
Planta (1996)198:365-370 P l a n t a  

�9 Springer-Verlag 1996 

Glutathione synthesis in maize genotypes with different sensitivities 
to chilling 

Gfibor Kocsy 1, Monika Brunner 1, Adrian Riiegsegger 1, Peter Stamp 2, Christian Brunold ~ 

1 Institute of Plant Physiology, University of Berne, Altenbergrain 21, CH-3013 Berne, Switzerland 
2 Institute of Plant Sciences, ETH Zurich, Universit~itsstrasse 2, CH-8092 Ziirich, Switzerland 

Received: 26 April 1995/Accepted: 31 July 1995 

Abstract. The effect of chilling on enzymes, substrates and 
products of sulfate reduction, gultathione synthesis and 
metabolism was studied in shoots and roots of maize (Zea 
mays L.) genotypes with different chilling sensitivity. At 
full expansion of the second leaf, chilling at 12 ~ inhibited 
dry weight increase in shoots and roots compared to 
controls at 25 ~ and induced an increase in adenosine 
5'-phosphosulfate sulfotransferase and y-glutamylcysteine 
synthetase (EC 6.3.2.2) activity in the second leaf of all 
genotypes tested. Glutathione synthetase (EC 6.3.2.3) 
activity was about one order of magnitude higher than 
y-glutamylcysteine synthetase activity, but remained un- 
changed during chilling except for one genotype. During 
chilling, cysteine and glutathione content of second leaves 
increased to significantly higher levels in the two most 
chilling-tolerant genotypes. Comparing the most tolerant 
and most sensitive genotype showed that chilling induced 
a greater incorporation of 35S from [35S]sulfate into cys- 
teine and glutathione in the chilling-tolerant than in the 
sensitive genotype. Chilling decreased the amount of 35S- 
label incorporated into proteins in shoots of both geno- 
types, but had no effect on this incorporation in the roots. 
Glutathione reductase (EC 1.6.4.2) and nitrate reductase 
(EC 1.6.6.1) activity were constitutively higher in the chill- 
ing-tolerant genotypes, but showed no changes in most 
examined genotypes during 3 d at 12 ~ Our results indi- 
cate that in maize glutathione is involved in protection 
against chilling damage. 
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Introduction 

Glutathione (GSH) and glutathione reductase (GR) are 
important components of the antioxidant system, which 
removes toxic oxygen species produced under oxidative 
stress conditions (Foyer and Halliwell 1976; Scandalios 
1990; Foyer et al. 1994). Such conditions established 
by chilling temperatures have been described for maize 
(Prasad et al. 1994), and the possible protective role of 
GSH at chilling or freezing temperatures has been dis- 
cussed in several papers (Esterbauer and Grill 1978; de 
Kok and Oosterhuis 1983; Guy et al. 1984; Vierheller and 
Smith 1990; Anderson et al. 1992; Stuiver et al. 1992; 
Walker and McKersie 1993; Wang 1995). In spruce (Picea 
abies L.) and white pine (Pinus strobus L.) needles, the 
GSH content was higher in winter than in summer under 
natural conditions (Esterbauer and Grill 1978; Anderson 
et al. 1992), indicating a possible protective function of 
GSH during the cold season. Results corroborating a cor- 
relation between increased GSH levels and chilling toler- 
ance were obtained with a chilling-tolerant species of 
Lycopersicon (Walker and McKersie 1993). Since GSH 
also increased in the chilling-sensitive Glycine max (L.) 
Merr (Vierheller and Smith 1990), it does not seem to be 
the only parameter relevant for chilling tolerance. 

The regeneration of GSH from oxidized glutathione 
(GSSG) by GR is very important since only the reduced 
form of GSH can take part in the removal of active oxygen 
species (Foyer and Halliwell 1976). Under natural condi- 
tions, GR activity of Picea abies L. needles was higher in 
winter than in summer (Esterbauer and Grill 1978). The 
GR activity increased in leaves of cold-hardened spinach 
(Guy and Carter 1984) and cold-hardiness-specific GR 
isoenzymes were reported in red spruce (Hausladen and 
Alscher 1994). The activity of GR did not change in chill- 
ing-sensitive Glycine max (L.) Merr at 5 ~ (Vierheller and 
Smith 1990) and in chilling-sensitive Lycopersicon esculen- 
turn L. at 2 ~ (Walker and McKersie 1993). Glutathione 
reductase increased in chilling tolerant Zea diploperennis L. 
at 10~ (Jahnke et al. 1991), in leaves of cold-hardened 
spinach (Guy and Cartar 1984) but also in chilling-sensitive 
Pisum sativum L. at 4 ~ (Edwards et al. 1994). 
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In  previous experiments  investigating the level of G S H  
and  its role dur ing  chilling only one or two genotypes 
were used, only the leaves were analysed, and  the levels of 
the enzymes of sulfate reduct ion and  GSH synthesis were 
no t  measured.  With the aim of ob ta in ing  more informa- 
t ion abou t  the funct ion of G S H  dur ing  chilling, we 
compared  here the effect of chilling on  cysteine, y- 
glutamylcysteine (TEC) and  G S H  contents  in seedlings of 
several maize genotypes with different chilling sensitivity 
parallel  to the activity of adenosine  5 '-phosphosulfate 
sulfotransferase (APSSTase), 7EC synthetase, GS H  syn- 
thetase and  GR. 7-Glutamylcyste ine  is synthesised 
from cysteine and glutamic acid via 7EC synthetase (EC 
6.3.2.2), and  glycine is incorpora ted  into the dipeptide by 
G S H  synthetase (EC 6.3.2.3; Rennenberg  and  Brunold  
1994). Cysteine, one of the precursors of GSH synthesis, is 
synthesised from S 2- and  O-acetyl-L-serine in assimila- 
tory sulfate reduction.  This pa thway is regulated by AP- 
SSTase activity (Brunold 1990). In  addit ion,  the in-vivo 
sulfate assimilat ion was compared  in the most  tolerant  
and  the most  sensitive genotype using [35S]sulfate. Be- 
cause of possible regulatory interact ions between sulfate 
and  ni trate  ass imilat ion (Brunold 1993) dur ing chilling, 
ni t rate  reductase(NR) activity was included in the 
est imation.  

