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3.0. Abstract  

Low temperatures severely limit photosynthesis and growth of chilling-sensitive 

species. The decrease in photosynthetic capacity may be partly due to chilling-associated 

oxidative damage to chloroplast components. Thus, we sought to determine the extent of 

lipid peroxidation and oxidative damage to thylakoid proteins in leaves of soybean 

(Glycine max L. Merr.) exposed to chilling stress under light. The ratio of variable to 

maximum fluorescence (Fv/Fm) decreased in plants exposed for 24 h to 7ºC and 500 µmol 

m-2 s-1 of photosynthetic photon flux density, but not in leaves chilled in darkness. The 

initial drop in Fv/Fm was exacerbated by treatment with the chloroplast protein synthesis 

inhibitor lincomycin, suggesting that concurrent repair ameliorated chilling-associated 

damage to photosystem II. The degree of oxidative damage to thylakoid proteins (i.e., 

carbonylation) and lipids (estimated as malondialdehyde content) did not change in 

response to chilling. Likewise, exogenous applications of the ascorbic acid precursor L-

galactono-1,4-lactone or of the α-tocopherol analog 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox) did not prevent the chilling-induced 

decrease of Fv/Fm, although they were effective in protecting thylakoids from oxidative 

damage caused by methyl viologen. Our data suggest that chilling stress does not cause 

rampant oxidative damage to thylakoid proteins and lipids, and that other cell 

compartments may be more susceptible than thylakoids to oxidative damage associated 

with low temperature stress.  
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3.1. Introduction 
Low temperatures severely limit growth of plants of tropical or subtropical origin. 

The photosynthetic capacity declines in chilling-susceptible plants exposed to low 

temperatures, and this decline is related to a decrease in the quantum efficiency of 

photosystem II, and the activities of photosystem I, the ATP synthase and the stromal 

enzymes of the C3 carbon reduction cycle (Sonoike et al. 1998; Allen and Ort 2001). 

Some of the deteriorative effects of chilling may be due to increased production of 

reactive oxygen species (ROS) (Wise 1995). The formation of ROS in thylakoid 

membranes can be initiated through the univalent reduction of O2 to form superoxide at the 

donor side of PSI, or through energy transfer from excited chlorophyll molecules to O2 to 

yield singlet oxygen (Foyer et al. 1994). Production of ROS increases in response to 

stresses such as drought (Moran et al. 1994; Bartoli et al. 1999) and low temperature 

(Prassad et al. 1994a; Prassad 1996). ROS may cause a cascade of oxidative reactions of 

cellular components, and they have been implicated in photoinhibition (Hull et al. 1997) 

and cellular damage (Wise 1995) in chilling-susceptible plants exposed to low 

temperatures. 

Photoprotective mechanisms, such as non-photochemical heat dissipation of energy 

(i.e., non-photochemical quenching), may contribute to the defence against photodamage 

associated with environmental stress. For example, non-photochemical quenching 

increases in chilling-susceptible plants exposed to low temperatures (e.g., Venema et al. 

2000), but this may not be enough to prevent cellular damage. Several antioxidants remove 

ROS and, thereby, they prevent oxidative damage. Ascorbic acid and α-tocopherol are the 

main non-enzymatic antioxidants in the chloroplast and they work either by eliminating 

ROS, and, in the case of ascorbate, by also contributing to the regeneration of other 

antioxidants (Smirnoff et al. 2001). The contents of ascorbic acid and α-tocopherol 

increase at low temperatures in chilling-tolerant cereal leaves (Streb et al. 1999), whereas 

in chilling-sensitive maize ascorbate and α-tocopherol levels decrease at low temperatures 

(Leipner et al. 2000). Increases in glutathione content caused by pre-treatment with H2O2 

improve chilling tolerance in mung bean (Yu et al. 2002). The activity a number of 

isoforms of MnSOD, ascorbate peroxidase and glutathione reductase increase in cucumber 

leaves at chilling temperatures (Lee et al. 2000). This suggests that reinforcing antioxidant 

defenses might improve the tolerance of the photosynthetic apparatus to chilling-induced 

damage. Indeed, overexpression of Cu/Zn-superoxide dismutase improved chilling 
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tolerance in chilling-sensitive tobacco (Sen Gupta 1993), and over-expression of 

chloroplast-targeted MnSOD, ascorbate peroxidase or glutathione reductase improves the 

recovery of photosynthesis after a short chilling treatment in cotton (Payton et al. 2001). 

Likewise, chilling tolerance increased in maize plants overproducing chloroplast-targeted 

MnSOD (Van Breusegem 1999), but not in tobacco plants overexpressing Fe-superoxide 

dismutase (Van Camp 1996). 

If photoprotective and antioxidant mechanisms are overwhelmed, increased 

production of ROS lead to oxidative damage to lipids, proteins and other macromolecules 

(Foyer et al. 1994). Lipid peroxidation increases in plants under environmental stress, 

including drought (e.g., Moran et al. 1994) and low temperatures (Prassad 1996). 

