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ABSTRACT

Under high light intensity, low temperatures as well as heavy metals induce photoinhibition of PSII and oxidative stress in
leaves. Since cold acclimation of leaves ameliorates their capacity of antioxidative defence, cross tolerance between cold-
induced and heavy metal-induced photoinhibition was investigated in pea leaves grown at either 22 °C or 6 °C. The
experimental conditions were chosen to induce a uniform level of short-term photoinhibition at low temperature or in the
presence of CuSO, or CdCl, in leaves grown at 22 °C. Under all conditions photoinhibition of PSII was lower in cold-
acclimated (6°C-grown) than in non-acclimated (22°C-grown) pea leaves. In darkness PSII was not affected by all treatments.
Other parameters like catalase activity, chlorophyll content and metabolite contents were most sensitive to CuSO,, but less
affected by CdCl, and low temperature treatments. Strong oxidation of ascorbate and concomitant loss of catalase activity
showed the enhanced oxidative stress in CuSO,-treated leaves. Generally, all measured parameters were less affected in cold-
acclimated leaves than in non-acclimated leaves under all experimental conditions. Cold-acclimated pea leaves contained higher
levels of ascorbate and particularly of glutathione and a higher capacity to keep the primary electron acceptor of PSII more
oxidised. Incubation with heavy metals caused a nearly complete loss of reduced glutathione. It is suggested that reduced
glutathione served as a source for phytochelatin synthesis. The extraordinarily high glutathione content in cold-acclimated pea
leaves might therefore increase their ability to chelate heavy metals and thus to protect leaves from heavy-metal induced
damage. [Physiol. Mol. Biol. Plants 2008; 14(3) : 185-193] E-mail : peter.streb@u-psud.fr
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Many environmental stresses affect plant performance different stress conditions in leaves are the

particularly when they are simultaneously exposed to
light exceeding the level that the plants received during
growth and overloading their photosynthetic capacity
(Aro et al. 1993, Polle 1997). The energy of excessive
light absorbed by the leaves must be either dissipated
or consumed by metabolic reactions (Foyer 1997, Huner
et al. 1998, Ort & Baker 2002). In case that harmless
dissipation or utilisation is overloaded, reactive oxygen
species are formed leading to general destruction of
membranes, proteins and pigments (Asada 1999). Early
targets of light-induced destruction under several
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photoinhibition of PSII and the photoinactivation of the
peroxisomal protein catalase (Streb et al. 1993, Aro et
al. 1993). Prolonged stress exposure at high light leads
to more general oxidative cellular damage.

One common stress factor in the northern hemisphere
during winter and early spring is low temperature,
particularly when combined with high irradiation. Several
plant species, including Pisum sativum, can acclimate
to these conditions. Acclimated plants show less
photoinhibition of PSII and of catalase (Feierabend et
al. 1992, Huner et al. 1998, Streb et al. 1999), as
compared to non-acclimated or low-land tropical plants.
Acclimation to low temperature often depends on a cool
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growth temperature and is accompanied by an increase
of the capacity of leaves to scavenge reactive oxygen
species as indicated by higher activities of antioxidative
enzymes and higher contents of antioxidants, such as
ascorbate, glutathione and carotenoids (Streb et al. 1999,
2003, Adams III et al. 2002). Furthermore, the harmless
dissipation of excess light energy is enhanced in these
plants, as indicated by more rapid and increased
formation of zeaxanthin and a more efficient non-
photochemical fluorescence quenching (qN) as well as
by a higher capacity to keep the reduction state of the
photosynthetic electron transport chain more oxidised
(Streb et al. 1999, Huner et al. 1998, Adams III et al.
2002). Cold-acclimated plants also increase their
photosynthetic capacity, due to higher activities of
Calvin cycle enzymes and higher rates of sucrose
synthesis which serve as electron sinks (Huner et al.
1993).

The improved protection of rye leaves acclimated to
low temperature is illustrated by their cross-tolerance to
oxidative damage caused by the herbicide paraquat
(Streb et al. 1999).

One direct or indirect consequence of heavy metal
action in plants is the increased production of reactive
oxygen species (Dietz et al. 1999). At high irradiance,
the two heavy metal salts CdCl, and CuSO, induce
strong photoinhibition of PSII and of catalase as well as
bleaching of chlorophyll in rye leaves (Streb ef al. 1993).
Similar inhibitory effects of Cu and Cd were reported for
various other plant species, although the role of light
was not specifically investigated (e.g. Prasad & Strzalka
1999, Dietz et al. 1999, Chugh & Sawhney 1999,
Schiitzendiibel & Polle 2002, Tewari et al. 2006). This
raises the question of whether cold-acclimation can also
increase heavy metal tolerance and allow acclimated
leaves to attenuate the inhibition of photosynthetic
metabolism.

