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ABSTRACT

The symptoms of oxidative stress and antioxidative response were investigated on Norway spruce seedlings
subjected to freezing desiccation conditions. Three-year-old seedlings were exposed to freezing desiccation at
-3°C and -10°C for 45 days in two acclimation stages: autumn (October) and winter (January). The stress enhan-
ced the production of reactive oxygen species (ROS): superoxide radical anion (O,"), and hydrogen peroxide
(H,0,). Concentrations of low molecular antioxidants: glutathione (GSH), ascorbic acid (AsA) and o-tocopherol
declined at both low temperatures and acclimation stages. The activity of superoxide dismutase (SOD) increased
with ROS production, while guaiacol peroxidase (POX) activity decreased. The freeze-induced desiccation of ne-
edles was significantly correlated with the cold hardiness (LTs), the level of low-molecular antioxidants, and
POX activity, but not with SOD activity. Under extreme freezing desiccation conditions, these reactions continu-
ed, leading to the degradation of membrane phospholipids and a strong decrease in cold hardiness. The results
show that membranes are the primary site of injury induced by ROS, produced under the influence of low tempe-
rature combined with dehydration. The acclimation response of Norway spruce needles to the oxidative stress ge-
nerated by long-term cold and/or freezing desiccation is discussed.
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INTRODUCTION

Winter desiccation is a common form of freezing injury
in evergreen conifers during the autumn, winter and early
spring in boreal regions. Frost drought injury occurs when
the above ground or above-snowline parts of trees are
exposed to wind, dry air and sun, while the ground and
part of the stem remain frozen (Sutinen et al. 2001). In the
needles of several conifer species during continued slow
cooling, ice is formed in extracellular spaces, with conco-
mitant cell volume reduction. This is an effect of migration
of free cytoplasmic water from cells to extracellular ice, as
a consequence of the low water vapour pressure in the apo-
plast. In woody plants, water migration out of cells is usu-
ally possible throughout winter, as all free cytoplasmic wa-

Abbreviations:

AsA — ascorbic acid; GSH — glutathione; H,0, — hydrogen peroxide;
LT, — lethal temperature at which 50% of electrolytes are leached out of
needles; MDA — malondialdehyde; O, — superoxide radical anion; POX
— guaiacol peroxidase; ROS — reactive oxygen species; SOD — superoxide
dismutase

ter is frozen at -60°C and lower temperatures (Zwiazek et
al. 2001).

Strategies that allow conifers to survive freezing tempe-
ratures have been proposed on the basis of physiological
and biochemical changes associated with freezing toleran-
ce and freezing avoidance (Zwiazek et al. 2001; Arora et
al. 2003). The cellular membranes are the primary site of
freeze-induced dehydration injury (Yoshida 1979; Pukacki
et al. 1991; Heino and Palva 2003). In addition, the plasma
membrane prevents seeding of the intracellular solution by
extracellular ice. Recent evidence indicates that at least so-
me of the effects of freezing stress are mediated by reacti-
ve oxygen species (ROS) in plant systems (McKersie et al.
2000). It is now clear that ROS are involved in the molecu-
lar damage observed in plants exposed to an impressive
variety of adverse conditions, including frost, drought,
osmotic stress, and air pollution (Foyer and Noctor 2000;
Pukacka and Pukacki 2000; Kacperska 2004). Plant antio-
xidant systems are thought to play a role in freeze detoxifi-
cation mechanisms (McKersie et al. 2000). Central to the
mechanisms are antioxidant metabolites, which include
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low-molecular antioxidants, such as ascorbic acid (AsA),
glutathione (GSH), a-tocopherol, and enzymatic antioxi-
dants, such as SOD, catalase and POX. SOD activity is
correlated with development of cold hardiness in autumn
(Doulis et al. 1993; Polle et al. 1996). McKersie et al.
(2000) showed that transgenic alfalfa, characterized by an
increased expression of MnSOD, better regenerated frost
injuries and showed a much higher winter survival rate. In
Norway spruce, the maximum GSH content was recorded
in December, while the lowest content was observed du-
ring the growth phase, from June to August (Polle et al.
1996; Doulis et al. 1993). On the other hand, ROS-induced
peroxidation is considered to be an important mechanism
of membrane degradation during long-term freezing desic-
cation of tissues, because polyunsaturated fatty acids are
ideal targets for ROS attack (Kendall and McKersie 1989).