Oxidative stress causes protein carbonylation, formation of disulfide and dityrosine 

bridges, and protein aggregation through hydrophobic interactions. Protein carbonylation 

increases in response to low temperatures (Prassad 1996) and water stress (Tambussi et al. 

2000). 

Determining the extent to which ROS and oxidative stress are involved in damage to 

the photosynthetic apparatus may help to understand the molecular basis of photosynthesis 

decrease in chilling-sensitive species. The aims of this work were to test whether chilling 

stress causes increased oxidative damage to thylakoid membranes of soybean (a chilling-

sensitive species), and if oxidative stress is involved in the photodamage to thylakoid 

membranes during an episode of low temperature under light. To this end, we examined 

the changes in protein carbonylation and lipid peroxidation in thylakoids of chilled leaves, 

and we tested the involvement of oxidative damage by reinforcing water- and lipid-soluble 

non-enzymatic antioxidant defenses. 

 

3.2. Material and methods  
3.2.1. Plant material and growing conditions 

Soybeans (Glycine max L. Merr.) cv. Clark were planted in pots with soil and grown 

at 25/15ºC day/night temperature, 500 µmol m-2 s-1 of photosynthetic photon flux density 

(PPFD) and a 10 h photoperiod. Three weeks-old plants were transferred to 7ºC for 24 h at 

500 µmol m-2 s-1 PPFD (low temperature stress) or maintained at 25ºC and 500 µmol m-2 

s-1 PPFD (non-chilled controls). After the chilling treatment, all plants were transferred to 

25ºC and 80 µmol m-2 s-1 PPFD to allow leaves to recover from chilling/light stress 

(Kingston-Smith and Foyer 2000). All measurements were carried out on the first trifoliate 
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leaf. In some plants, the first trifoliate leaf was wrapped in aluminium foil to serve as a 

dark control. 

 

3.2.2. Treatment with antioxidants 

Antioxidants were sprayed on the first trifoliate leaf 5 h before the beginning of the 

chilling treatment. L-galactono-1,4-lactone (Gal, 50 mM) or 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox, 0.5 mM, SIGMA-Aldrich, St. Louis, MO, 

USA) were dissolved in distilled water containing Tween 20 (0.05% v/v) as a surfactant. 

Control plants were sprayed with Tween 20 (0.05% v/v). The contents of oxidized and 

reduced ascorbate were measured as in Tambussi et al. (2000). 

 

3.2.3. Inhibition of chloroplast protein synthesis 

The synthesis of chloroplast-encoded proteins in detached first trifoliate leaves was 

inhibited by feeding lincomycin (0.1% w/v) through the cut end of the petiole starting 5 

hours before the cold treatment. Pre-incubation with lincomycin before the chilling 

treatment was done under dim light (<10 µmol m-2 s-1 PPFD). Controls were immersed in 

distilled water. Care was taken to excise the leaves under water to prevent xylem 

embolism. Detached leaves were subjected to chilling and recovery treatments as described 

above for intact plants.  

 

3.2.4. Induction of oxidative damage by methyl viologen, and protection by Gal and 

Trolox 

In some experiments, oxidative stress was generated by spraying first trifoliate leaves 

with methyl viologen (5 µM). Leaves were subsequently incubated for 24 h at 200  

µmol m-2 s-1 PPFD and 25ºC. Previous trials showed that, at this concentration, methyl 

viologen increased oxidative damage to proteins without causing visual symptoms of leaf 

necrosis or yellowing. A set of leaves was treated with Gal or Trolox as indicated above 

before application of methyl viologen. 

 

3.2.5. Chlorophyll fluorescence measurements 

Chlorophyll fluorescence was measured with a modulated fluorometer (Mini PAM 

Photosynthesis Yield Analyzer, Walz, Effeltrich, Germany or Fluorescence Monitoring 

System 2, Hansatech, Norfolk, UK). The initial (F0) and maximum (Fm) fluorescence 
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emissions were measured after 30 minutes of dark adaptation, and the ratio of variable to 

maximum fluorescence (Fv/Fm) was calculated as (Fm - F0)/ Fm. For the determination of 

non-photochemical quenching (Bolhár- Nordenkampf and Öquist 1993), Fm’ (maximum 

fluorescence level under actinic light) was measured under the PPFD conditions of each 

treatment, and F0’ was determined in the same leaves after irradiation with far red light (6 

µmol m-2 s-1). qNP was calculated as (Fm - Fm’) / (Fm - F0’) (Bolhár- Nordenkampf and 

Öquist 1993)  

 

3.2.6. Determination of protein carbonylation and MDA content in thylakoids 

Thylakoid isolation and carbonyl derivatization were done as in (Tambussi et al. 

