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ABSTRACT

Two seed lots of Acer saccharinum (recalcitrant), with an initial moisture content of 50% and 55%, were sto-
red at +3°C for 6 months. After this time, their viability (measured as germinability) reached 100% and 30%, re-
spectively. In embryo axes and cotyledons extracted from seeds, two major low molecular antioxidants were assa-
yed: ascorbate (ASA and DHA) and glutathione (GSH and GSSG); and activities of enzymes of the ascorbate-
glutathione cycle were measured: ascorbate peroxidase (APO) (E.C. 1.11.1.11), monodehydroascorbate reductase
(MR) (E.C. 1.6.5.4), dehydroascorbate reductase (DHAR) (E.C. 1.8.5.1), and glutathione reductase (GR) (E.C.
1.6.4.2.). GSH and GSSG contents of embryo axes of stored seeds decreased, as compared to the control (fresh,
non-stored seeds), but a larger decrease was observed in seeds with 30% viability. In cotyledons, a particularly
high increase in the GSH content in relation to the control was observed in seeds with 100% viability, while the
GSSG content was significantly lower in both stored seed lots than in the control. The ASA level was twice as
high in seeds with 30% viability as in the control, both in embryo axes and in cotyledons. The activity of enzymes
of the ascorbate-glutathione cycle was higher in embryo axes than in cotyledons. In embryo axes of seeds with
100% viability, enzyme activities were slightly lower than in the control, while in those of seeds with 30% viabi-
lity, their activities were higher than in the control. The observed changes in activities of enzymes of the ascorba-
te-glutathione cycle and in ascorbate and glutathione levels suggest that the stored seeds of A. saccharinum have
an active antioxidant system, which plays an important role in maintaining their viability during storage.
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INTRODUCTION

Seeds of Acer saccharinum are a classic example of re-
calcitrant seeds, i.e. they cannot be dried below a relatively
high threshold level of moisture content without a substan-
tial decrease in viability. The seeds can be stored in con-
trolled conditions at +3°C in tightly closed foil bags for
few months, although until recently they were believed to
remain viable for only up to 2 weeks after collection (Su-
szka et al. 2000).

During storage of recalcitrant seeds, production of reacti-
ve oxygen species (ROS) can be enhanced, e.g. of superoxi-
de anion radical (O-,), hydrogen peroxide (H,0,), and hy-
droxyl radical (‘OH), which may initiate oxidative stress
and thus contribute to viability loss (Priestley 1986; Smith
and Berjak 1995; Hendry 1993; Walters 1998). ROS are
acknowledged as the main factors causing various damages
in cells by means of oxidation, as it leads to cell death. The
scavenging of free radicals and prevention of potential mo-

lecular damages are controlled by the defence mechanisms
activated in plant cells. Those mechanisms involve low mo-
lecular and enzymatic antioxidants (Bowler et al. 1992; Fo-
yer et al., 1994; Torres et al. 1997; Bailly et al. 1998). The
main antioxidants of the water phase are: ascorbate and glu-
tathione. Ascorbic acid (ASA, vitamin C) is present in chlo-
roplasts, vacuoles, mitochondria and the cytosol. Its strong
reducing properties determine its antioxidant properties. It
reacts with O,~, H,0,,,OH, HOCI, superoxide radicals and
singleton oxygen (Bartosz 1996; McDonald 1999). It plays
also a role in cell growth, differentiation, and metabolism.
Glutathione is a tripeptide (y-Glu-Cys-Gly) whose reactivi-
ty is conditioned by the presence of the sulphide group -SH.
Its main role is to act as an intracellular redox buffer (Bar-
tosz 1993). It participates in sulphur metabolism, limits and
protects cells against effects of oxidative stress, and takes
part in detoxification of xenobiotic components (Potters et
al. 2002). Both ascorbate and glutathione participate in
H,0, detoxification by the ascorbate-glutathione cycle (al-
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so called the Halliway-Asada pathway). This cycle is obse-
rved not only in chloroplasts (Asada 1992), but also in the
cytosol, mitochondria and peroxisomes (Potters et al. 2002).
It involves specific enzymes, such as ascorbate peroxidase
(APO), monodehydroascorbate reductase (MR), dehydroa-
scorbate reductase (DHAR), and glutathione reductase (GR)
(Bowler et al. 1992; Foyer et al. 1994; Arrigoni 1994; Tor-
res et al. 1997; De Gara and Tommasi 1999; de Pinto et al.
1999). The active cooperation of enzymes and high levels
of low molecular antioxidants may prevent the loss of meta-
bolic balance in cells, maintaining their redox status at
a high level. In this way, the excessive production of ROS
is counteracted by their increased scavenging. The aim of
this study was to analyse changes in the activity of the
ascorbate-glutathione cycle during storage of A. sacchari-
num seeds and to assess how these changes can affect the
maintenance of seed viability during storage.