Glutathione may protect proteins from freezing-induced
disulfide bound formation. The main, reducing effect of
glutathione in the process of removal of H,O, from chloro-
plasts, was presented by Foyer and Noctor (2000). AsA
and GSH compounds play an important role as antioXi-
dants in photosynthetic organs, because they react directly
with ROS, recover a-tocopherol, and are substrates for pe-
roxidases in detoxification of H,O, (Foyer and Noctor
2000).

The close relationship between ROS level and membrane
degradation was noted by Kendall and McKersie (1989).
Those authors reported that membrane injury results also in
changed phase properties of lipid components of cell mem-
branes, analysed by X-ray diffraction (Pukacki et al. 1991).
On the other hand, it cannot be excluded that lipolytic en-
zymes associated with membranes (mainly phospholipase
D) could also cause phospholipid degradation during the
freezing desiccation stress. The activity of phospholipase
D has been confirmed at temperatures below 0°C (Sikorska
and Kacperska 1982).

In the present study we examined the mechanisms of to-
lerance to freezing desiccation stress of spruce seedlings
under long-time moderate frost and low humidity level.
We tested the hypothesis that prolonged freezing storage of
spruce seedlings is associated with the strong desiccation,
oxidative stress and can be related to cold hardiness. We
examined the production of ROS (O,”, H,0,) in needles,
changes in low molecular antioxidants and enzymatic sca-
venges SOD and POX activities in relation to freezing-in-
duced desiccation and cold acclimation stage. In the availa-
ble literature relatively little is known about the protective
function of antioxidants in response to cold-storage conifer
seedlings (as a source of oxidative stress).

MATERIALS AND METHODS

Plant material and experimental treatments

Three-year-old Norway spruce seedlings (Picea abies
(L.) Karst.), provenance Wegierska Goérka (49°34°N,
19°10’E, altitude 750 m), were used in this study. They
were obtained from a forest nursery near Krotoszyn (Po-
land). In both experiments, started in autumn (October) and
in winter (January), seedlings were stored for 15, 30 and 45
days in cold rooms at -3°C at 64% RH and at -10°C at 55%
RH, under a 12-h day length in autumn and 8-h day length
in winter at 95 pmol m2 s°! photosynthetically active radia-
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tion (PAR). The seedlings were covered with polyethylene
foil (mild stress, MS) or uncovered (extreme stress, ES).
The analyses were performed on 1-year-old needles. Con-
trol seedlings of the same provenance were kept outdoors,
under the canopy of trees. They were weekly watered, and
did not show any symptoms of desiccation stress. The air
temperatures were monitored and data shown that their mi-
nimum never decreased below -1°C in autumn and only th-
ree times to -4°C in winter.

Determination of cold hardiness

This was performed according to Pukacki and Pukacka
(1987). Needles of spruce were placed in test tubes in
a computer-controlled freezer (Binder MK 53, Germany).
After 0.5-h equilibrium in 0°C the temperature was decrea-
sed by 3°C h'l. Samples were withdrawn at 5°C intervals
and allowed to thaw at 3°C overnight. After freezing and
thawing, the tissues were put into deionized water (0.1
g ml!). The percentage of ion leakage from the samples,
determined after 24 h incubation in room temperature and
than by measuring its electrical conductivity. The conducti-
vity was measured using a temperature-compensating con-
ductivity meter (CPC-551, Elmetron, Poland). To measure
the total conductivity, samples were killed by freezing at
-60°C for 80 min, they were re-extracted for 24 h at room
temperature in the original solution. The cold hardiness of
needles was defined as the lethal temperature (LTs,) and
was calculated to the temperature giving 50% ion leakage.