In the present contribution the effects of treatments
with CdCl, and CuSO,4 were compared to low temperature
stress in pea leaves grown at ambient (22°C-grown
leaves) and low (6°C-grown leaves) temperature, after
exposure to high irradiance. Pea leaves are relatively
cold-tolerant with respect to photoinhibition of PSII
and of catalase, as compared to plants from low-land
tropical origin, but they are much more chilling-sensitive
than e.g. alpine plants (Feierabend et al. 1992, Streb et
al. 2003). The tolerance to photoinhibition was markedly
increased in cold-acclimated pea leaves (Streb et al.
2003). The aim of the present study was to investigate
whether cold-acclimation ameliorates heavy metal
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tolerance at high irradiation and to compare the effects
of heavy metal and cold-stress on the antioxidant defence
system and on carbon metabolism.

MATERIAL AND METHODS

Plant material and growing conditions

P. sativum plants were grown under controlled conditions
(14 h light, 10 h dark) in white light at 100 umol
m2s! PAR (photosynthetic active radiation) in
Vermiculite moistened with tap water as described (Streb
et al. 2003). Plants were either grown at a temperature
of 22 °C (day) and 18 °C (night) for 10 to 12 days or at
a constant temperature of 6 °C for 16 weeks. At this
stage 22 °C-grown plants and 6 °C-grown plants had
similar leaf numbers and chlorophyll contents on a fresh

weight basis (Streb et al. 2003).
Experimental treatment

Intact fully developed leaves were detached and floated
in plastic boxes or petri dishes (250 ml for 10 g leaves
used for NMR-analysis or 10 ml for 0.3 g leaf material
used for HPLC analysis, chlorophyll, catalase, and Fv/
Fm measurements) on tap water in the presence or
absence of 10 mM CuSO,4 or 5 mM CdCl, at 25 °C or on
ice-cooled water at approximately 5 °C to 7 °C under
white light of 1000 umol m2s' PAR (4 x 100 W low-
voltage halogen lamps). Control leaves were kept in
darkness. For the chlorophyll fluorescence measurement
of 1-qP and gN attached leaves were used. Leaves were
either fixed in Petri dishes floating on water at 25 °C in
the presence or absence of 10 mM CuSO4 or 5 mM
CdCl, or on ice cooled water. Leaves were dark acclimated
for 2 h and illuminated afterwards at 1000 umol m2s"!
PAR. Measurements of 1-qP and N were made directly
after a 1 h illumination period.

Fluorescence measurements

A Mini-PAM (Waltz, Germany) was used for the
chlorophyll-fluorescence measurements. The ratio Fv/
Fm (variable to maximum fluorescence) in 30 min dark-
adapted samples, the non-photochemical fluorescence
quenching (qN) and the relative redox-state of the
primary electron acceptor of PSII Q4 (1-qP) were
calculated as described (Streb er al. 1998).

Enzyme assays and analytical methods

For the estimation of catalase activity and of contents
of antioxidants and pigments, approximately 0.3 g fresh
weight of leaf material was used. Extraction and
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estimation of catalase activity and chlorophyll contents
from 80 % (v/v) acetone extracts were described by
Streb et al. (1998). The antioxidants ascorbate,
dehydroascorbate, reduced and oxidised glutathione
were extracted in 1 % metaphosphoric acid and assayed
by HPLC as described by Streb et al. (1998).

For NMR-analysis leaf material of 10 g fresh weight
was frozen in liquid nitrogen and stored at —20°C. The
extraction and determination of metabolite contents by
NMR were described in Streb et al. (2003). Extracts were
measured with a NMR-spectrometer (AMX 400, Bruker,
Bilerica, MA) in a 10 mm multinuclear tube tuned at
100.6 MHz for '3C-NMR. The resonance signal of >H,O
was used as a lock signal. Data acquisition conditions
were exactly as described by Streb et al. (2003). 13C-
NMR-data were recorded with 225 scans.

The peaks in the NMR-spectra were identified by
comparison to standard solutions with known
compounds reported in previous publications (Streb et
al. 2003).

For the estimation of metabolite contents the relative
peak response on the same fresh weight basis was
calculated. Individual peak responses of free amino acids
were combined in order to calculate the total free amino
acid content.

Statistical significant differences were calculated with
the Sigma Plot program. The p values and the number
of experiments are indicated in the legends for the
figures. Mean values and the standard errors are shown
in the graphics.