MATERIAL AND METHODS

Plant material and viability test

Two seedlots of silver maple (A. saccharinum L.) were
collected from trees growing in the Arboretum in Koérnik
(West Poland) in late May. After gathering they were im-
mediately transferred to the laboratory and subjected to de-
siccation. Seeds were air dried at room temperature over
the night and then packet to foil bags, sealed and kept at
3°C in phytotron. Their moisture content was measured in
three samples of 10 seeds each, after drying at 110°C for
24 h. Germination tests were conducted on two samples of
50 seeds each, on filter paper moistened with distilled wa-
ter, in Petri dishes at 25°C in the dark.

Ascorbate assays

Ascorbic acid (ASA) and dehydroascorbate (DHA) con-
tents were assayed according to Kampfenkel et al. (1995),
using three samples of 50 embryo axes or 10 cotyledons
each. The samples were homogenized in cold 6% TCA
(w/v). The homogenate was centrifuged at 12 000 g for 20
min and the supernatant was then used.

Glutatione assays

Glutathione in the reduced (GSH) and the oxidized form
(GSSG) was determined according to Smith (1985). Sam-
ples of 50 embryo axes or 10 cotyledons each were homo-
genized in 5% (w/v) sulfosalicylic acid on the ice bath and
then centrifuged at 10 000 g for 20 min.

Enzyme extraction and assay

All enzyme assays were performed in the same crude
extract. All extraction procedures were carried out at 4°C.
Samples of 50 embryo axes or 10 cotyledons each were
ground in liquid nitrogen and homogenized in 50 mM so-
dium phosphate buffer, pH 7.0, containing 0.2 mM EDTA
and 20% polyvinylpolypyrrolidone (PVPP) for 10 min.
Homogenates were filtered through two layers of cheesec-
loth and centrifuged at 4°C at 15 000 g for 20 min. Super-
natant was desalted on a Sephadex G 50 column according
to Helmerhorst and Stokes (1980) and was used as the cru-
de enzyme extract.

Ascorbate peroxidase (APO, EC.1.11.1.11) activity was
measured by following the decrease in absorbance at 290
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nm due to ascorbic acid oxidation for 5-10 min, according
to Nakano and Asada (1981). The reaction mixture contai-
ned: 1 ml of 0.68 mM ascorbic acid and 0.1 mM EDTA in
0.1 M phosphate buffer pH 7.0, 1 ml of 4 mM H,0, and
50-100 pl of the enzyme extract. APO activity was expres-
sed as nmol ASA min"! mg! protein.

Monodehydroascorbate reductase (MR, EC 1.6.5.4) was
tested according to Zhang and Kirkham (1996). The reac-
tion mixture contained: 50 mM phosphate buffer pH 7.6,
0.1 mM NADH, 2.5 mM ASA, 4 units of ASA oxidase and
50 pl of enzyme extract. NADH oxidation was monitored
at 340 nm. MR activity was expressed as nmol NADH
min-! mg! protein.

Dehydroascorbate reductase (DHAR, EC. 1.8.5.1) activi-
ty was measured according to Arrigoni et al. (1992). The
reaction mixture contained: 0.9 ml of 0.05 M potassium
phosphate buffer pH 6.3, 100 pl of 13.5 mM dehydroascor-
bate (DHA), 100 ml of 13.5 mM reduced glutathione
(GSH) and 100-200 pl of enzyme extract. The DHAR acti-
vity was monitored by following the formation of ascorba-
te at 265 nm for 5 min. Enzyme activity was expressed as
nmol ASA min! mg! protein.

Glutathione reductase (GR, EC. 1.6.4.2) activity was de-
termined according to Esterbauer and Grill (1978), by fol-
lowing the rate of NADPH oxidation at 340 nm. The assay
mixture contained: 0.5 mM NADPH, 10 mM oxidized glu-
tathione (GSSG), 10 mM EDTA in 0.1 M phosphate buffer
pH 7.8, and 50-100 pl of enzyme extract. GR activity was
expressed as nmol NADPH min'! mg! protein.

Protein content of crude enzyme extracts was estimated
according to Bradford (1976), using BSA as standard.

Statistical analysis

Data are presented as means + standard deviation of six
replicates. The statistical differences between non stored
control and stored seeds were tested using an analysis of
variance (ANOVA). Levels of significance are indicated as
* P<0.05 and ** P<0.01.

RESULTS AND DISCUSSION

Seeds of A. saccharinum belong to the recalcitrant cate-
gory. After 6 months of storage at +3°C, seed viability
(measured as germinability) amounted to 30% in one seed
lot and 100% in the other. This difference may be due to
differences in the initial moisture content, as it reached
55% in the first seed lot and 50% in the second (Fig. 1).

Results of earlier research show that the higher is the
moisture content of seeds, the faster is the loss of metabo-
lic balance and the resultant loss of viability (Walters
1998; Walters et al. 2001; Ratajczak and Pukacka 2005).
The direct cause of the viability loss in recalcitrant seeds is
the oxidative stress due to the loss of metabolic balance
(Sacandé et al. 2000) and excessive ROS production (Pu-
kacka 1989, 1998; Greggains et al. 2000).