Assessment of degradation of cell membranes

Membrane degradation was assessed on the basis of: (1)
electrolytic conductivity of the ions leaked from spruce ne-
edles into a solution according to Kaminska-Rozek and Pu-
kacki (2004); the level of membrane degradation was
expressed as percentage of the total electrolytes leaked, re-
lative to those leaked from killed tissues; and (2) the level
of membrane lipid peroxidation, measured as MDA con-
tent according to Heath and Packer (1968). The concentra-
tion of MDA was calculated from difference of the absor-
bance at 535 nm and 600 nm and excitation coefficient of
155 nM-! cm! (Heath and Packer 1968).

ROS assays

To assay superoxide anion radicals (O,"), 0.2 g of spruce
needles were soaked in 3 ml of phosphate buffer at pH 7.8
with 0.05% NBT and 10 mM NaNj,, and incubated at room
temperature, according to Doke (1983). The total concen-
tration of O," was expressed as the ratio of absorption of
the extract (read at 580 nm) to dry weight of the needles.

To assay total H,0,, 0.5 g of needles were ground in pre-
sence of liquid nitrogen. The powders obtained were ho-
mogenized with 5 ml of 5% trichloroacetic acid (TCA)
containing 10 mM ethylenediaminetetraacetate (EDTA).
The homogenate was filtered and then centrifuged at
12 000 g for 15 min. The total concentration of H,O, was
expressed as the ratio of measured absorption of the extract
(read at 480 nm) to dry weight of the needles according to
Thurman et al. (1972).

Separation and identification of phospholipids
and a-tocopherol

Samples of 5 g of needles were ground in a mortar in 15
ml of a mixture of chloroform and methanol (2:1, v/v).
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Phospholipids were separated according to Nichols et al.
(1965) on TLC plates (Merck, No. 5721). Classes of pho-
spholipid were identified and determined as inorganic P ac-
cording to the method of Ames (1966). Quantities of the
particular phospholipids were expressed as ug P mg! of li-
pids. a-Tocopherol, was assayed in the total lipid extract as
previously described (Pukacki 2004). The analysis was
conducted in a gas chromatograph Hewlett Packard 5890.
The results were expressed per g of DW.

Assays of low-molecular antioxidants

For the assays of AsA and non-protein thiols, 0.5 g of
needles were ground to a fine powder under liquid nitrogen
and in 5 ml of 5% trichloroacetic acid (TCA) and 10 mM
EDTA. The homogenate was filtered through two layers of
cheesecloth, then centrifuged at 12 000 g for 30 min at
4°C, and the supernatant was used for the assays.

AsA content was assayed according to Law et al. (1983).
The assay is based on the reduction of Fe3* to Fe?* by AsA
in acidic solution. Fe?* then forms complexes with bipiry-
dyl, giving a pink colour with a maximum absorbance at
525 nm. The concentration was determined by comparison
with a standard curve.

Non-protein thiol content was determined according to
Sedlak and Lindsay (1968), using Ellman’s reagent [5,5’-
-dithiobis-(2-nitrobenzoic acid)] (DTNB). Absorbance was
read at 412 nm. The standard curve was made with gluta-
thione. The applied method determines the total pool of
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-SH groups. Research conducted by Doulis et al. (1993)
shows that over 96% of -SH groups belong to the reduced
form of glutathione (GSH). For this reason, the level of
-SH groups determined by this method were described as
the glutathione pool.

Enzyme assays

Needles (1 g) were powdered in liquid nitrogen. The po-
wder was transferred into a mortar containing 8 ml of cold
extraction buffer (100 mM KH,PO,/K,HPO, pH 7.0, 10
mM EDTA) and 1% PVPP. Homogenates were centrifuged
at 15 000 g for 20 min at 4°C. The supernatant was used
for analysis as the crude enzyme: SOD and POX.

