öquist 1990).

Inhibition of carbon fixation is one of the first signs of freezing injury (Grafflage and
Krause 1993). Cold acclimation improves the resistance of enzymes such as ribulose 1,5-
bisphosphate (RuBP) carboxylase to low temperature (Grafflage and Krause 1993) and
thus improves carbon metabolism and reduces the risk of an accumulation of excess
excitation energy. Severe dehydration and concomitant increase in solute concentrations
to toxic levels can also disturb photosynthetic reactions by inactivating essential
enzymes. The accumulation of cryoprotective solutes during cold acclimation may
prevent the enzymes from inactivation (Krause et al. 1988; Grafflage and Krause 1993).
In general, cold acclimation favors mechanisms to prevent over-excitation of the
photosynthetic apparatus at low temperature and evidently leads to increased tolerance
to photoinhibition in some species (Krause 1994a). Recent studies on Arabidopsis have
revealed that cold acclimation causes a coordinated increase in the activity of enzymes in
the Calvin cycle and sucrose biosynthesis (Strand et al. 1999).
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1.6.3. Photoinhibition in potato

Cultivated potato (S. tuberosum), as well as wild freezing tolerant relatives S.
commersonii and S. acaule, is chilling resistant but suffers in photoinhibition if exposed
to low temperature in the presence of light (Hetherington et al. 1983; Steffen and Palta
1986, 1987, 1989a,b; Steffen et al. 1989, 1995; Griffith et al. 1994). Steffen and Palta
(1986) compared the photosynthetic capacity of S.acaule and S. tuberosum after cold
acclimation and found a positive correlation between ability to maintain photosynthetic
activity at low temperature and acclimation capacity. Both species did, however, suffer
from light dependent photoinhibition at low temperature. In potato light stress is an
important component of freezing injury since in the field radiation frosts are usually
followed by bright mornings. The impairment of photosynthesis resulting form light
stress was additive to the injury caused by freezing (Steffen and Palta 1989b). To avoid
lethal injuries that are caused by excess light energy at low temperature, potato species
have developed mechanisms to balance energy utilization and supply at low temperature.
As an adaptation mechanism to low temperature, the energy supply to photosynthesis is
reduced by a decreased amount of total chlorophyll in S. commersonii (Steffen and Palta
1987; Griffith et al. 1994) as well as in S. tuberosum (Steffen et al. 1995). Development
at low temperature can increase tolerance to high light stress in S. tuberosum and S.
commersonii, although S. commersonii has a better capacity to improve tolerance to
photoinhibition (Steffen and Palta 1989a; Steffen et al. 1995). Thus, both cultivated and
wild potato species have the capacity to adjust energy balance to suit new conditions.

Both light limiting and light saturating photosynthesis are good indicators of freezing
stress (Steffen and Palta 1989b). Photosynthetic reactions were also found to be more
sensitive to freezing stress than were mitochondrial functions e.g. respiration (Steffen et
al. 1989). It is apparent that light dependent injuries are localized in chloroplasts rather
than in mitochondria (Steffen and Palta 1989a; Steffen et al. 1989). The slow
development of freezing injuries in the field also implies primary damage to the
photosynthetic apparatus (Steffen and Palta 1989). Photosynthetic parameters e.g.
chlorophyll fluorescence have also been used for screening inter- and intraspecific
variation in frost sensitivity of wild and cultivated potato species (Sundbom et al. 1982;
Graeves and Wilson 1987).

Kristjansdottir and Merker (1993) compared wild potato species in their sensitivity to
low temperature and light stress. Wild potato species were more tolerant to
photoinhibition than S. tubersosum. This may have been due to higher carotenoid content
that was detected in wild species. Griffith et al. (1994), however, recorded primary
injuries of photoinhibition at temperatures as high as 12oC in S. commersonii.  Griffith et
al. (1994) also found that S. commersonii was unable to alter its sensitivity to
photoinhibition during cold acclimation. On the contrary, Kristjandottir and Merker
(1993) reported that there is a good correlation between photosynthetic activity and low
temperature performance. Thus, it is probable that photosynthetic parameters can be
used as selection criteria for potato breeding when selecting for improved performance at
low temperature.
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2. AIMS OF THE PRESENT STUDY

In field conditions freezing stress is usually combined with excessive light energy during
the following morning. In such cases of co-stresses the risk of formation of activated
oxygen species is increased. Tolerant species have probably evolved mechanisms to
avoid, protect or repair primary injuries caused by excesses of activated oxygen species.
The objectives of this study were (i) to produce a potato population segregating in
freezing tolerance by selfing a somatic hybrid (SH9A) between S. commersonii and S.
tuberosum for the further evaluations of tolerance mechanisms, (ii) to study the
interaction between tolerances to freezing and oxidative stress, and (iii) to isolate cold-
induced genes from freezing tolerant wild potato, S. commersonii, and study the
expression of cold inducible genes in potato genotypes differing in freezing tolerance.
The ultimate goal was to find markers for freezing tolerance and develop strategies to
improve low temperature performance of potato as well as of other agricultural and
horticultural crop plants with similar freezing tolerance characteristics.
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3. MATERIALS AND METHODS