RESULTS

When pea leaves grown at 22 °C were exposed to an
irradiation 10 times higher than growth light either at
low temperature (5°C-7°C) or at 25°C in the presence of
CdCl, or CuSO, photoinhibition of PSII, indicated by
the decline of the Fv/Fm ratio, was induced rapidly (Fig.
1A). After 6 h exposure a 50 % inhibition was measured
in all treatments, except for the control kept on water at
25°C. High concentrations of CdCl, and CuSO, were
applied in order to induce approximately the same extent
of photoinhibition as observed at low temperature (Fig.
1A). In all treatments PSII was not affected in darkness.
Cold-acclimated 6°C- grown leaves were markedly more
resistant to photoinhibition than 22°C-grown leaves (Fig.
1B). Notably, the extent of photoinhibition induced by
Cd and Cu in 6°C-grown leaves was similarly diminished
as in the low temperature treatment.
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The fluorescence parameters 1-qP and qN were
determined after 1 h illumination at high light in order
to estimate the relative reduction state of the primary
electron acceptor Q, of PSII and the harmless dissipation
of excess energy as heat. The relative Q4 reduction
state was highest after cold treatments. Both heavy
metals increased Q, reduction in 22°C-grown leaves but
decreased Q4 reduction in 6°C-grown leaves, relative to
the untreated control. Generally, Q, reduction was higher
in 22°C-grown than in 6°C-grown leaves. In leaves from
both growth conditions qN was not substantially
affected by any of the experimental treatments (Fig. 2).

Catalase activity was significantly lower in 6°C-grown
than in 22°C-grown leaves, while the chlorophyll
contents were similar (Fig. 3). During subsequent
incubations in light catalase activity increased in control
leaves but decreased in darkness (Fig. 3A + B). Exposure
to low temperature or CdCl, caused declines of catalase
activity. This effect was more pronounced in 22°C-grown
than in 6°C-grown leaves. In the presence of CuSO,
catalase was almost completely inactivated in plants
from both growth temperatures, however, only when
leaves were exposed to light. The chlorophyll content
decreased only slightly in CuSOy-treated 22°C-grown
leaves in high light but was very similar under all other
conditions.
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Fig. 1. Changes of the fluorescence ratio Fv/Fm in dark-
acclimated pea leaves grown at 22° C for 10-12 days (A), or
at 6° C for 16 weeks (B) in % before treatment. Leaves were
incubated at 1000 umol m~s"! PAR in water (control, O) or
solutions of 10 mM CuSO, (#) or 5 mM CdCl, (v) at 25
°C or on ice cooled water of 5-7 °C (Q). The mean Fv/Fm
value of dark treatments from all incubation conditions is
shown (e). The standard error is indicated (n = 4). 6°C-
grown leaves were significantly less photoinhibited than 22°C-
grown leaves in response to heavy metal treatment (p <
0.01) and cold treatment (p < 0.05) after 6 h incubation time.
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Fig. 2. Fluorescence parameters 1-qP (A, C) as a relative
measure of the Q, reduction state of PSII, and non-
photochemical fluorescence quenching gN (B, D) in pea leaves
grown at 22° C for 10-12 days (A, B, black bars), or at 6°
C for 16 weeks (C, D, white bars). Leaves were kept attached
to the plants and fixed in petri dishes, preincubated for 2 h
in darkness at 25 °C in the presence or absence (control) of
10 mM CuSO, or 5 mM CdCl, or in ice cooled water (cold).
Subsequently, leaves were illuminated with white actinic light
at 1000 umol ms”! PAR. 1-qP and qN were determined
after 60 min illumination followed by a saturating flash and
the switching off of actinic light in order to measure Fo’.
Mean values with standard errors are indicated (n = 4).
Significant differences between 22°C-grown and 4°C-grown
leaves are indicated by *(p < 0.1) or ** (p < 0.05).

Ascorbic acid contents were slightly higher in 6°C-
grown than in 22°C-grown leaves (Fig. 4). During
incubation in light total ascorbate contents increased
slightly in 22°C-grown as well as in 6°C-grown leaves
without changes in the redox state. Similarly, exposures
to low temperature or CdCl, caused some changes of
the total ascorbate contents in 22°C-grown and 6°C-
grown leaves without affecting the ratio of reduced to
total ascorbate. The ascorbate contents remained always
higher in 6°C-grown than in 22°C-grown leaves.
However, CuSO, treatment decreased the proportion of
reduced ascorbate, particularly in light (Fig. 4).