Total SOD activity (EC. 1.15.1.1.) was determined by
measuring its ability to inhibit the photochemical reduction
of NBT according to the method of Giannopolitis and Ries
(1977). The reaction mixture contained 50 mM phosphate
buffer (pH 7.8), 1.3 mM riboflavin, 0.1 mM EDTA, 1 mM
dithioeritritol, 63 mM NBT, and 50 pl of enzyme extract.
Tubes were placed under fluorescent lamp and absorbance
was recorded at 560 nm. A nonirradiated reaction mixture
served as the control. One unit of SOD activity was defi-
ned as the amount of enzyme required to cause 50% inhibi-
tion of the rate of NBT reduction. SOD activity was
expressed as U g DW of needles as previously described
(Pukacka and Pukacki 2000).

POX (EC.1.11.1.7.) activity was measured in the reac-
tion of oxidation of guaiacol at 470 nm (e = 26.6 mM-! cm"
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1) according to Chance and Maehly (1955). The reaction
mixture contained of 100 mM phosphate buffer pH 7.0, 1%
guaiacol, 0.2 M H,0,, and 50-100 ul of enzyme extract;
the activity was expressed as pkat mg™! protein.

The protein content of crude enzyme extract was estima-
ted according to Bradford (1976) by using bovine serum
albumin (BSA) as a standard. All the spectrophotometric
measurements were made with a UV-VIS 2401, PC spec-
trophotometer (Shimadzu Scientific Instruments, Colum-
bia, MD).

Statistical analysis

Data are presented as means + standard deviation (SD),
with n = 6. The significance of differences between the
control and stressed plants were assessed on the basis of
analysis of one-way variance (ANOVA) and linear regres-
sion for each parameter. Significant differences between
means were determined by Duncan’s multiple range test
and significance levels are indicated as P<0.05.

RESULTS

Cold hardiness and water relations

Plants under freezing desiccation at extreme stress (ES)
after 15 days in autumn had a lower water content of nee-
dles than in the control, it was 41% at -10°C, but in winter
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Fig. 2. Effects of long-term freezing desicca-
tion on (a) superoxide anion radical (O,")
and (b) hydrogen peroxide (H,O,) content of
needles in Norway spruce seedlings subjec-
ted to various treatments: two temperatures
(-3°C, -10°C) and three levels of freezing de-
siccation: mild stress (MS), extreme stress
(ES) and control, in October and January.
Otherwise as in Figure 1.

52%. In MS plants at -10°C after 30 days of desiccation in
both acclimation stages (autumn and winter) it decreased
by 21% and 38% respectively (Fig. 1). As a result of free-
zing desiccation, cold hardiness (LTs,) of ES needles at
-3°C decreased from -20°C to -4°C after 45 days (Fig. 1).
However, in winter at -3°C in ES plants after 45 days of
freezing desiccation, the cold hardiness of needles decrea-
sed from -32°C to -17°C (Fig. 1). The water content of nee-
dles was significantly negatively correlated with cold har-
diness (LTs,) at -3°C for ES plants, both in autumn (1% =
0.91, P = 0.001) and in winter (1 = 0.69, P = 0.01). After
30 and 45 days of storage, seedlings at -10°C in winter had
a significantly lower cold tolerance than those stored at -
3°C (Fig. 1). The highest rate of water loss was observed
from ES needles in autumn at -10°C, while in winter was
about 50% lower.

0,", H,0, levels and lipid peroxidation

The freezing desiccation increased H,O, and O, levels
in needles, in both autumn and winter, in relation to the
controls (Fig. 2). In autumn the O,™ content in ES plants at
both temperatures (-3°C and -10°C) increased after 15 days
by 57% and 29%, respectively, as compared to the control
(Fig. 2a). By contrast, in winter at ES plants, O," content
was increased by 26% at -3°C after 30 days of stress. In
winter at -3°C, effect of freezing desiccation treatment on
O, was significantly correlated with water content of
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spruce needles (12 = 0.53, P = 0.01). The freezing desicca-
tion also caused an increase in H,O, level in spruce nee-
dles (Fig. 2b). In autumn at -3°C, the level of H,0, already
in mildly stressed (MS) plants, increased by about 16%,
whereas in ES plants it increased, by 22% after 30 days. In
winter, an increase was observed after 30 days of the stress
and was the highest for H,O, in ES plants at both tempera-
tures (Fig. 2b). The increase in H,O, in ES plants amoun-
ted to 16% at -3°C and 30% at -10°C, while in MS plants
no significant differences were observed. However, the
changes at -10°C in winter for O, level and in autumn for
H,O, level were not significant (Fig. 2).