Many antioxidants, i.e. compounds combining with and
removing ROS, can be found in plant cells. Among them,
an important role is played by ascorbate and glutathione.
During storage of both seed lots, we recorded changes in
levels of those compounds. In relation to the dry weight of
seeds, embryo axes contained significantly more ascorbate
and glutathione than cotyledons did (Figs 2 and 3). This
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Fig. 1. Dynamics of germination of A. saccharinum seeds after shedding
(50 and 55% of water content); after storage through half year and the ini-
tial moisture content of 50%; after storage through half year and the ini-
tial moisture content of 55%.

suggests that embryo axes are better equipped to withstand
external disadvantageous conditions than cotyledons are.
Ascorbate is represented in plant cells by a reduced form
(ascorbic acid, ASA) and an oxidized form (dehydroascor-
bate, DHA). We found that ASA and DHA content of se-
eds with 100% viability did not differ significantly from
the control, both in embryo axes and in cotyledons (Fig. 2).
A substantial increase in both the reduced and the oxidized
form was recorded in embryo axes of seeds with 30% via-
bility (respectively from 2.1 and 1.8 mg g'! DW in the con-
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Fig. 2. Changes in ASA and DHA level in embryo axes and cotyledons of
Acer saccharinum seeds after shedding (A), after storage through half ye-
ar and 100% germinability (B); after storage through half year and 30%
germinability (C).
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trol to 4.9 and 4.6 mg g'! DW in stored seeds). In cotyle-
dons of those seeds, only the ASA level increased signifi-
cantly (from 0.63 to 1.5 mg g'! DW). The observed increa-
se in ASA content was a consequence of a defence reaction
and could result from de novo synthesis due to more inten-
sive respiration (Siendones et al. 1999; Millar et al. 2003)
and from a low intensity of enzymatic decomposition.

In both stored seed lots, differences were also noted in
levels of both the reduced (GSH) and the oxidized (GSSG)
form of glutathione. In seeds of A. saccharinum, as in most
other plant organs, the GSH content was much higher than
the GSSG content. In seeds with 100% viability, GSH and
GSSG levels in embryo axes were not significantly diffe-
rent from the control, but in cotyledons GSH increased si-
gnificantly, while GSSG decreased (respectively from 150
and 87 pg g'! DW in control to 236 and 39 pg g'! DW in
stored seeds) (Fig. 3). This may attest to an oxidative stress
and activation of the antioxidant system (Hsu and Sung
1997) in cotyledons. In seeds with 30% viability, GSH and
GSSG levels decreased remarkably in embryo axes (re-
spectively from 483 and 257 to 212 and 64 png g DW) and
cotyledons (from 150 and 87 to 50 and 42 pg g' DW re-
spectively), which indicates that both forms were used in
the seed defence system in both seed parts.

In both stored seed lots, activities of nearly all the stu-
died enzymes of ascorbate-glutathione pathway in embryo
axes of seeds with 100% viability were not significantly
different from the control (Fig. 4). By contrast, in embryo
axes of seeds with 30% viability, enzyme activities signifi-
cantly increased (10-17% of the control). In cotyledons
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Fig. 3. Changes in GSH and GSSG level in embryo axes and cotyledons
of Acer saccharinum seeds after shedding (A), after storage through half
year and 100% germinability (B); after storage through half year and 30%
germinability (C).
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Fig. 4. Changes in activities of ascorbate peroxidase (APO), monodehydroascorbate reductase (MR), dehydroascorbate reductase (DHAR), glutathione re-
ductase (RG) in embryo axes and cotyledons of Acer saccharinum seeds after shedding (A), after storage through half year and 100% germinability (B);

after storage through half year and 30% germinability (C).

from both seed lots, activities of the studied enzymes also
increased significantly in comparison with the control (18-
-26%) (Fig. 4).

Interestingly, MR and GR activities in embryo axes of
seeds with 30% viability increased and were accompanied
by a slight increase in APO and DHAR activities. MR and
GR participate in recycling of the two low molecular antio-
xidants (ascorbate and glutathione, respectively), so the ob-
served increase in their activity in embryo axes of seeds
with 30% viability reflects their increased sensitivity to
storage conditions and activation of defence reactions.

Results of this study indicate that the viability of the two
seed lots of A. saccharinum during storage was significan-
tly affected by their moisture content. Seeds with 100%
viability did not show clear symptoms of oxidative stress
in embryo axes, as the activity of the ascorbate-glutathione
cycle changed only slightly there. However, some changes
were recorded in their cotyledons (Figs 3 and 4). In seeds
with 30% viability, significant changes in the whole antio-
xidant system were noted both in embryo axes and in coty-
ledons. This attests to oxidative stress, which caused the
loss of viability of the stored seeds.
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