2000). Derivatized proteins were electrophoresed in 12% acrylamide mini-gels and 

electrotransferred to nitrocellulose membranes for carbonyl detection with a rabbit anti-

DNP antibody (SIGMA, St. Louis, MO, USA) and a chemiluminescence detection kit 

(Rennaissance, DuPont, Boston, MA, USA). Developed films were scanned and band 

intensity was quantified with SIGMA Gel (SIGMA, St. Louis, MO, USA). To avoid the 

interferences normally experienced with colorimetric determination of MDA as 

thiobarbituric acid reactive substances, MDA was measured with an improved HPLC 

method as described in (Templar et al. 1999). 
 

3.2.7. Chlorophyll content 

Leaf disks and thylakoids were extracted with N,N dimethyl formamide, and 

chlorophyll content was calculated as in (Inskeep and Bloom 1985). 
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3.3. Results 
3.3.1. Chilling stress and photodamage 

To assess the extent of photodamage, we measured the ratio of variable to maximum 

fluorescence (Fv/Fm) of dark-adapted leaves, which is an estimate of potential quantum 

yield of PSII. Fv/Fm declined markedly in leaves subjected to chilling temperatures, in 

contrast to plants kept at normal growth temperature where Fv/Fm did not change much 

over the same time period (Fig. 1A). Leaves kept at chilling temperatures in darkness for 

24 h did not show any decrease in Fv/Fm (Fig. 1A). The decrease in Fv/Fm was more 

pronounced during the first 12 h at low temperature; thereafter, chilling temperatures 

caused only a modest additional decline. Chilled leaves recovered completely after 24 h at 

25ºC and low irradiance, with Fv/Fm returning to the initial values before the start of the 

chilling treatment. Leaf chlorophyll content did not change during the chilling treatment, 

but it decreased by 25% (p<0.05) during the ensuing recovery period (data not shown). 

Non-photochemical quenching (qN) increased nearly 80% in leaves exposed to low 

temperatures (Fig. 1B). After the chilling episode, qN decreased again to a level similar (p 

< 0.05) to that in control plants. 

The initial decline of Fv/Fm during the first 6 h at chilling temperatures was 

exacerbated in leaves incubated with the chloroplast protein synthesis inhibitor lincomycin 

(Figs. 2A and B). The early effects of lincomycin aggravating the decline of Fv/Fm in 

chilled leaves (but not at 25ºC) indicates that concurrent repair of PSII mitigated against 

the loss of potential quantum yield, suggesting that chilling-associated decline in Fv/Fm 

was mostly due to damage to PSII. Beyond 6 h, lincomycin had nearly identical effects on 

leaves at 7 and 25ºC, which probably reflects the accumulation of photodamaged PSII 

centers in leaves where PSII repair is blocked (Guiamet et al. 2002).  
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recoverylight-chilling recoverylight-chillingFigure 1. The ratio of variable to maximum fluorescence of chlorophyll in dark adapted leaves (panel 
A) and non-photochemical quenching (panel B) of soybean leaves subjected to chilling under light (7ºC 
and 500 µmol m-2 s-1 PPFD, closed circles) or maintained under normal growth conditions (25ºC and 
500 µmol m-2 s-1 PPFD, open circles) for 24 h. Thereafter, all plants were transferred to 25ºC and 80 
µmol m-2 s-1 PPFD for another 24 h to allow recovery of chilled plants. The solid square at 24 h in 
panel A represents controls kept at chilling temperatures (7ºC) in darkness. Each value represents the 
mean ± SE of 5 replicates. Significant differences (p≤ 0.05) between treatments according to the LSD 
test are shown by an asterisk. 
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Figure 2. Changes in the ratio of
variable to maximum fluorescence (Fv/Fm) in
leaves maintained at 25°C (control, panel A) or
subjected to chilling (panel B) as described in
Fig. 1. Leaves were supplied with either
lincomycin (0.1% w/v, closed symbols) or water
(open symbols) during all the experimental
sequence. Each value represents the mean ± SE of
5 replicates. Significant differences (p≤ 0.05)
between treatments according to the LSD test are
shown by asterisks.
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3.3.2. Oxidation of thylakoid proteins and lipids 

 Since photodamage at low temperatures may be due to oxidative stress, we 

attempted to assess the extent of oxidative damage to the photosynthetic apparatus by 

determining the changes in protein carbonylation and lipid peroxidation in thylakoids of 

control and chilled leaves. Even in non-stressed (control) leaves maintained at 25ºC there 

was a basal level of oxidatively modified thylakoid proteins; for example, there were bands 

with detectable carbonylation signals at about 55, 46, 32 and 24 kDa (Fig. 3). Low 

temperatures under light did not cause any consistent and repeatable increase in overall 

carbonylation of thylakoid proteins. Besides, we could not detect consistent changes in 

carbonylation in any of the protein bands resolved with this system. Likewise, the level of 

oxidized proteins did not change much during the recovery period at normal growth 

temperature (Fig. 3).  