3.1. Plant material

A male-fertile symmetric somatic hybrid, SH9A, which was produced by electrofusion of
mesophyll protoplasts between frost-tolerant S. commersonii PI243503 and S.
tuberosum cv. SPV11 (Cardi et al. 1993a, b), was kindly provided by Dr. Cardi,
University of Naples, Italy. Segregating (S1) progeny was obtained by selfing the
somatic hybrid SH9A and germinating the individual seeds in pots in the greenhouse at
20/15 

oC day/night temperatures with an 18-hour photoperiod of 220 µmol m-2s-1

supplied by SON-H/350 W lamps (Philips, Belgium). Plants were produced from stem
cuttings with two or three axillary buds, and grown for about 4 weeks before measuring
freezing tolerance. A total of 200 S1 plants were obtained by selfing and 25 of them
were studied for freezing tolerance in more detail (I). Selected S1 genotypes were
chosen for further experiments reported in papers II, III and IV. The parental lines and
somatic hybrids (SH9A) were included in all experiments. In addition, in paper IV, two
commercially available S. tuberosum cvs. Nicola and Timo were used. Plant material
used in each paper is shown in Table 4.

3.2. Cold acclimation, freezing and light treatments

Cold acclimation, freezing and light procedures are reported in Table 4. Plants were cold
acclimated in growth chambers (WEISS Bio1300, Germany) at 4/2 or 2/1°C (day/night)
with 12 h photoperiod of 100 µmol m2

 s-1
 for 0, 1, 2 or 7 days (I, II, III, IV). In freezing

and high light treatments the freezing procedure was done with leaf discs either in a
growth chamber (III) or in a controlled cooling unit (Lauda RK20 KP, Germany) (IV).
Leaf discs were exposed to continuous light during temperature decrease (III) or the
discs were transferred to 700 µmol m2s-1

 for 4 h after freezing (IV). In all experiments
plants were arranged as a completely randomized block design in growth chambers.
Detailed descriptions of the procedures are presented in the original publications (I, II,
III, IV).

3.3. Plant hormone and stress treatments

For testing Scgst1 transcript accumulation by plant hormones and environmental stresses
other than low temperature, in vitro plants were submerged in Murashige-Skoog (MS)
medium supplemented with 1µM IAA, 1 µM 2,4-D or 1mM salicylic acid for 4 h at
room temperature (III). Heat stressed plants were exposed to a temperature program
where the temperature was increased gradually by 4°C h-1

 to 40°C and maintained at the
maximum temperature for one hour. For drought treatment plants were air-dried on the
bench for 1-hour prior to samples being harvested.

Plants were subjected to oxidative stress by treatments with paraquat (methyl viologen,
Sigma) (I) or hydrogen peroxide (H2O2) (III, IV). Paraquat toxicity was evaluated as
described by Bridger et al. (1994). A 10 µl droplet of 1 mM paraquat was applied to the
adaxial surface of a leaf. Paraquat injury was detected by measuring the diameter of the
necrotic region after paraquat application. The development of paraquat injury was
followed for up to 54 hours (I). For H2O2 treatments in vitro plants (III) or leaf discs
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(IV) were submerged in a 0.1mM solution of H2O2 in darkness for 4 or 20 h,
respectively. Plant material used for hormone and stress treatments is shown in Table 4.

3.4. Freezing tolerance

Freezing tolerance was measured by the ion-leakage method modified from Stone et al.
(1993) (I). A detailed description of the freezing test protocol is given in paper I. The
LT50 values for ion leakage data were calculated by using an LT50 program (Janacek and
Prasil 1991) (I, II, III, IV).

3.5. Superoxide dismutase (SOD)

Total SOD activity was measured spectrophotometrically (Shimadzu UV-160A) by the
method of McCord and Fridovich (1969) (II). The activity was expressed as units, where
one unit is defined as the amount of SOD required to inhibit the rate of reduction of Cyt
c by 50%.

SOD isoenzymes were studied in Laemmli and isoelectric focusing (IEF) gels (II).
Samples containing 150 µg of protein were used in 10% Laemmli gels (Laemmli 1970).
IEF was accomplished with 40 µg of protein in a Multiphor II apparatus (Pharmacia) in a
5% polyacrylamide gel. Negative staining of SOD activity in Laemmli and IEF gels was
as described by Beauchamp and Fridovich (1971).

3.6. Glutathione S-transferase (GST)

Total GST activity was assayed as described by Marrs and Walbot (1997) with some
modifications (III). GST activity was measured spectrophotometrically (Shimadzu UV-
160A) and expressed as a rate of change in A340 (A340 x 10-3

 min) µg protein–1.
Background levels of spontaneous CDNB conjugation were subtracted from the change
in A340.

3.7.  Chlorophyll a fluorescence and oxygen evolution

In paraquat treated plants, paraquat toxicity was evaluated as a reduction in the ratio of
variable to maximum fluorescence (FV/FM) (Plant Stress Meter Mark II, Biomonitor
S.C.I. AB, Umeå, Sweden) (I). In freezing and light treated plants the changes in FV/FM

were monitored after freezing (FR), high light (HL) and freezing and high light (FR+HL)
with Hansatech fluorometer (Hansatech FMS-2, King Lynn, UK) (IV). The recovery
from freezing and high light (FR+HL) treatment was followed for 24 h (RE1) and 48 h
(RE2), respectively. Detailed descriptions of the measurements are given in the original
papers I and IV.