Glutathione contents were twice as high in 6°C-grown
as in 22°C-grown leaves. Exposure to high light at 25°C
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Fig. 3. Catalase activity in pkat g"'FW (A, B) and chlorophyll
content in mg g'FW (C, D) in dark-acclimated pea leaves
grown at 22° C for 10-12 days (A, C), or at 6° C for 16
weeks (B, D) before (Control Before Treatment) and after a
6 h treatment of leaves in light of 1000 umol m-s' PAR
(HL) or in darkness (dark). Leaves were incubated on water
(control), or on solutions of 10 mM CuSO, or 5 mM CdCl,
at 25 °C, or at low temperature (LT). Significant differences
were calculated and indicated by: a, significant difference as
compared to the untreated control or b, significant difference
as compared to the control treatment in water at the p<0.01
level (n = 4).

increased both the reduced and total glutathione
contents markedly in leaves grown at both temperatures
but, nevertheless, the redox state was shifted in favour
of the oxidised form. At low temperature glutathione
contents increased only in 6°C-grown leaves. In the
presence of both heavy metals glutathione became
largely oxidised in light as well as in darkness. Total
glutathione contents decreased, particularly in darkness
(Fig. 5).

To further investigate the effects of heavy metal
treatments the major soluble metabolites, sugars, malate
and total free amino acids, were analysed by NMR. The
contents of sucrose and total free amino acids were
similar, those of glucose and malate were higher and the
fructose contents were lower in 22°C-grown than in
6°C-grown leaves (Fig. 6).

During exposure to high light at 25°C sucrose
contents increased markedly in leaves from both growth
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Fig. 4. Contents of reduced (black bars) and total (white
bars) ascorbic acid in umol g"'FW in pea leaves grown at 22°
C for 10-12 days (A), or at 6° C for 16 weeks (B). Assays
were performed before incubation (Oh) or after 6 h treatment
in light of 1000 umol m2s! PAR (HL) or in darkness (D).
Leaves were incubated at 25° C on water (Control), on ice
cooled water (Cold) or at 25° C on solutions of 10 mM
CuSO, or 5 mM CdCl,. Note that different scales were used
for 22°C-grown and 6°C-grown leaves. The ratio ascorbic
acid reduced/ascorbic acid total is significantly lower in leaves
treated with CuSO, in light as compared to all other light
treatments at p < 0.01 for 22°C-grown leaves and at p < 0.05
for 6°C-grown leaves. There is no significant difference
between 22°C-grown leaves and 6°C-grown leaves (n = 3).

temperatures, those of fructose only slightly. The
glucose contents decreased, however, in 22°C-grown
leaves. The sucrose contents increased also during high
light incubation at low temperature, particularly in 22°C-
grown leaves. However, in 22°C-grown leaves this
increase was accompanied by declines of glucose and
fructose while the latter remained unchanged in 6°C-
grown leaves. In the presence of CuSO, sucrose
contents were not changed and the lowest contents of
fructose and glucose were observed in 22°C-grown
leaves. In 6°C-grown leaves sucrose contents increased
but this was accompanied by a decrease in glucose and
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Fig. 5. Contents of reduced (black bars) and total (white
bars) glutathione in nmol g 'FW in pea leaves grown at 22°
C for 10-12 days (A), or grown at 6° C for 16 weeks (B).
Assays were performed before incubation (0) or after 6 h
treatment in light of 1000 umol m™2s”' PAR (HL) or in
darkness (D). Leaves were incubated at 25° C on water
(Control), on ice cooled water (Cold) or at 25° C on solutions
of 10 mM CuSO, or 5 mM CdCl,. Note that different scales
were used for 22°C-grown and 6°C-grown leaves. Glutathione
content in 22°C-grown leaves was significantly lower than in
6°C-grown leaves at p < 0.01 for reduced glutathione and p
< 0.05 for total glutathione. Significant differences were
calculated and indicated by: a, significant difference as
compared to the untreated control or b, significant difference
as compared to the control treatment in water at the p < 0.01
level (n = 3).

fructose in the presence of CuSO,. After incubation
with CdCl,, sugar contents remained higher than in
CuSOy-treated leaves from both growth temperatures
but lower than after cold treatments.

During illumination at low temperature malate and
free amino acid contents decreased strongly in 22°C-
grown leaves while the malate contents increased in
6°C-grown leaves. Heavy metal treatments caused
striking declines of the malate content which became
undetectable in the presence of CuSOy, both in leaves
grown at 22°C and at 6°C. The contents of total free
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Fig. 6. Contents of metabolites (sucrose, glucose, fructose,
malate and total free amino acids) in relative units (peak
response on the same fresh weigh basis) in pea leaves grown
at 22° C for 10-12 days (left), or at 6° C for 16 weeks
(right). Assays were performed before incubation (Oh) or
after 6 h treatment in light of 1000 umol m~2s"! PAR. Leaves
were incubated at 25 °C on water (Control), on ice cooled
water (Cold) or at 25 °C on solutions of 10 mM CuSO, or
5 mM CdCl,. Glucose was significantly higher and fructose
significantly lower in 22 °C-grown leaves than in 6 °C-grown
leaves (p<0.05). Significant differences to the untreated
control at the p<0.05 level are indicated by asterisks (n = 2).

amino acids were also strongly diminished by CuSO,
treatments but were much less affected in the presence
of CdCl,. The total free amino acid contents remained
higher in cold-acclimated than in non-acclimated leaves.