Freezing desiccation of seedlings caused membrane lipid
degradation after 30 days, reflected in a higher permeabili-
ty, as increased ion leakage from needle cells in compari-
son with the control, in both autumn and winter (Fig. 3 and
Table 1). The greatest ion leakage was detected in ES see-
dlings after 15 days of stress both in autumn (when it rea-
ched 58%), and in winter after 30 days (when it reached
59%) (Table 1). However, ion leakage percentage in winter
at -10°C after 30 days showed the same pattern below 50%
in both freezing desiccation leaves (MS and ES). No signi-
ficant differences were observed in winter after 45 days,
between the treated seedlings kept at -3°C and -10°C (Ta-
ble 1). The content of malondialdehyde (MDA) was used
as an indicator of fatty acids peroxidation (Fig. 3a). In au-
tumn, an increase in MDA level was observed after 30

45

and control, in October and January. Other-
wise as for Figure 1.

days of freezing desiccation of ES plants at -3°C, but at
-10°C no significant changes were detected (Fig. 3a). By
contrast, in winter, MDA content of ES plants increased by
16% at -3°C and by 29% at -10°C. In autumn, a reaction
was observed in MS plants already after 15 days at -10°C,
as MDA increased by 12%. In winter the first reaction of
MS plants was recorded after 30 days at -3°C, when the
MDA level increased by 30%, and after 45 days at -10°C,
when it increased by 42% (Fig. 3a).

In autumn the phosphatidylcholine to phosphatidic acid
(PC/PA) ratio was lower than in the control already after
15 days of stress: at -10°C it declined to 69% in MS see-
dlings and to 26% in ES plants, of the control level (Table
1). In ES plants after 30 days of stress the PC/PA ratio at
-3°C declined to about 56% of the control level. An excep-
tional situation was observed in winter, when the PC/PA
ratio after 45 days at -10°C decreased to 79% in MS plants
and to 63% in ES plants. The PC/PA ratio in autumn at
-10°C declined significantly to 44% in MS seedlings of the
control level (Table 1).

Antioxidants

Freezing desiccation decreased concentrations of low-
molecular antioxidants: o-tocopherol, GSH and AsA in the
needles (Figs 3b, 4). The level of a-tocopherol declined in
autumn after 30 days at -3°C to 67% in MS plants and to
56% in ES plants, while at -10°C to 51% and 25%, respec-
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Fig. 4. Effects of long-term freezing desicca-
tion on (a) glutathione (GSH) and (b) ascor-
bic acid (AsA) content of needles in Norway
spruce seedlings subjected to various treat-
ments: two temperatures (-3°C, -10°C) and
three levels of freezing desiccation: MS, ES
and control, in October and January. Other-
wise as in Figure 1.

TABLE 1. Ion leakage and phosphatidylcholine (PC) to phosphatidic acid (PA) ratio in needles of Norway spruce seedlings exposed for 15, 30 and 45
days to mild (MS) or extreme (ES) freeze-induced desiccation at -3°C and -10°C, in October and January. Data significantly different from control:
#P<0.05, **P<0.01. Mean £ SD (n = 6); nd — not determined.
aTime zero, before moving the seedlings into the cold rooms.