Oxygen evolving capacity was measured at 20°C with Hansatech oxygen electrode
(Hansatech Ltd., King’s Lynn, U.K.). The measurements were carried out at a light
intensity (red light) of 400 µmol photons m-2 s-1.
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3.8. Cloning of cold-inducible genes

A complementary DNA (cDNA) library was prepared from the mRNA isolated from
three to seven days cold acclimated leaf material of S. commersonii. cDNA synthesis and
packaging of the library was done according to the instructions provided by the supplier
(UniZap-cDNA Synthesis Kit, Stratagene, La Jolla, CA). cDNAs corresponding to cold
induced mRNA were isolated by differential screening. Both strands of the acclimation-
specific cDNA clones were sequenced and identified by comparison with EMBL and
GenBank databases (III, IV).

3.9. Nucleic acid isolation and analysis

For Southern analysis, genomic DNA was isolated according to the method of Draper et
al. (1988) and digested with EcoR1, HindIII and XhoI (III). Total RNA was isolated
using the method of Verwoerd et al. (1989) (III) or by Plant RNAeasy extraction kit
(QIAGEN) (II, III, IV). 10 µg was size-fractionated on 1.5% agarose formaldehyde gels
and blotted onto nylon transfer membranes (MagnaGraph, Microseparations). The
purified cDNA probes were 

32P-labeled by nick translation (Pharmacia) and used for
hybridization. Probes in each experiment are shown in Table 4. Hybridization and
washing conditions are presented in the original publications (II, III, IV).
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Table 4. Plant material, treatments, temperature (C°) and light conditions (µmol m-2s-1) for the
experiments of the original papers I to IV.

Paper
no.

Plant material Treatment Day/night
temperatur
e

Light
intensity

Measurements

I SCMM, SH9A,
SPV11, 25 S1
hybrids

CA for 7 days

CA for 7 days
followed by
DA

4/2

18/15, 10

80

100

-freezing tolerance (LT50)
-acclimation capacity
-paraquat tolerance
(necrotic lesions,
fluorescence analysis)

-paraquat tolerance
(necrotic lesions)

II SCMM, SH9A,
SPV11, 1020,
2019, 2037, 2057,
1032, 2041, 2051,
2022, 2045

SCMM, SH9A,
SPV11, 1032,
2051

SCMM, SH9A,
SPV11, 1020,
2019, 2051, 2045

CA for 7 days

CA for 0, 1, 2
days

CA for 0, 1, 2
days

4/2

2/1

2/1

80

80

80

-freezing tolerance
(LT50)
-acclimation capacity
-SOD enzyme activity

-freezing tolerance
(LT50)
-acclimation capacity
-SOD enzyme activity

- MnSOD, chlCuZnSOD,
cytCuZnSOD
-SOD isoenzyme
 analysis

III SCMM, SH9A,
SPV11

SCMM

SCMM

SCMM, SH9A,
SPV11, 1020,
2019, 2051

CA for 0, 1, 2
and 7 days

IAA, 2,4-D,
SA, H2O2,
drought
heat

freezing and
light

2/1 and 4/2

 20

40

2, -3

80

80, 700

-Scgst1
-GST enzyme activity

-Scgst1

-Scgst1

-Scgst1

IV SCMM, SH9A,
SPV11, 1020,
2041, 2045, 2051,
Timo, Nicola

SCMM, SH9A,
SPV11, 2051,
Timo

SCMM, SH9A,
SPV11

SCMM, SH9A,
SPV11

freezing and
light

freezing and
light

CA for 0, 1
and 2 days

H2O2

treatment

-3

-3

2/1

20

700

700

80

dark

-freezing tolerance (LT50)
-fluorescence analysis

-  Schsc70, Scdhn2,
Osml13

-freezing tolerance (LT50)
- Schsc70, Scdhn2,
Osml13

-freezing tolerance (LT50)
- Schsc70, Scdhn2,
Osml13

.
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4. RESULTS

4.1. Freezing tolerance, cold acclimation and photosynthetic capacity (I-IV)

Freezing tolerance, acclimation capacity and tolerance to superoxide radicals (paraquat
tolerance) were studied in a population of 25 S1 hybrids derived by selfing a somatic
hybrid SH9A (S. commersonii (x) S. tuberosum clone SPV11) (I). The freezing tolerance
(LT50) of most of the S1 hybrids was the same or slightly poorer than that of SH9A.
However, two S1 hybrids, 1020 and 2019, were almost as tolerant as S. commersonii.
S1 hybrids were classified according to their non-acclimated freezing tolerance (NA) to
freezing tolerant (1020, 2019) and sensitive (2051, 2022, 2045) genotypes (I). In the
following text S1 hybrids are referred to as tolerant, intermediate or sensitive, based on
NA freezing tolerance (I, II).

Acclimation capacity (AC) e.g. improvement of freezing tolerance after low temperature
treatment, was measured after seven days of cold acclimation (I). AC in SH9A was
0.9oC and in S. commersonii 2.0oC. Slightly improved freezing tolerance was also
measured in SPV11 after cold acclimation treatment (I, II, III, IV). However, these
observations were probably biased because of the high standard error of the mean.
Instead, in potato hybrids AC varied from 1.0 to 2.1oC and AC was independent of their
freezing tolerance. No correlation was found between freezing tolerance and AC (R= 

–

0.05). Statistical analysis of the LT50-values of non acclimated (NA) and seven days cold
acclimated (7CA) S1 hybrids showed significant differences (P ≤ 0.05) in freezing
tolerance of NA but not of CA-plants (II).