DISCUSSION

Cold-acclimation increases resistance to photo-
inhibition under heavy metal stress

Similar to other plant species also pea leaves can
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acclimate to low temperature stress in high light when
plants were grown at low temperature (Streb ef al. 1999,
2003). This is evident from the lower photoinhibition of
PSII during illumination at low temperature (Fig. 1).

The present results show that cold-acclimated pea
leaves were also more resistant to Cu- and Cd- induced
photoinhibition of PSII than 22°C-grown leaves.

Cold-acclimated leaves of many plant species showed
higher rates of harmless energy dissipation, as indicated
by higher rates of non-photochemical fluorescence
quenching and are able to keep their photosynthetic
electron transport chain in a more oxidised state during
light exposure than non-acclimated leaves (Huner et al.
1998, Streb et al. 1999, Adams III ef al 2002). However,
non-photochemical fluorescence quenching was only
slightly higher in cold- acclimated versus non-acclimated
pea leaves under all experimental conditions applied.
This suggests that dissipation of excess excitation
energy as heat did not significantly contribute to
protection of cold-acclimated pea leaves against either
low temperature- or heavy metal-induced stress in light.
Nevertheless, cold-acclimated leaves kept the relative
reduction state of Q, more oxidised, when leaves were
illuminated at low temperature or in the presence of
heavy metals. Assuming that the connectivity between
light-harvesting complexes and the reaction centre is
similar in cold-acclimated and non-acclimated leaves,
the fluorescence parameter 1-qP may serve as a relative
measure of Q4 reduction (Streb et al. 2005). The strongest
increase of Q, reduction was observed when leaves
were illuminated at low temperature. This may be a
consequence of the retardation of the enzymatic reactions
of the Calvin cycle at low temperature (Huner et al.
1998). Notably, during incubation at low temperature in
high light the sucrose contents increased in 22°C-grown
leaves as well as in cold-acclimated leaves to even
higher levels than after a 25°C-exposure, indicating that
sucrose synthesis per se was not affected by the low
temperature in 22°C-grown leaves. In the 22°C-grown
leaves the increase of sucrose contents was, however,
accompanied by a decrease of glucose and fructose
(Fig. 6) and may therefore not result from higher
photosynthetic activity under these conditions.

In the presence of both heavy metals Q, remained
more oxidised than at low temperature. Cu was shown
to act preferentially at the donor side of PSII (Yruela et
al. 2000, Pitsikkd et al. 2001) but Cd appears to have
no direct effect on the photosynthetic machinery (Baryla
et al. 2001). Nevertheless, since sucrose synthesis was
higher and Q, reduction was lower in cold-acclimated
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than in non-acclimated leaves, cold-acclimated leaves
were obviously able to maintain a higher photosynthetic
performance in the presence of both heavy metals.

Responses of other light-sensitive parameters
differed after Cu or Cd treatments of pea leaves.
Generally, the effect of CuSO, was more destructive
than that of CdCl,. Irrespective of the growth conditions,
catalase was almost completely inactivated in the
presence of CuSO, in illuminated leaves but not in
darkness, showing that this loss of catalase activity
was mainly mediated by light, as previously described
for rye leaves (Streb et al. 1993). As described for many
other plant species treated with Cu or Cd (Dietz et al.
1999, Schiitzendiibel & Polle 2002, Mishra et al. 2006),
a minor decrease of catalase activity occurred also in
CuSO,-treated 22°C-grown leaves in darkness
suggesting some direct inactivation (Fig. 3). Such a
direct catalase inactivation in darkness was not observed
in cold-acclimated leaves. Catalase photoinactivation was
also visible in the presence of CdCl, but less marked
than in the presence of CuSO, and again 22°C-grown
leaves were more sensitive than 6°C-grown leaves.

Furthermore, CuSO, induced also some slight
chlorophyll bleaching in 22°C-grown but not in 6°C-
grown leaves. Altogether, the results demonstrate that
cold-acclimation ameliorated the tolerance for heavy
metal-induced stress.