Stress duration lon leakage (%) PC/PA (ng/pg)
Treatment

(days) October January October January

02 Start of stress 13.7£3.3 20.0+2.1 4.3£1.2 4.642.2

15 Control 13.8+4.1 20.244.0 4.6%1.3 4.6+1.3
-3°CMS 18.9£1.9 31.1£7.9 13.5+1.0 6.5+2.0
ES 57.7£5.6 29.9+7.3 4.7+1.1 6.3+1.0
-10°CMS 39.4+6.2 15.5%5.5 3.240.8* 2.8+1.2%
ES 52.315.3 37.616.4 1.240.7* 3.4+1.3%

30 Control 7.2+14 18.7+1.8 3.440.8 6.3£1.8
-3*C MS 29.549.0 66.7£3.0 4.9£1.2 3.042.2%
ES 53.0£3.1 58.5£2.3 1.9£1.0 2.242.1%
-10°C MS 43.745.2 38.1+5.2 1.9+0.2% 5.6+0.7
ES 54.3£5.6 43.447.0 1.241.1%* 2.5%1.4%

45 Control 7.3£2.8 16.0£2.3 4.940.6 3.8+0.8
-3°*C MS 30.9+5.8 58.843.1 5.0£0.7%* 4.0£1.3
ES nd 61.0£1.8 nd 1.7£0.4*
-10°CMS 55.547.1 61.216.1 2.240.2%* 3.0£0.6%
ES nd 66.5£5.0 nd 2.4%]1.2%*
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tively, of the control level (Fig. 3b). In winter the respecti-
ve values were: 88% and 40% of the control level at -3°C,
and 88% and 38% at -10°C. Thus in both experiments gre-
ater changes were recorded at -10°C than at -3°C (Fig. 3b).

After 30 days at -3°C, GSH level in ES plants declined
significantly, to 11% of the control level. At the same time
at -10°C, the levels were decreased to 81% of the control
level in MS plants and to only 6% in ES plants. In winter
the observed changes were even greater (Fig. 4). In the ca-
se of glutathione, the greatest changes were recorded in the
needles of ES plants in autumn at both temperatures
(-3°C and -10°C) (Fig. 4a). After 30 days at -3°C, the amo-
unt of GSH declined significantly, to 49% of the control le-
vel in MS plants and to 5% in ES plants, while at -10°C to
73% and 8%, respectively. In autumn the GSH concentra-
tion in spruce seedlings at -3°C was significantly correla-
ted, r2 = 0.81 (P = 0.01) with cold hardiness (Table 2).

AsA content also declined during freezing desiccation
(Fig. 4b). The decline was greater in ES plants at both tem-
peratures. In autumn, after 30 days at -3°C, AsA levels de-
creased to 87% in MS plants and 56% in ES plants, as
compared to the control level, while at -10°C the respective
values were: 75% and 46%. MS needles in autumn showed
a higher AsA content of needles after 30 days of stress than
in winter. In winter, after 30 days at -3°C, AsA decreased
to 58% in MS plants and to 44% in ES plants, while at
-10°C to 68% and 60%, respectively, of the control level.
AsA concentration was significantly positively correlated
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TABLE 2. The correlation (r2) values for the linear regression of a-toco-
pherol, glutathione (GSH) and ascorbic acid (AsA) concentrations as well
as superoxide dismutase (SOD) and guaiacol peroxidase (POX) activities
against of cold hardiness (LTs,) for spruce needles exposed to freezing
desiccation stress at -3°C and -10°C, in October and January.

October January

Antioxidants

-3°C -10°C -3°C -10°C
a-tocopherol 0.70% 0.72% 0.61% 0.62%
GSH 0.81%%* 0.44 0.63* 0.57*
AsA 0.71* 0.54 0.52% 0.51
SOD 0.29 0.04 0.09 0.45
POX 0.29 0.78%* 0.30 0.35

Significance levels: * P<0.05, ** P<0.01.

with cold hardiness of needles at -3°C in autumn and winter
(r? = 0.71 and 12 = 0.52, respectively, P = 0.05) (Table 2).
a-Tocopherol concentration had the next strongest correla-
tion in autumn and winter with cold hardiness (LTs,) of ne-
edles (r2=0.61 to r2 = 0.72) (Table 2).