Development of freezing tolerance during the first two days of cold acclimation (1CA,
2CA) was most efficient in S. commersonii, changing from –4.9oC in NA up to –6.7oC in
2CA (II). After the same acclimation period, the freezing tolerance in SH9A improved
from  –3.8 to –5.2°C. In 2CA S1 hybrids the decrease in LT50-values ranged between 0.8
to 1.4°C (II). Hydrogen peroxide (H2O2) treatment also activated cold acclimation
processes in S. commersonii (IV). Incubation in 0.1mM H2O2 for 20 h improved the
freezing tolerance of S. commersonii from –4.3 to –5.0°C.

Tolerance to photoinhibition was examined in freezing (–3oC) and highlight (700 µmol
m2

 s-1) stressed potato plants by monitoring changes in chlorophyll fluorescence and
oxygen evolution (IV, Table 5). Freezing and high light treatment resulted in reversible
decrease in FV/FM in the parental lines (S. commersonii and SPV11) as well as in potato
hybrids, whereas in the cultivated potato varieties (cvs. Timo and Nicola) the decrease
was irreversible. Under these conditions there were no differences in the recovering
capacity between the freezing tolerant and sensitive genotypes of the S1 progeny.
Freezing alone caused a significant decline of FV/FM in S. tuberosum cvs. Timo and
Nicola whereas the effect of highlight was modest (Table 5). On the contrary, in the S1
hybrids and SH9A highlight rather than freezing caused most of the reduction in FV/FM.
In conclusion, the results on chlorophyll fluorescence measurements indicated that more
freezing tolerant S1 hybrids could not be identified according to changes in FV/FM after
freezing. However, another photosynthetic parameter, oxygen evolution, was a more
sensitive parameter than FV/FM to indicate differences in freezing tolerance between the
S1 genotypes (Table 5).
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Table 5. The effect of freezing and high light intensity on the development of variable to maximum
fluorescence, FV/FM  (reduction of FV/FM % of untreated control) and oxygen evolution in potato.
Measurements were carried out immediately after freezing (FR) or high-light (HL) treatment. For
fluorescence measurements S.E., standard error of mean (n=9) and for oxygen evolution (µmol m2s-1

 )
S.E., standard error of mean (n=3). Freezing tolerance is indicated as LT50-value.

                    FR               HL
Genotype     LT50      FVFM Oxygen

evolution
     FVFM Oxygen

evolution

1020 −4.4 ± 0.2 1.5   ± 0.6 18.0 ± 0.0 17.7 ± 2.5 22.0 ± 9.6

2051 −3.1 ± 0.3 4.6   ± 0.4 14.2 ± 1.3 19.5 ± 2.6   9.1 ± 5.7

SH9A −3.8 ± 0.2 2.7   ± 0.3 13.5 ± 0.0 17.0 ± 2.1 18.6 ± 8.6

Timo −2.6 ± 0.2 20.0 ± 0.2 11.3 ± 3.2 11.4 ± 0.8 0.00

Nicola −3.0 ± 0.2 6.7  ± 0.4 11.3 ± 3.2 12.1 ± 2.5 0.00

4.2. Antioxidant capacity (I-II)

Superoxide radical (O-2) scavenging capacity was determined indirectly through paraquat
tolerance (I) and directly by analyzing superoxide dismutase (SOD) isoenzyme activities
and transcript accumulation during cold acclimation (II). The most freezing tolerant
genotypes; S. commersonii, 1020 and 2019, were also most tolerant to paraquat
treatment (I). The sensitivity of photosynthesis to paraquat, expressed as a decrease in
variable to maximum fluorescence (FV/FM), was in accordance with the results of the
droplet test. In the S1 hybrid population (n=25), however, there was no correlation
(R=0.02) between freezing and paraquat tolerances in NA-plants (I). Cold acclimation
(7CA) improved paraquat tolerance in all studied genotypes (I). The highest paraquat
tolerance after acclimation was found in S. commersonii and 2019 (tolerant). However,
enhanced paraquat tolerance was rapidly lost in all studied genotypes when plants were
transferred to deacclimating (DA) conditions. In conclusion, in S1 hybrids paraquat
tolerance increased during cold acclimation but did not correlate with the development of
freezing tolerance (I).