Stress-induced changes of antioxidants and their redox
state

Similar to several other cold-acclimated plants (Schoner
& Krause 1990, Streb et al. 1999, 2003) 6°C-grown pea
leaves had also higher ascorbate and glutathione
contents than 22°C-grown leaves (Figs. 4 and 5).
Particularly the glutathione content was elevated by
cold-acclimation. While the total ascorbate contents
declined in some heavy metal treatments, particularly in
darkness, the redox state did not change markedly, except
after CuSOy-treatment in light. Ascorbate oxidation was
slightly but not significantly more pronounced in 22°C-
grown leaves and correlated well with the marked
decrease of catalase activity, which was not observed
in the other treatments. This observation suggests that
the lack of catalase activity caused oxidative stress and
ascorbate oxidation. Copper-induced ascorbate oxidation
was, however, also observed in mulberry plants, although
their catalase activity was increased (Tewari et al., 2006).

Total glutathione contents increased in high light at
25° C, but not under all other conditions. In the presence

Physiol. Mol. Biol. Plants, 14(3)-July, 2008

of both heavy metals glutathione was almost completely
oxidised and the total glutathione contents declined.
Glutathione is the most important source of
phytochelatin synthesis (Rauser 1990, Prasad 1999,
Cobbett & Goldsbrough 2002, Sarry et al. 2006). It is
most strongly induced by Cd and also by Cu and was
shown to occur in pea leaves. Plants with enhanced
glutathione contents showed higher Cd tolerance
(Schiitzendiibel & Polle 2002, Mishra et al. 2006). The
strong decrease of reduced glutathione in heavy metal-
treated leaves therefore suggests a role in phytochelatin
synthesis. Because glutathione contents were twice as
high in cold-acclimated as in non-acclimated leaves the
metal complexing ability of cold-acclimated leaves could
be expected to be markedly higher. Their improved
antioxidative protection and their superior ability for
heavy metal detoxification by phytochelatin synthesis
presumably represent the main properties responsible
for the observed cross-tolerance of cold-acclimated
leaves to heavy metal stress.

Stress-induced changes of metabolite contents

The analysis of some major metabolites gave an
impression of the strength and complexity of the stress
responses induced by CuSO, and CdCl,. Illumination in
the absence of heavy metals induced marked increases
of sucrose contents in 22°C- and 6°C-grown leaves,
indicating their photosynthetic activity. However, during
exposure to light at low temperature this sucrose
accumulation in 22°C-grown leaves was accompanied
by a decrease of glucose and fructose and may therefore
only partially result from photosynthetic activity. The
presence of CuSO, prevented sucrose synthesis in 22°C-
grown leaves and caused marked declines of glucose
and fructose. In cold-acclimated leaves, however,
sucrose contents increased even in the presence of
CuSO,4 providing further evidence that metabolism was
less impaired than in non-acclimated leaves. Free total
amino acids, malate (Fig. 6) and other metabolites (not
shown) declined below the detection limit in CuSOy-
treated leaves, indicating a complex and strong
interference with metabolic reactions in both acclimated
and non-acclimated leaves. Metabolite changes in CdCl,-
treated leaves were similar as, but less striking than, in
CuSOy-treatments. Sucrose formation was higher in 6°C-
grown than in 22°C-grown leaves. Contents of glucose,
fructose and total free amino acids remained constant in
6°C-grown leaves but declined in 22°C-grown leaves.

The increase of the malate contents observed in
6°C-grown leaves may result from the activity of the
malate valve which can consume photosynthetically
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generated reductants in the chloroplast und thus
decrease oxidative stress (Scheibe 2004). While the
malate content increased strongly in 6°C-grown leaves
even at low temperature it decreased in 22°C-grown
leaves. Oxidative stress induced by both heavy metals
together with the concomitant consumption of reactive
oxygen scavengers and reductants may compete with
electron transfer to malate and thus cause its substantial
decline or even elimination.

CONCLUSION

In cold-acclimated pea leaves heavy metal tolerance is
ameliorated, as reflected by a higher resistance to
photoinhibition of PSII, a more oxidised electron
transport chain, less oxidative damage and less impaired
metabolite synthesis than in non-acclimated leaves.
Nevertheless, both heavy metals affect metabolic
reactions strongly also in cold-acclimated leaves. The
higher tolerance of cold-acclimated leaves to heavy metal
stress may result from their improved antioxidative
protection, particularly their very high glutathione
content relative to non-acclimated leaves. Glutathione
is the substrate for phytochelatin synthesis (Rauser
1990, Prasad 1999, Cobbett & Goldsbrough 2002, Sarry
et al. 2006). Plants with higher capacities to synthesise
glutathione are more tolerant to Cd treatment (Zhu et
al. 1999a, 1999b, Mishra et al. 2006) and can accumulate
higher cadmium concentrations in the tissues (Arisi et
al. 2000). Since glutathione contents and synthesis are
often elevated in cold-acclimated leaves (Streb et al.
1999, Kocsy et al. 2001) low temperature acclimation
might induce increased heavy metal tolerance due to an
increased heavy metal complexing capacity.