SOD activity in autumn greatly increased in stressed
plants as compared to the control (Fig. 5a): in ES plants at
-10°C by 138% already after 15 days, while in MS plants at
-3°C by 131% after 30 days. In winter, SOD activity mar-
kedly increased at -10°C as late as after 45 days: by 33% in
ES plants and by 27% in MS plants. Thus the increase in
SOD activity under the influence of freezing desiccation
was lower in winter than in autumn, although the SOD le-
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siccation: MS, ES and control, in October
and January. Otherwise as in Figure 1.
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vels in control and stressed plants were higher in winter
than in autumn. POX activity in autumn rapidly declined in
ES plants already after 15 days: to 2% at both temperatu-
res, as compared to the control level (Fig. 5b). Also in MS
plants it markedly decreased after 15 days of stress: to 50%
of the control level. In winter, POX activity in ES plants
declined significantly, to 14% of the control level after 15
days at both temperatures, while in MS plants it declined
after 30 days: to 5% of the control level at -3°C and to 69%
at -10°C (Fig. 5b). POX was positively correlated with
water content at -3°C in autumn and in winter (12 = 0.50
and 2= 0.77, P = 0.01, respectively), and at -10°C in au-
tumn with cold hardiness (r2= 0.78, P = 0.05), (Table 2).

DISCUSSION

The water status of plant tissues is associated with accli-
mation stages and low-temperature stress tolerance (Arora
et al. 2003). Results of this study show that the injury and
cold hardiness of spruce needles to long-term freezing de-
siccation depends on the loss of water, and occurrence of
oxidative stress. Freezing desiccation exerts a stronger ef-
fect on ROS production in needles at an early phase of cold
acclimation in autumn (October) than in the fully cold-acc-
limated seedlings in winter (January). An increase in pro-
duction of ROS (O, and H,0,) was observed at both le-
vels of desiccation (MS and ES) and at both low tempera-
tures (Fig. 2). In response to any stress, the flux of H,0,
generation is increased. Similarly, H,O, induces synthesis
of heat shock proteins and tolerance to low temperatures
(Pastori and Foyer 2002). This suggests that at studied tem-
peratures, oxidative stress was induced. Similar observa-
tions were made by McKersie et al. (2000) in herbaceous
plants.

Both the results presented above and published data at-
test to associations between cell desiccation, oxidative
stress, and freezing injuries. Results of this study indicate
that the first symptoms of damage can be observed in cell
membranes. A similar effect of drought stress on solute le-
akage has been observed in spruce seedlings subjected to
freeze-induced desiccation and in those subjected to soil
drought (Kaminska-Rozek and Pukacki 2004). Results of
the present study show that ROS generation and degrada-
tion of membrane phospholipids depend more strongly on
the level of freezing desiccation (MS versus ES) than on
the applied temperature (-3°C versus -10°C) (Table 1).

In this study, membrane dysfunction was stronger in
plants stressed in autumn than in winter, when plant tissues
were in deep dormancy. In autumn, after freezing desicca-
tion at -10°C, a maximum intensity of changes was obse-
rved when the water content of needles decreased to 20%
(Fig. 1b). The increased ROS production led to membrane
deterioration. It resulted in lipid peroxidation (increased
MDA level), (Fig. 3a), decreased phosphatidylcholine (PC)
level, and increased concentration of phosphatidic acid
(PA) (Table 1). The increased PA content suggests that du-
ring freeze-induced desiccation stress in spruce needles,
phospholipase D cleaves membrane phospholipids to pro-
duce PA and free head groups (Pukacka 1993; Sang et al.
2001). In vivo the PA induced ROS production in Arabido-
psis leaves (Park et al. 2004). Next, the PA has a tendency
to form hexagonal II phase in presence of Ca%*, which may

Kaminska-Rozek E. et al.

lead to membrane destabilization (Park et al. 2004). During
stress conditions, both phospholipase D and PA formation
are important steps in signal transduction and in the casca-
des of reactions involved in the regulation of protein kina-
ses, in the release of intercellular calcium (Heino and Palva
2003; Kacperska 2004). It was observed that phospholipase
D stimulated the activity NADPH-dependent oxidases,
with the consequent formation of O,™, which is a precursor
of H,O, (Sang et al. 2001).