Superoxide radicals are primarily scavenged enzymatically by superoxide dismutase
(SOD). SOD isoenzyme analysis revealed specific isoenzyme banding pattern for S.
commersonii and SPV11 (II). SH9A had numerous SOD isoenzymes as a combination of
the parental lines. Higher SOD activity was not measured in freezing tolerant S1 hybrids
(1020, 2019) compared with sensitive ones (2051, 2045) (II). Thus, total SOD activity in
NA-plants did not explain the differences in paraquat nor freezing tolerance (I, II). Some
tendency for variation in the SOD activity of NA-plants was recorded among the
genotypes, however, the variation was not statistically significant (II). During the first
two cold acclimation days (1CA, 2CA), SOD activity increased in parallel with improved
freezing tolerance (II). Isoenzyme analysis revealed that the increase was probably due to
enhanced Cu/ZnSOD activity in most genotypes. Cold acclimation did not result to an
expression of new SOD isoenzymes but rather in increased activity of the existing ones
(II). An exception to this observation was SH9A, in which new SOD isoforms were
formed.
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The development of freezing tolerance continued till the seventh cold acclimation day
(7CA), but SOD activity increased steadily only in SH9A and 1032 (intermediate
freezing tolerance) (II). The significantly higher SOD activity in SH9A or 1032 after
7CA did not result in enhanced cold acclimation capacity (AC) (II). Similarly,
significantly lower SOD activity in 1020 (tolerant) after 7CA had no effect on
acclimation capacity. In 2037 (intermediate), however, low SOD activity in 7CA plants
was associated with poor improvement of freezing tolerance after cold acclimation. In
accordance with the paraquat tests, higher superoxide radical scavenging activity did not
explain differences in freezing tolerance (I, II). However, cold acclimation treatment led
to increased antioxidative capacity, which could be measured as enhanced total SOD and
CuZnSOD activity in 1CA and 2CA plants, and as improved paraquat tolerance in 7CA
plants (I, II).

Transcripts of the MnSOD gene accumulated in S. commersonii, SH9A and in S1
hybrids (1020 (tolerant), 1032 (intermediate), 2051 (sensitive), 2045 (sensitive)), but not
in SPV11 after one day of cold acclimation (1CA) (II). Elevated levels of chloroplastic
Cu/ZnSOD gene transcript were most characteristic of SH9A, SPV11 and 2045
(sensitive). The amount of cytoplastic Cu/ZnSOD transcript remained unaltered during
cold acclimation in SH9A as well as in S. commersonii and SPV11 (II). MnSOD
transcript accumulation was characteristic of genotypes which were able to cold
acclimate.

4.3. Characterization of cold-inducible gene expression (III-IV)

A cDNA library was made from the leaves of three to seven days cold acclimated S.
commersonii. The cold acclimation-inducible cDNAs were isolated by differential
screening (III, IV). The predicted function of the gene products of three isolated cDNAs
was related to three large stress protein families i.e. glutathione S-transferases (S.
commersonii glutahione S-transferase; Scgst1), 70 kD heat shock cognates (S.
commersonii heat shock cognate 70 kD; Schsc70) and RAB/LEA dehydrins (S.
commersonii dehydrin; Scdhn2).

H2O2 treatment led to an accumulation of mRNA of Scgst1, Scdhn2 and osmotin-like
protein, Osml13 (III, IV). Characterization of Scgst1 expression showed that low and
high temperatures and treatments with salicylic acid (SA) and hydrogen peroxide (H2O2)
(III) initiated the transcript accumulation. Low temperature resulted in elevated levels of
Scgst1, Schsc70 and Scdhn2 transcripts within two cold acclimation days (2CA) in S.
commersonii, SH9A and in SPV11 (III, IV). Scgst1 and Scdhn2 accumulation was more
characteristic for S. commersonii in 2CA plants (III, IV). Under the same conditions, the
transcripts of low temperature and ABA the regulated gene Osml13 was not detected
(IV). In accordance with the level of Scgst1 transcript accumulation, total GST enzyme
increased in 2CA S. commersonii whereas in SPV11 the activity rapidly decreased during
cold acclimation (III). The initial level of total GST activity prior to cold acclimation
was, however, highest in SPV11 (III).

Freezing at –3°C (FR) and following exposure to high light intensity (700 µmol m2s-1)
(HL) led to a reversible decrease in the ratio of variable to maximum fluorescence
(FV/FM) in S. commersonii, SH9A, SPV11 and S1 hybrids (1020 (tolerant), 2041
(sensitive), 2045 (sensitive), 2051(sensitive)) (IV). The same experimental conditions
caused irreversible reduction in FV/FM in S. tuberosum cvs. Timo and Nicola. Reversible
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reduction in FV/FM was associated with significant accumulation of cold-inducible gene
transcripts Scdhn2 (IV). No transcript accumulation was detected in S. tuberosum cv.
Timo. Under recovery conditions, accumulated transcripts disappeared within 24 hours
(RE1). An increased level of Scdhn2 mRNA was however detected after freezing and
high light treatments, Schsc70 accumulated only after freezing. Further accumulation
after high light treatment was not observed (IV). In conclusion, the kinetics of transcript
accumulation differed between these three cold-inducible genes (Scdhn2, Schsp70,
Osml13) during stress treatments indicating that the gene products have different
protective functions in stress-treated plants.