 

 

Because a substantial increase in protein oxidation was expected in cold-stressed 

plants, or after recovery, we checked the sensitivity of the carbonyl detection method 

Figure 3. Western blot of thylakoid 
proteins isolated from soybean leaves 
maintained at 25ºC and 500 µmol m-2

s-1 PPFD (controls, lane labelled 
25°C), chilled for 24h at 7ºC and 500 
µmol m-2 s-1 PPFD (labelled 7°C) or 
chilled for 24 h and then allowed to 
recover for 24 h at 25º C and 80 
µmol m-2 s-1 PPFD (labelled 7°C →
25°C). Each well was loaded with 
solubilized thylakoids containing 2 
µg of chlorophyll. Blots were 
incubated with an anti-DNP antibody 
to detect carbonylated proteins and 
developed with a chemiluminescent 
detection system. The position of 
molecular mass standards is 
indicated with arrows on the left 
margin of the blot. 
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employed by subjecting another batch of leaves to oxidative stress generated with methyl 

viologen. Leaves sprayed with 5 µM methyl viologen at moderate irradiance (200  

µmol.m-2.s-1) showed a strong increase in the overall level of carbonylated proteins (Fig. 4, 

Table 1), confirming the sensitivity of the immunoblot assay employed here.  

 

 

 

 

 

 

 

 
 

Figure 4. Western blot of thylakoid proteins 
isolated from soybean leaves sprayed with methyl 
viologen (5 µM, MV) and subsequently incubated 
for 24 h at 200 µmol m-2 s-1 PPFD and 25ºC. C: 
control leaves without  MV. Some leaves were 
sprayed with 0.5 mM 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) or 
50 mM galactono-1,4-lactone (Gal) 5 h before MV 
treatment. Each well was loaded with solubilized 
thylakoids containing 2 µg of chlorophyll. Blots 
were incubated with an anti-DNP antibody to 
detect carbonylated proteins and developed with a 
chemiluminescent detection system. The position of 
molecular mass standards (66, 45, 36, 29, 24 and 
20 kDa, from top to bottom) is indicated with dots 
on the left margin of the blot. Arrows on the right 
margin show some of the protein bands whose 
carbonylation signal decreased by addition of 
Trolox and Gal in MV-treated leaves. 
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Table 1 – Levels of carbonylated proteins in thylakoids of soybean leaves treated with 
water (controls) or methyl viologen (5µM), or sprayed with 50 mM galactono-1,4-lactone 
(Gal) or 0.5 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) 5 h 
before application of methyl viologen.. Carbonylated proteins were analyzed by western 
blotting and the carbonylation signals of each band were added up to calculate overall 
thylakoid protein oxidation. Figures between parenthesis show the standard error of the 
mean (n = 4). 
 

  

Levels of carbonylated 

thylakoid proteins 

(rel. units µg chlorophyll-1 ) 

 

Control 

 

1.90 (0.20) 

Methyl viologen 3.39 (0.53) 

Methyl viologen + Gal 1.86 (0.51) 

Methyl viologen + Trolox 1.58 (0.64) 

 

 

Changes in the concentration of malondialdehyde were measured to estimate the 

extent of lipid peroxidation in thylakoid membranes of chilled leaves. MDA levels in 

leaves chilled for 24 h were similar to those in control leaves at 25ºC (Table 2), and 

recovery from low temperature stress at 25ºC and low irradiance was not accompanied by 

a decrease in MDA levels. Overall, this indicates that chilling did not cause a significant 

increase of lipid peroxidation of thylakoid membranes. 

 

3.3.3. Effects of exogenously applied antioxidants 

To further test the possible role of chilling-associated oxidative stress in damage to 

thylakoid membranes, we ascertained whether reinforcing antioxidant defences with the 

ascorbic acid precursor L-Galactono-1,4-lactone (Gal) or the α-tocopherol analog 6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) might protect thylakoid 

function in chilled leaves. Spraying leaves with Gal 5 h before the start of the chilling 

treatment increased the ascorbic acid content of the leaves 3-fold, and ascorbate levels 

remained significantly higher in leaves sprayed with Gal even after 24 h of chilling (Table 

3).  
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Significantly, treatment with Gal protected thylakoid membranes from methyl viologen 

induced oxidative damage, i.e., Gal prevented the increase in protein carbonylation 

brought about by application of methyl viologen (Table 1; Fig. 4). Thus, treatment with 

Gal was effective to increase the endogenous pool of ascorbate and mitigate against 

oxidative damage in thylakoids. 
 

Table 2 – The contents of malondialdehyde (MDA) in thylakoid membranes isolated from 
soybean leaves exposed to chilling temperatures under light for 24 h and then allowed to 
recover at 25ºC and low irradiance. Controls were kept at 25ºC for the duration of the 
experiment. Thylakoids were isolated from leaves held at 7 or 25ºC for 24 h, and after 24h 
of recovery at 25ºC following the chilling treatment. Figures between parenthesis show the 
standard error of the mean (n = 4).  