ACKNOWLEDGEMENTS

Technical assistance of Christel van Oijen, Anne-Marie
Boisson and Michelle Quemin is greatly appreciated.
P.S. thanks the DFG, Germany, for financial support.

REFERENCES

Adams III, W.W., Demmig-Adams, B., Rosenstiel, T.N.,
Brightwell, A.K., Ebbert, V. (2002) Photosynthesis and
photoprotection in overwintering plants. Plant Biol. 4 :
535-654

Arisi, A.-C. Mocquot, B., Lagriffoul, A., Mench, M., Foyer,
C.H., Jouanin, L. (2000) Response to cadmium in leaves
of transformed poplars overexpressing y-glutamylcysteine
synthetase. Physiol. Plant. 109 : 143-149

@ Springer

Aro, E.M., Virgin, L., Andersson, B. (1993) Photoinhibition
of photosystem II. Inactivation, protein damage and
turnover. Biochim. Biophys. Acta 1143 : 113-134

Asada, K. (1999) The water-water cycle in chloroplasts:
scavenging of active oxygens and dissipation of excess
photons. An. Rev. Plant Physiol. Plant Mol. Biol. 50 :
601-639

Baryla, A., Carrier, P., Franck, F., Coulomb, C., Sahut, C.,
Havaux, M. (2001) Leaf clorosis in oilseed rape plants
(Brassica napus) grown on cadmium-polluted soil: causes
and consequences for photosynthesis and growth. Planta
212 : 696-709

Chugh, L.K., Sawhney, S.K. (1999) Photosynthetic activities
of Pisum sativum seedlings grown in presence of
cadmium. Plant Physiol. Biochem. 37 : 297-303

Cobbett, C., Goldsbrough, P. (2002) Phytochelatins and
metallothioneins: roles in heavy metal detoxification and
homeostasis. An. Rev. Plant Biol. 53 : 159-182

Dietz, K.J., Baier, M., Kramer, U. (1999) Free radicals and
reactive oxygen species as mediators of heavy metal
toxicity in plants. In: Heavy Metal Stress in Plants:
Jform molecules to ecosystems (Prasad M.N.V., Hagemeyer
J. Eds.) Springer Verlag Berlin Heidelberg, pp 73-97

Feierabend, J., Schaan, C., Hertwig, B. (1992)
Photoinactivation of catalase occurs under both high-
and low-temperature stress conditions and accompanies
photoinhibition of PSII. Plant Physiol. 100 : 1554-1561

Foyer, C.H. (1997) Oxygen metabolism and electron transport
in photosynthesis. In: Oxidative Stress and the Molecular
Biology of Antioxidant Defences (ed. J.G. Scandalios)
Cold Spring Harbor Laboratory Press, Monographs 34,
pp 587-621

Huner, N.P.A., Oquist, G., Hurry, V.M., Krol, M., Falk, S.,
Griffith, M. (1993) Photosynthesis, photoinhibition and
low temperature acclimation in cold tolerant plants.
Photosynth. Res. 37 : 19-39

Huner, N.P.A., Oquist, G., Sarhan, F. (1998) Energy balance
and acclimation to light and cold. Trends Plant Sci. 3 :
224-230

Kocsy, G., Galiba, G., Brunold, C. (2001) Role of glutathione
in adaptation and signalling during chilling and cold
acclimation in plants. Physiol. Plant. 113 : 158-164

Mishra, S., Srivastava, S, Tripathi, R.D., Govindarajan, R.,
Kuriakose, S.V., Prasad, M.N.V. (2006) Phytochelatin
synthesis and response of antioxidants during cadmium
stress in Bacopa monnieri L.. Plant Physiol. and Biochem.
44 : 25-37

Ort, D.R., Baker, N.R. (2002) A photoprotective role of O,
as an alternative electron sink in photosynthesis? Curr.
Opin. Plant Biol. 5 : 193-198

Pitsikkd, E., Aro, E.-M., Tyystjarvi, E. (2001) Mechanism
of copper-enhanced photoinhibition in thylakoid
membranes. Physiol. Plant. 113 : 142-150

Polle, A. (1997) Defense against photooxidative damage in
plants. In: Oxidative Stress and the Molecular Biology
of Antioxidant Defences (ed. J.G. Scandalios) Cold Spring
Harbor Laboratory Press, Monographs 34, pp. 623-666