When the temperature was decreased to non-freezing (2°C) or freezing (–3°C) in the
presence of light (low; 50-80 µmol m2s-1

 or high; 700 µmol m2s-1), Scgst1 transcript
accumulation was specific to S. commersonii and SH9A (III). After the high light
treatment, Scgst1 transcript was not detected in S1 hybrids 1020 (tolerant), 2019
(tolerant) or 2051 (sensitive) (III).
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5. DISCUSSION

5.1. Population segregating in freezing tolerance

Freezing tolerance and acclimation capacity were only slightly associated in the S1
hybrids tested (I). The acclimation capacity of S1 hybrids could not be predicted
according to the freezing tolerance of non-acclimated plants. This finding supports the
conclusions of Stone et al. (1993) that freezing tolerance and acclimation capacity are
under independent genetic control in potato. Chen et al. (1999a) suggested that breeding
for improved freezing tolerance would require potato hybrids whose freezing tolerance
is close to the tolerant parent. In this study, non-acclimated S1 hybrids, 1020 and 2019,
were as tolerant as S. commersonii indicating that the freezing tolerance of S.
commersonii can be recovered in the segregating population. Freezing tolerance is a
quantitative trait and in potato the inheritance can be explained by an additive dominance
model where the trait is partially recessive (Stone et al. 1993). The complex segregation
of dominant and recessive genes has most likely resulted in large variation in the freezing
tolerance of S1 hybrids. Therefore, the freezing tolerance of the hybrid parent is not
necessarily crucial for the expression of freezing tolerance in a segregating population.

Natural frosts were mimicked in the growth chamber by freezing and highlight
treatments. Decreased photosynthetic capacity i.e. photoinhibition was monitored in all
studied potato genotypes under these conditions (IV, Table 5). The recorded decrease in
variable to maximum fluorescence (FV/FM) was reversible in potato hybrids, and in S.
commersonii and SPV11, whereas it was irreversible in cultivated S. tuberosum (IV).
When freezing tolerance was monitored as reduction in FV/FM, no variation among S1
hybrids was found even though there were significant differences in their LT50-values
(IV). However, reduction in the oxygen evolution was associated with freezing tolerance
(LT50) (Table 5, IV). As proposed earlier by Steffen et al. (1989), photosynthetic
parameters are sensitive indicators of freezing tolerance. There are also reports showing
that changes in chlorophyll a fluorescence can be used in screening for freezing tolerance
of potato (Sundbom et al. 1982; Graeves and Wilson 1987). Compared with this study,
Graeves and Wilson (1987) used potato genotypes of more marked difference in freezing
tolerance in their experiments. Whereas Sundbom et al. (1982) monitored slow
fluorescence kinetics and not FV/FM as was done here. These observations suggest that
oxygen evolution and slow fluorescence kinetics are probably the most useful parameters
to detect small differences in freezing tolerance.

All S1 hybrids had a capacity to cold acclimate and therefore better tolerance to
photoinhibition might result from a rapid acclimation response (II, IV). An exception to
this finding was a dihaploid hybrid parent S. tuberosum SPV11, which did not cold
acclimate. Under similar conditions S. tuberosum cv. Nicola, which had the same
freezing tolerance as SPV11, 2045 and 2051, suffered from irreversible damage (IV). In
spinach, cold acclimation was found to result in increased tolerance to photoinhibition
(Somersalo and Krause 1989) whereas in potato somewhat contradictory results have
been reported e.g. Graeves and Wilson (1987), Steffen and Palta (1989a) Griffith et al.
(1994) and Steffen et al. (1995). Better tolerance to photoinhibition in S1 hybrids can be
due to rapid acclimation response. In accordance with this study, S. commersonii has
been found to be more tolerant to photoinhibition already prior to cold acclimation when
compared with cultivated S. tuberosum (Steffen and Palta 1986; Graeves and Wilson
1987; Krisjandottir and Merker 1993). The slow development of freezing injuries in the
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field implies primary damage to the photosynthetic apparatus (Steffen and Palta 1989).
This addresses the importance of tolerance to photoinhibition in breeding programs. The
results from this study indicate that tolerance to photoinhibition is not directly associated
with freezing tolerance. Therefore, improved photosynthetic capacity at low temperature
can be attained even though freezing tolerance is not improved. Better tolerance to
photoinhibition can enable prevention of primary damage to the  photosynthetic
apparatus  that would result in lethal secondary injuries.

5.2. Relationships between freezing, cold acclimation and oxidative stress

The most freezing tolerant S1 hybrids were also most tolerant to paraquat treatment (I).
Better paraquat tolerance was measured as lower decrease in FV/FM in paraquat treated
plants. Such a result indicated that the tolerance was, at least in part, due to protection of
photosystem II. Enhanced scavenging activity of superoxide radicals has been shown to
protect photosynthesis from photoinhibition in transgenic tobacco (Sen Gupta et al.
1993) and potato (Perl et al. 1993). In S1 hybrids the results on total SOD activity did
not support the hypothesis that paraquat tolerant hybrids have higher superoxide
scavenging activity (II). Other superoxide scavenging molecules, such as carotenoids,
were not studied here. Coordinated increase of carotenoids and AOS scavenging
enzymes in maize has been shown to be necessary for the controlled accumulation of
AOS at low temperature (Massacci et al. 1995). In tomato, a down regulation of
photosynthetic electron transport rather than detoxification capacity of active oxygen
species (AOS) during chilling stress was characteristic of a chilling tolerant Lycopersicon
hirsutum (Walker et al. 1991). Also in potato it has been shown that pigment
composition (Kristjandottir and Merker 1993) and efficiency of the xanthophyll cycle
(Sarry et al. 1994) have a protective role in the low temperature performance and in the
photoprotection of the plant. Taken together it seems that the tolerant species are likely
to have evolved mechanisms to control electron transport and to avoid the risk of
formation of AOS during low temperature stress.