  

Thylakoid MDA content, pmol mg-1 chlorophyll 

 Controls at 25ºC Leaves chilled at 7ºC 

 

24 h 

 

35.4 (4.4) 

 

27.7 (3.8) 

48 h 37.3 (4.1)  

24 h at 7ºC followed by 

recovery at 25ºC for 24 h 

 40.0 (3.3) 

 

 

However, under our experimental conditions Gal did not protect photosynthetic 

membranes from chilling-associated loss of PSII function. The decline in Fv/Fm was 

virtually identical in chilled leaves pre-treated with Gal or distilled water (Fig. 5). Similar 

results were obtained with Trolox, a water soluble analog of α-tocopherol. Trolox 

significantly reduced the  

extent of protein oxidation caused by exogenous application of methyl viologen in the light 

(Table 1; Fig. 4). However, pre-treatment with Trolox before transferring the plants to low 

temperatures did not afford any significant (p < 0.05) protection of PSII function (Fig. 5). 
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Table 3 – The contents of reduced and oxidized ascorbic acid in soybean leaves sprayed 
with L-galactone-1,4-lactone (Gal) or distilled water (controls) 5 h before the chilling 
treatment. Leaves were assayed for ascorbate content 5 h after spraying (i.e., immediately 
before transfer to chilling temperature), after 24 h at 7 or 25ºC, and after 24h recovery at 
25ºC following the chilling treatment. Figures between parenthesis show the standard 
error of the mean (n = 5).  
 

 Ascorbic acid content 

µmol g-1 dry weight 

 Control + Gal 

 Reduced Oxidized Reduced Oxidized 

 

5 h after spraying 

 

5.9 (1.0) 

 

0.3 (0.1) 

 

15.7 (0.7) 

 

0.6 (0.1) 

After 24 h at     

25ºC 5.0 (0.1) 0.25 (0.1) 20.1 (1.0) 0.2 (0.1) 

7ºC 6.0 (0.4) 0.5 (0.2) 18.2 (0.5) 0.2 (0.1) 

After 24 h at 7ºC and 

24 h recovery at 25ºC 

 

4.1 (0.5) 

 

0.3 (0.1) 

 

9.8 (2.8) 

 

0.5 (0.2) 
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Figure 5. Changes in chlorophyll fluorescence 
(Fv/Fm) of soybean leaves subjected to chilling under 
light (7ºC and 500 µmol m-2 s-1 PPFD) for 24 h, and 
then transferred to 25ºC and 80 µmol m-2 s-1 PPFD for 
another 24 h to allow recovery from chilling stress. In 
these experiments, leaves were treated with 50 mM L-
galactone-1,4-lactone (Gal, open triangles) or 0.5 mM 
Trolox (0.5 mM, closed triangles) 5 h before the start 
of the low temperature treatment. The controls for 
these measurements (i.e., chilled leaves sprayed with 
distilled water) are the chilled leaves shown in Fig.1. 
Each value represents the mean ± SE of 5 replicates. 
N.S. indicates non-significant differences from chilled 
controls (shown in Fig. 1). 
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3.4. Discussion 
3.4.1. Photodamage at chilling temperatures 

Soybean leaves subjected to low temperatures experience photodamage, which is 

manifested as a light-dependent decrease in the potential quantum efficiency of PSII 

photochemistry (i.e., Fv/Fm). Since Fv/Fm was measured after 30 minutes of dark 

adaptation, we minimized the contribution of energy-dependent non-photochemical 

quenching to Fv/Fm measurements, which suggests that the decline in Fv/Fm represents the 

accumulation of photodamaged PSII centers (Rosenqvist and van Kooten 2003). Thus, the 

drop in Fv/Fm in chilled leaves was due to a large extent to photodamage, rather than to 

reversible, photoprotective down-regulation of PSII. 

 

3.4.2. Oxidative damage to thylakoids 

Lipids and proteins are common targets for oxidative damage in tissues under 

environmental stress (e.g., Prassad 1996). Carbonyl content is a sensitive indicator of 

oxidative damage to proteins (Levine et al. 1994) and levels of carbonylated proteins 

increase in plants undergoing oxidative stress associated with drought (Boo and Jung 1999) 

and low temperatures (Prassad 1996, Kingston-Smith and Foyer 2000). As far as we know, 

this is the first work where the extent of oxidative damage associated with chilling stress 

has been directly determined in a specific cell compartment, i.e., the chloroplast 

membranes. The carbonylation level of thylakoid proteins did not increase in soybean 

leaves exposed to light-chilling stress. In addition to increased carbonyl content, the 

formation of high molecular mass aggregates, either by non-covalent crosslinking or 

through oxidative formation of disulphide or dityrosine bridges, is another hallmark of 

oxidative damage to proteins (Levine et al. 1994; Berlett and Stadtman 1997). For 