Physiol. Mol. Biol. Plants, 14(3)-July, 2008



Cross tolerance induced by cold-acclimation 193

Prasad, M.N.V. (1999) Metollothioneins and metal binding
complexes in plants. In: Heavy Metal Stress in Plants:
form molecules to ecosystems (Prasad M.N.V., Hagemeyer
J. Eds.) Springer Verlag Berlin Heidelberg, pp. 51-72

Prasad, M.N.V., Strzalka, K. (1999) Impact of heavy metals
on photosynthesis. In: Heavy Metal Stress in Plants:
form molecules to ecosystems (Prasad M.N.V., Hagemeyer
J. Eds.) Springer Verlag Berlin Heidelberg, pp. 117-138

Rauser, W.E. (1990) Phytochelatins. An. Rev. Biochem. 59 :
61-86

Scheibe, R. (2004) Malate valves to balance cellular energy
supply. Physiol. Plant. 120 : 21-26

Sarry, J.-E., Kuhn, L., Ducruix, C., Lafaye, A., Junot, C.,
Hugouvieux, V., Jourdain, A., Bastien, O., Fievet, J.B.,
Vailhen, D., Amekraz, B., Moulin, C., Ezan, E., Garin,
J., Bourguignon, J. (2006) The early responses of
Arabidopsis thaliana cells to cadmium exposure explored
by protein and metabolite profiling analyses. Proteomics
6 : 2180-2198

Schoner, S., Krause, G.H. (1990) Protective systems against
active oxygen species in spinach: response to cold
acclimation in excess light. Planta 180 : 383-389

Schiitzendiibel, A., Polle, A. (2002) Plant responses to abiotic
stresses: heavy metal-induced oxidative stress and
protection by mycorrhization. J. Exp. Bot. 53 : 1351-
1365

Streb, P., Aubert, S., Gout, E., Bligny, R. (2003) Reversibility
of cold- and light-stress tolerance and accompanying
changes of metabolite and antioxidant levels in the two
high mountain plant species Soldanella alpina and
Ranunculus glacialis. J. Exp. Bot. 54 : 405-418

Streb, P., Feierabend, J. (1999) Significance of antioxidants
and electron sinks for the cold-hardening-induced
resistance of winter rye leaves to photo-oxidative stress.
Plant Cell Environ. 22 : 1225-1237

Physiol. Mol. Biol. Plants, 14(3)-July, 2008

Streb, P., Josse, E.-M., Gallouét, E., Baptist, F., Kuntz, M.,
Cornic, G. (2005) Evidence for alternative electron sinks
to photosynthetic carbon assimilation in the high
mountain plant species Ranunculus glacialis. Plant Cell
Environ. 28 : 1123-1135

Streb, P., Michael-Knauf, A., Feierabend, J. (1993) Preferential
photoinactivation of catalase and photoinhibition of
photosystem II are common early symptoms under
various osmotic and chemical stress conditions. Physiol.
Plant. 88 : 590-598

Streb, P., Shang, W., Feierabend, J. (1999) Resistance of
cold-hardened winter rye leaves (Secale cereale L.) to
photo-oxidative stress. Plant Cell Environ. 22 : 1211-
1223

Streb, P., Shang, W., Feierabend, J., Bligny, R. (1998) Divergent
strategies of photoprotection in high-mountain plants.
Planta 207 : 313-324

Tewari, R.K., Kumar, P., Sharma, P.N. (2006) Antioxidant
responses to enhanced generation of superoxide anion
radical and hydrogen peroxide in the copper-stressed
mulberry plants. Planta 223 : 1145-1153

Wise, R.R. (1995) Chilling-enhanced photooxidation: The
production, action and study of reactive oxygen species
produced during chilling in the light. Photosynth. Res.,
45 : 79-97

Yruela, 1., Alfonso, M., Baron, M., Picorel, R. (2000) Copper
effect on the protein composition of photosystem II.
Physiol. Plan. 110 : 551-557

Zhu, Y.L., Pilon-Smits, E.A.H., Jouanin, L., Terry, N. (1999a)
Overexpression of glutathione synthetase in indian
mustard enhances cadmium accumulation and tolerance.
Plant Physiol. 119 : 73-79

Zhu, Y.L., Pilon-Smits, E.A.H., Tarun, A.S., Weber, S.U.,
Jouanin, L., Terry, N. (1999b) Cadmium tolerance and
accumulation in indian mustard is enhanced by
overexpressing Y-glutamylcysteine synthetase. Plant
Physiol. 121 : 1169-1177.

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 215
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.04651
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 215
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.04651
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