The increase in total SOD activity during the first cold acclimation days was transient
since no further enhancement was observed in plants acclimated in the cold for seven
days even though freezing tolerance continued to improve (II). Increased antioxidant
capacity during cold acclimation has been recorded in several studies (Schöner and
Krause 1990; Bridger et al. 1994; Prasad et al. 1994; Walker and McKersie 1993; Jahnke
et al. 1991; Kerdnaimongkol et al. 1997). Furthermore, transgenic alfalfa plants with
altered MnSOD activity had improved regrowth after freezing stress and over-wintering
(McKersie et al. 1993, 1997, 1999). In S1 hybrids the total SOD enzyme activity did not
correlate with freezing tolerance (II). This indicates that the superoxide scavenging
activity in S1 hybrids was not a factor limiting the expression of freezing tolerance. In
addition, S1 genotypes having significantly higher SOD activity after cold acclimation of
seven days, did not have enhanced capacity to cold acclimate. Thus, superoxide-
scavenging efficiency was probably high enough to eliminate oxidative stress during cold
acclimation. The fact that most freezing tolerant S1 hybrids were also most tolerant to
paraquat treatment indicates that effective antioxidant capacity is advantageous for the
freezing tolerance of potato (I). As summarized by McKersie et al. (1999), tolerance to
oxidative stress may become more important under conditions when plants are exposed
simultaneously to multiple stresses. Similarly in potato, high antioxidant capacity may
become more important under stress conditions such as prolonged exposure to high light
at low temperature i.e. conditions which occur frequently in the field.
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Increased SOD activity during cold acclimation was not due to a formation of new SOD
isoforms but rather due to increased expression and activity of the existing ones (II).
Only in SH9A were new isoforms created. Similar findings have been recorded earlier for
cold acclimated wheat (Triticum aestivum L.) (Scebba et al. 1998). From the SOD
isoforms the activity of CuZnSOD was most intensively elevated during cold acclimation
(II). Simultaneously, increased transcript accumulation of chl CuZnSOD and MnSOD
was detected, but not of cyt CuZnSOD. MnSOD isoenzyme transcript accumulation was
not associated with the freezing tolerance but rather with capacity to cold acclimate.
Tseng et al. (1991) postulated that the transcription of various SOD isoenzymes is
directly regulated by the amount of AOS present in the cell compartment, not by changes
in photosynthetic activity or light per se. In S1 hybrids, the energy requiring acclimation
processes may increase the formation of superoxide radicals in mitochondria and thus,
induce the transcription of MnSOD.

Mild oxidative stress induced cold acclimation processes in S. commersonii (IV). This
was detected as improved freezing tolerance after hydrogen peroxide treatment.
However, AOS can have a dual role in stress response e.g. initiation of protective
reactions or initiation of cellular damage. In chilling sensitive cucumber (Cucumis sativus
L.), chilling damage in light is mediated by AOS (Wise and Naylor 1987). Similarly in
freezing stress, lethal damage was associated with accumulation of superoxide radicals
(Kendall and McKersie 1989). Despite the deleterious effects of excess AOS,
pretreatment with H2O2 has been shown to increase chilling tolerance in maize (Prasad et
al. 1994) and tomato (Kerdnaimongkol et al. 1997). In addition to stress conditions,
plant metabolism, e.g., respiration and other mitochondrial processes can also lead to
formation of AOS (Tsang  et al. 1991). Hypothetically, respiratory H2O2 can act as a
signaling molecule similarly to H2O2 produced in the chloroplasts (Karpinski et al. 1997).
Therefore, induction of cold acclimation processes by H2O2 refers to a signal
transduction pathway that takes place under natural stress conditions via mild oxidative
stress.

5.3. Expression of cold-inducible genes

Cloning of cold-inducible genes from a cold acclimated cDNA library of S. commersonii
revealed members of three large stress protein families i.e. glutathione S-transferase
(Scgst1), dehydrin (Scdhn2) and heat shock protein (Schsc70) (III, IV). More abundant
transcript accumulation of Scgst1 and Scdhn2 was detected in cold acclimated S.
commersonii as compared with the freezing sensitive hybrid parent, SPV11 (III, IV). In
addition, total glutathione S-transferase (GST) activity was enhanced in S. commersonii
but not in SPV11 during cold acclimation (III). This implies that capacity to detoxify
harmful components is challenged at low temperature and the better acclimation capacity
of S. commersonii may be in part a consequence of a more efficient detoxification
system. S. commersonii GST (Scgst1) transcript level was elevated by H2O2 or by
treatments, which included formation of AOS (III) e.g. salicylic acid (Kawano et al.
1998) and excess light stress (Wise and Naylor 1987; Karpinski et al. 1997). Indeed,
GSTs are characterized as plant antioxidants due to substrate specificity to intermediates
of oxidative stress (Marrs 1996). To date plant GSTs have been most intensively studied
in relation to herbicide detoxification (Marrs 1996) and the only other low temperature-
regulated GST that has been isolated is maize Bz2, which participates in anthocyanin
biosynthesis (Christie et al. 1994). In contrast to GST, numerous cold-inducible (or
dehydration-inducible) dehydrins have been identified (Thomashow 1999). The
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expression of one member of the dehydrin family, wheat Wcs120, has been intensively
studied in winter and spring wheat genotypes of varying degrees of freezing tolerance
(Sahran et al. 1997). A copy of Wcs120 is present in both winter and spring wheat. Since
the level of expression differs between winter and spring types, Sahran and Danyluk
(1998) suggested that freezing sensitive genotypes are missing a major switch required
for the proper expression of stress-related genes. Moreover, in the low temperature-
regulated Brassica napus L. gene BN115 the induction is dependent on the presence of
LTRE (low temperature regulated element) in the promoter region (Jiang et al. 1996).
Similarly in potato, a single copy of Scgst1 was found both in S. commersonii and in
SPV11 (III). This indicates that the low temperature signal transduction pathway in
SPV11 is missing cis- or trans-acting factors that are present in S. commersonii.