This resulted in biophysical changes within membranes,
which caused intensive ion leakage (Table 1). Earlier stu-
dies showed that a rapid increase in ion leakage from Nor-
way spruce tissues is closely associated with damage to
components of cell membranes (Pukacki and Pukacka
1987). A similar rise in ion leakage from root tissues of
Picea glauca seedlings has been observed under the influ-
ence of their storage at -6°C (Wang and Zwiazek 1999).

In this study, the freezing resistance of the spruce nee-
dles in winter at -3°C (LTj), assessed on the basis of ion
leakage, decreased from -32°C to -25°C after freezing de-
siccation for 30 days in ES plants, but at -10°C their cold
resistance decreased to -11°C (Fig. 1a). As a consequence,
water diffuses more strongly at -10°C than at -3°C, from
the needle cells through the plasma membrane to the ice
crystals in the extracellular spaces. The water potential
(MPa) of extracellular ice is related to the low temperatu-
res, ¥ (ice) = -1.16 (°C), (Guy 1990). Thus the water po-
tential of the ice at -10°C would be -11.6 MPa, which indi-
cates a drastic water stress, much greater than the water de-
ficits that occur in spruce seedlings (-2.4 MPa) during dro-
ught stress (Kaminska-Rozek and Pukacki 2004).

The glutathione content of needles of coniferous trees
ranges from 300 to 700 nM g'! FW, but the oxidized form
(GSSG) accounts for only 3-5% (Anderson et al. 1992).
Many studies reported increased GSH levels in winter (Do-
ulis et al. 1993). A direct causal connection between cold
tolerance and glutathione reductase activity was establi-
shed by McKersie et al. (2000). Freezing desiccation cau-
sed a decline in GSH and AsA levels in needles, especially
in the seedlings whose needles water content fell below
40%. That is why those compounds are so important in fre-
ezing tolerance of plants. An important function in protec-
tion against peroxidation of membrane lipids during free-
zing desiccation of spruces should be performed by a-toco-
pherol. Tocopherols inhibit oxidation induced by single
oxygen in two ways: reacting with single oxygen by physi-
cal quenching or by chemical reactions (Kamal-Eldin and
Appelqvist 1996). However, its level declined with the in-
creasing stress of freezing desiccation (Fig. 3b). One of the
reasons for this situation could be the progressive degrada-
tion of a-tocopherol during non-enzymatic scavenging of
free radicals in thylakoid membranes, as its synthesis was
blocked at low temperatures.

The results of this study and published data indicate that
the full efficiency of the antioxidative system in plant tis-
sues is not possible without participation of important en-
zymes (SOD, POX, catalase). SOD transforms O, into
H,O,, which is removed with the use of catalase and POX.
The decrease in POX activity during freezing stress was
probably associated with the sensitivity of this enzyme to
desiccation process (Fig. 5b). Peroxidases play a key role
in the ascorbate-glutathione cycle of reduction of H,0O, to
H,O (Foyer et al. 1994). Results of this study suggest that
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under the influence of freezing desiccation in spruce nee-
dles, the increase in SOD activity depended to a large
extent on the cold acclimation stage of spruce tissues (Fig.
5a). Moreover, SOD activity in needles increased as late as
after 30 days at an early stage of cold acclimation (in au-
tumn) and the increase was the more intensive, the stronger
was the oxidative stress induced by ROS production.

In summary, the results of the present study show that
long-term storage of spruce seedlings in freezing tempera-
tures resulted in desiccation and oxidative stress, which led
to membrane degradation, decreased levels of low molecu-
lar antioxidants: GSH, AsA and o-tocopherol, increased
SOD activity and decreased POX activity. In addition, the
results demonstrate that intensity and duration of freezing
desiccation of cells and the cold acclimation stage of spru-
ce exert a stronger influence on seedlings than does low
storage temperature itself. The fully acclimated spruce see-
dlings in winter (January), submitted to freezing desicca-
tion, tolerate desiccation stress better than less cold-harde-
ned plants in autumn (October). We also conclude that the
relationship between the antioxidative mechanisms and
molecular cold acclimation processes could increase plant
tolerance to freezing desiccation.
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