example, very high molecular mass aggregates containing the D1 protein of PSII form in 

vitro after photooxidative treatment of thylakoids, presumably through the action of singlet 

oxygen (Roberts et al. 1991). However, in addition to the lack of increase in the overall 

levels of carbonylated proteins, we did not see any consistent increase in the amount of 

carbonylated bands of very high molecular mass in response to chilling. Failure to detect 

increased protein carbonylation in chilled leaves under light might suggest that thylakoid 

proteins are not suitable substrates for oxidation by ROS, but this can be ruled out because 

treatment with very low concentrations of methyl viologen led to increased oxidation of 

thylakoid proteins (Fig. 4, Table 1). Moreover, with the same immunoblot technique 
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employed here we detected a substantial increase in thylakoid protein carbonylation in 

leaves of wheat under drought (Tambussi et al. 2000). 

Malondialdehyde is a common product of lipid peroxidation and a sensitive 

diagnostic index of oxidative injury (Janero et al. 1990). Thylakoid contents of MDA were 

virtually identical in chilled and control leaves, and thylakoid MDA levels did not decrease 

during recovery from chilling stress at 25 ºC and low irradiance (Table 2). Likewise, MDA 

content did not increase in leaves of chilling-sensitive cucumber and Nerium oleander kept 

at 5ºC for 5 h (Hodgson and Raison 1991). Overall, the lack of detectable increases in 

protein carbonylation and MDA content indicate that thylakoids did not experience 

substantial oxidative damage in chilled leaves. While thylakoid proteins were not subjected 

to increased oxidative damage in soybean leaves exposed to low temperatures in light, bulk 

protein oxidation increases at low temperatures in etiolated seedlings of maize (e.g., 

Prassad 1996). Chilling-associated damage in maize was related to a decrease in the 

activity of the cytochrome c-dependent respiration pathway (Prassad et al. 1994b). 

Interestingly, chilling-tolerance (i.e., retention of photosynthetic capacity) in a genotype of 

maize correlates with higher activity of ascorbate peroxidase and mitochondrial MnSOD, 

but the activity of chloroplastic SODs was similar in the tolerant and susceptible genotypes 

(Massacci et al. 1995; Iannelli et al. 1999). This suggests that cellular compartments other 

than the chloroplast (e.g., mitochondria) might be the primary targets for oxidative damage 

at low temperatures. 

 

3.4.3. Antioxidants and photodamage 

Exogenous applications of Gal and Trolox increased the antioxidant capacity of the 

leaves, and both were effective in protecting thylakoids against methyl viologen-induced 

oxidative damage. Gal is converted into ascorbic acid in vivo (Smirnoff et al. 2001) and 

although ascorbate is a water soluble antioxidant, ascorbate regenerates lipid-soluble α-

tocopherol and quenches water soluble ROS before they start a lipid peroxidation chain 

(Buettner 1993). Trolox is a water soluble analog of α-tocopherol that partitions readily 

into lipid bilayers (Barclay et al. 1995) and protects membrane proteins from oxidative 

damage (Britt et al. 1992). Therefore, if oxidative stress associated with chilling were 

involved in photodamage, treatment with Gal or Trolox should have mitigated against 

these deleterious effects. Failure of Gal and Trolox to prevent or reduce the decline in 

Fv/Fm suggests that rampant production of ROS is not involved in photodamage at low 
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temperatures, which is consistent with the observation that thylakoid protein carbonylation 

and MDA levels did not increase in leaves chilled under light. Likewise, photoinhibition of 

maize leaves at low temperatures was not affected by application of Gal, in spite of a 

substantial increase in ascorbic acid content (Leipner et al. 2000). In general, there is no 

conclusive evidence showing that light-dependent damage of PSII competence is due to 

ROS (Tyystjärvi 2004). For example, overexpression of chloroplast targeted MnSOD 

decreases chilling-asociated plasma membrane damage in maize, but has no effect on the 

decrease of Fv/Fm (Van Breusegem et al. 1999). Our observations show that chilling 

temperatures do not cause rampant oxidative damage to thylakoids, and that oxidative 

damage may not play a primary role in the decrease of photochemical competence in 

leaves of a sensitive species subjected to chilling under light. However, oxidative damage 

to other cell compartments might play a major role in cell damage at low temperatures. 

 

Acknowledgments.- We appreciate the excellent technical assistance of Ms. L. Wahnan 
(INFIVE, Argentina) and Dr. J. Casadesús (Experimental Fields of the University of 
Barcelona, Spain). J.B. and J.J.G. are researchers of CICPBA, and C.G.B. is a researcher 
of CONICET (Argentina). This work was partially funded by CONICET and CICPBA 
(Argentina), the University of Barcelona and ICI (Spain). E.T. held fellowships from UNLP 
and CONICET (Argentina). Thanks are due to Dr. Esa Tyystjärvi for his comments on the 
manuscript.  
 