Transcript accumulation of stress-inducible genes, i.e. genes for SOD isoenzymes and
isolated cold-inducible genes, did not differ among S1 hybrids despite variation in
freezing tolerance (II, III, IV). All S1 genotypes were able to cold acclimate and no
significant difference occurred in their acclimation capacity (II). When the transcript
accumulation of the blt14 COR gene family was studied in Hordeum spontaneum L.
genotypes differing in cold acclimation capacity, no correlation was found between
mRNA level and freezing tolerance after acclimation (Grossi et al. 1998). This was
despite the genotype-dependent regulation of blt14  recorded in spring and winter barley
(Grossi et al. 1998). The result suggests that the acclimation signal required for the
induction of stress-inducible genes was present in potato hybrids (II, IV). The presence
of an acclimation signaling pathway in S1 hybrids makes it difficult to find genotype-
dependent differences in the expression levels of these genes. In experiments on Scgst1
transcript accumulation, more severe low temperature and light stress conditions were
used (III). As a result no transcript accumulation was detected in SPV11 and S1 hybrids.
Various combinations of low temperature and light treatments should be tested in order
to elucidate the threshold conditions for the transcript accumulation of cold inducible
genes. It can be speculated that genotype-dependent differences in the transcript levels
can only be detected under these threshold conditions.

Transcript accumulation of isolated cold-inducible genes (Scgst1, Scdhn2, Schsc70) as
well as osmotin-like protein (OSML13) was induced by H2O2 in S. commersonii (IV).
Moreover, under freezing and light stress conditions, the transcript accumulation of
Scdhn2 followed changes in FV/FM in S. commersonii, SPV11 and those potato hybrids
studied (IV). A chloroplastic redox signal is postulated to coordinate the expression of
photosynthesis related genes (Huner et al. 1998). Karpinski et al. (1997) caused a
reversible photoinhibition of photosynthesis in Arabidopsis by exposing plants to high
light. In their study the maximum photoinhibition took place simultaneously with a H2O2

peak after one hour under high light. Despite the H2O2 peak, pathogen related genes
(PAL, GST) were not up-regulated during light stress. Similarly in potato, Osml13 (a
member of the pathogen related protein group, PR-5) was not up-regulated during
freezing and light treatments although reversible reduction in FV/FM occurred. Thus, the
regulation of low temperature-inducible genes, which also function in pathogen
resistance, may be slightly different. Transcript accumulation of increasing numbers of
the cold-inducible genes, such as Wcs19 (Gray et al. 1997), blt14 (Grossi et al. 1998),
some members of HSP gene family (Li et al. 1999) and Scdhn2 was associated with
changes in photosynthetic parameters under stress conditions. Moreover, photosynthesis
may have a role in the signaling pathway during adaptation responses in potato.
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6. CONCLUDING REMARKS

Mechanisms of low temperature and oxidative stress tolerance, which were investigated
in this study, as well as having been reviewed by Krause (1994), are summarized in
Figure 2. The Roman numerals I–IV refer to the original papers where the results are
reported.

Freezing tolerance and acclimation capacity are independent traits in potato. The results
also indicated that tolerance to low temperature photoinhibition is not necessarily
associated with freezing tolerance. Under field conditions, however, improved tolerance
to photoinhibition might be advantageous, as it prevents primary injuries to the
photosynthetic apparatus developing further into lethal secondary injuries (Figure 2).

Cold acclimation capacity is a favorable trait to be transferred to cultivated potato even
though improved freezing tolerance is not achieved. The trait is associated with ability to
sense low temperature and hence, the signaling pathway for protective mechanisms exists
in plants with acclimation capacity. In addition to low temperature, mild oxidative stress
can induce cold acclimation processes and thus trigger protective mechanisms (Figure 2).

Cold acclimation resulted in increased SOD activity in concert with improved freezing
tolerance (Figure 2). However, antioxidant capacity was not directly related to freezing
tolerance. Tolerant plants have probably evolved mechanisms to avoid the formation of
AOS rather than ensure the detoxification of AOS through high antioxidant capacity.
Protective photoinhibition may function, at least in part, as such an avoidance
mechanism.

Cold-inducible genes, whose transcripts accumulated within the first cold acclimation
days, were also up-regulated in freezing and high light stressed plants. In some cases the
transcript accumulation of cold-inducible genes followed the reversible changes in FV/FM

in freezing and highlight treated plants. When the decrease in FV/FM was irreversible,
transcript accumulation was not detected. Thus, protection of photosynthesis may be
important for the proper regulation of some cold-inducible genes and ability to protect
the photosynthetic apparatus from irreversible damage could be necessary for the
adaptive processes to take place during frost (Figure 2).
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