 



Oxidative stress and photodamage at low temperatures in soybean (Glycine max L. Merr.) leaves. 
 

 63

3.5. References 
 

Allen DJ, Ort DR (2001) Impacts of chilling temperatures on photosynthesis in warm-

climate plants. Trends in Plant Science 6: 36-42. 

Barclay LR, Artz JD, Mowat JJ (1995) Partitioning and antioxidant action of the water-

soluble antioxidant, Trolox, between the aqueous and lipid phases of 

phosphatidylcholine membranes: 14C tracer and product studies. Biochimica and 

Biophysica Acta 1237: 77-85. 

Bartoli CG, Simontachi M, Tambussi E, Beltrano J, Montaldi E, Puntarulo S (1999) 

Drought and watering-dependent oxidative stress: effect on antioxidant content in 

Triticum aestivum L. leaves. Journal Experimental Botany 50: 375-383. 

Berlett BS, Stadtman ER (1997) Protein oxidation in aging, disease, and oxidative stress. 

Journal of Biological Chemistry 272: 20313-20316. 

Bolhár- Nordenkampf HR, Öquist G (1993) Chlorophyll fluorescence as a tool in 

photosynthesis research. In: Hall DO, Scurlock JMO, Bolhár-Nordenkampf HR, 

Leegood RC, Long SP (eds.) Photosynthesis and Production in a Changing 

Environment: a field and laboratory manual. Chapman & Hall, London, pp. 193-

206. 

Boo YC, Jung J (1999) Water deficit–induced oxidative stress and antioxidative defenses 

in rice plants. Journal of Plant Physiology 155: 255-261. 

Britt SG, Chiu VW, Redpath GT, Vandenberg SR (1992) Elimination of ascorbic acid-

induced membrane lipid peroxidation  and serotonin receptor loss by Trolox-C, a 

water soluble analogue of vitamin E. Journal of Receptor Research 12: 181-200. 

Buettner GR (1993) The pecking order of free radicals and antioxidants: lipid 

peroxidation, α-tocopherol and ascorbate. Archives of Biochemistry Biophysics 

300: 535-543. 

Foyer CH, Lelandais M, Kunert KJ (1994) Photooxidative stress in plants. Physiologia 

Plantarum 92: 696-717. 

Guiamét JJ, Tyystjärvi E, Tyystjärvi T, John I, Kairavuo M, Pichersky E, Noodén 

LD (2002) Photoinhibition and loss of photosystem II reaction center proteins 

during senescence of soybean leaves. Enhancement of photoinhibition by the “stay-

green” mutation cytG. Physiologia Plantarum 115: 468-478. 



Oxidative stress and photodamage at low temperatures in soybean (Glycine max L. Merr.) leaves. 
 

 64

Hodgson RAJ, Raison JK (1991) Lipid peroxidation and superoxide dismutase activity in 

relation to photoinhibition induced by chilling in moderate light. Planta 185: 215-

219. 

Hull MR, Long SP, Jahnke LS (1997) Instantaneous and developmental effects of low 

temperature on the catalytic properties of antioxidant enzymes in two Zea species. 

Australian Journal of Plant Physiology 24: 337-343. 

Iannelli MA, Van Breusegem F, Van Montagu M, Inzé D, Massacci A (1999) 

Tolerance to low temperature and paraquat-mediated oxidative stress in two maize 

genotypes. Journal of Experimental Botany 50: 523-532. 

Inskeep W, Bloom PR (1985) Extinction coefficients of chlorophyll a and b in N,N-

dimethylformamide and 80% acetone. Plant Physiology 77: 483-485. 

Janero DR (1990) Malondialdehyde and thiobarbituric acid-reactivity as diagnostic 

indices of lipid peroxidation and peroxidative tissue injury. Free Radicals Biology 

and Medicine 9: 515-540. 

Kingston-Smith AH, Foyer CH (2000) Bundle sheath proteins are more sensitive to 

oxidative damage than those of the mesophyll in maize leaves exposed to paraquat 

or low temperatures. Journal of Experimental Botany 51:123-130. 

Lee DH, Lee CB (2000) Chilling stress-induced changes of antioxidant enzymes in the 

leaves of cucumber: in gel enzyme activity assays. Plant Science 159: 75-85. 

Leipner J, Stamp P, Fracheboud Y (2000) Artificially increased ascorbate content 

affects zeaxanthin formation but not thermal energy dissipation or degradation of 

antioxidants during cold-induced photooxidative stress in maize leaves. Planta 210: 

964-969. 

Levine RL, Williams JA, Stadtman ER, Shacter E (1994) Carbonyl assays for 

determination of oxidatively modified proteins. Methods of Enzymology 233: 346-

357. 

Massacci A, Iannelli MA, Pietrini F, Loreto F (1995) The effect of growth at low 

temperature on photosynthetic characteristics and mechanisms of photoprotection 

of maize leaves. Journal of Experimental Botany 46: 119-127. 



Oxidative stress and photodamage at low temperatures in soybean (Glycine max L. Merr.) leaves. 
 

 65

Moran JF, Becana M, Iturbe-Ormaetxe I, Frechilla S, Klucas RV, Aparicio-Trejo P 

(1994) Drought induces oxidative stress in pea plants. Planta 194: 346-352. 

Payton P, Webb R, Kornyeyev D, Allen R, Scott Holladay A (2001) Protecting cotton 

photosynthesis during moderate chilling at high light intensity by increasing 

chloroplastic antioxidant enzyme activity. Journal of Experimental Botany 52: 

2345-2354. 

Prassad TK, Anderson MD, Martin BA, Stewart CR (1994a) Evidence for chilling-

induced oxidative stress in maize seedlings and a regulatory role for hydrogen 

peroxide. The Plant Cell 6: 65-74. 

Prassad TK, Anderson MD, Stewart CR (1994b) Acclimation, hydrogen peroxide, and 

abscisic acid protect mitochondria against irreversible chilling injury in maize 

seedlings. Plant Physiology 105: 619-627. 

Prassad TK (1996) Mechanisms of chilling-induced oxidative stress injury and tolerance 

in developing maize seedlings: changes in antioxidant system, oxidation of proteins 

and lipids, and protease activities. Plant Journal 10: 1017-1026. 

Roberts DR, Kristie DN, Thompson JE, Dumbroff EB, Gepstein S (1991) In vitro 

evidence for the involvement of activated oxygen species in light-induced 

aggregation of thylakoid proteins. Physiologia Plantarum 82: 389-396. 

Rosenqvist E, van Kooten O (2003) Chlorophyll fluorescence: a general description and 

nomenclature. In: DeEll JR, Toivonen PMA (eds.) Practical applications of 

chlorophyll fluorescence in plant biology. Kluwer Academic Publishers, MA, USA 

pp. 32-77. 

Sen Gupta A, Heinen JL, Holaday AS, Burke JJ, Allen RD (1993) Increased resistance 

to oxidative stress in transgenic plants that overexpress chloroplastic Cu/Zn 

superoxide dismutase. Proceedings of the National Academy of Science USA 90: 

1629-1633. 

Smirnoff N, Conklin PL, Loewus FA (2001) Biosynthesis of ascorbic acid in plants: a 

renaissance. Annual Review of Plant Physiology and Plant Molecular Biology 52: 

437-467. 



Oxidative stress and photodamage at low temperatures in soybean (Glycine max L. Merr.) leaves. 
 

 66

Sonoike K (1998) Various aspects of inhibition of photosynthesis under light / chilling 

stress: “Photoinhibition at chilling temperatures” versus “Chilling damage in the 

light”. Journal of Plant Research 111: 121-129. 

Streb P, Shang W, Feierabend J (1999) Resistance of cold-hardened winter rye leaves 

(Secale cereale L.) to photo-oxidative stress. Plant Cell and Environment 22: 1211-

1223. 

Tambussi EA, Bartoli CG, Beltrano J, Guiamet JJ, Araus JL (2000) Oxidative damage 

to thylakoid proteins in water-stressed leaves of wheat (Triticum aestivum L.). 

Physiologia Plantarum 108: 398-404. 

Templar J,. Kon SP, Milligan TP, Newman DJ, Raftery MJ (1999) Increased plasma 

malondialdehyde levels in glomerular disease as determined by a fully validated 

HPLC method. Nephrology Dialysis Transplantation 14: 946-951. 

Tyystjärvi E (2004) Phototoxicity. In: Noodén L.D. (ed.) Plant cell death process. 

Elsevier Academic Press, California, USA pp. 271-283. 

Van Breusegem F, Slooten L, Stassart JM, Botterman J, Moens T, Van Montagu M, 

Inze D (1999) Effects of overproduction of tobacco MnSOD in maize chloroplasts 

on foliar tolerance to cold and oxidative stress. Journal of Experimental Botany 50: 

71-78. 

Van Camp W, Capiau K, Van Montagu M, Inze D, Slooten L (1996) Enhancement of 

oxidative stress tolerance in transgenic tobacco plants overproducing Fe-superoxide 

dismutase in chloroplasts. Plant Physiology 112: 1703-1714. 

Venema JH, Villerius L, van Hasselt PR (2000) Effect of acclimation to suboptimal 

temperature on chilling-induced photodamage: comparison between a domestic and 

a high-altitude wild Lycopersicon species. Plant Science 152: 153-163. 

Wise RR (1995) Chilling-enhanced photooxidation: The production, action and study of 

reactive oxygen species produced during chilling in the light. Photosynthesis 

Research 45: 79-97. 

Yu CW, Murphy TM, Sung WW, Lin CH (2002) H2O2 treatment induces glutathione 

accumulation and chilling tolerance in mung bean. Functional Plant Biology 29: 

1081-1087. 