Materials and methods 

Plant material and growth conditions. The following inbred lines of 
maize (Zea mays L.) were used: highly chilling tolerant: CH 607B 
(Swiss Federal Research Institute, Ziirich, Switzerland), Z 7 (Breed- 
ing Company Zelder, Otterersum, The Netherlands); chilling-toler- 
ant Z 15 (Breeding Company Zelder, Otterersum, The Netherlands), 
KW 1074 (Kleinwanzlebener Saatzucht, Einbeck, Germany) and 
chilling sensitive: MO 17 (Experimental Station, University of 
Missouri, Columbia, Miss., USA), CM 109 and Penjalinan (Suwan 
Farm, Kasetsart University, Bangkok, Thailand; Stamp et al. 1983). 
The maize kernels were germinated between two layers of damp 
paper in the light at 25 ~ for 3 d. Twelve seedlings were placed into 
pots filled with 850 mL nutrient solution (Henschel 1970) modified 
according to Nussbaum et al. (1988) and containing the tenfold 
concentration of iron. The plants were cultivated in a photoperiod of 
12 h at 300 I.tmol photons" m -2- s- 1, 25 ~ and 60% relative humid- 
ity. The experiments were started with 10-d-old seedlings after the 
complete development of their second leaf. The plant material was 
harvested at the beginning and at the end of a 3-d chilling phase. 
The radioactive substrate, [3SS]sulfate, was supplied by adding 
44.64 MBq to 360ml cultivation medium containing 0.75 mM 
sulfate. 

Measurement of APSSTase, GR and NR activity. The plant material 
was homogenised 1:5 (w/v) in 0.1 M Na-K-phosphate buffer (pH 
7.5) containing 0.2mM diethylenetriamine pentaacetic acid and 
4% (w/v) polyvinylpolypyrrolidone (MW 40000) using a glass 
homogeniser cooled with ice. The homogenates were made cell-free 
by filtration through viscose fleece (Milette, Migros, Switzerland). 

The activity of APSSTase was measured as the production of 
[3SS]sulfite, assayed as acid-volatile radioactivity from [35S]aden- 
osine 5'-phosphosulfate ([3SS]APS; specific activity: 36 [root tips] 
and 18 [leaves] GBq.mol-1) in the presence of dithioerythritol 
(DTE) (Brunold and Suter 1990). The incubation mixture was 
100 mM Tris-HC1 (pH 9) containing 4 mM DTE, 0.8 M MgSO4, 
75 gM [35S]APS, 200 mM Na2SO 3 and 25 gL plant extract in 
a total volume of 500 gL. [3SS]Adenosine 5'-phosphosulfate was 
prepared according to Li and Schiff (1991) using [35S]sulfate from 
the Radiochemical Centre (Amersham, UK). 

The activity of GR was measured according to Smith et al. 
(1988). The assay mixture contained in a total volume of 1 mL, 
100mM Na-K-phosphate (pH 7.5), 0.2mM diethylenetriamine 
pentaacetic acid, 0.75 mM 5,5'dithiobis(2-nitrobenzoic acid), 
0.1 mM NADPH, 0.5 mM GSSG and 50 gL plant extract. 

The activity of NR was determined as described by Neyra and 
Hageman (1975) but omitting EDTA. The assay mixture contained 
25 mM K-phosphate (pH 7.5), 3.5 mM KNO3, 0.15 mM NADH and 
38 gL extract in a final volume of 1 mL. The reaction was stopped by 
addition of 400 gL 125 mM Zn-acetate. 

Assay of TEC synthetase and GSH synthetase. The plant parts were 
extracted 1:5 (w/v) in 0.1 M Tris-HCl buffer (pH 8.0) containing 
10 mM MgCI2, 5 mM Na2EDTA in an ice-cooled glass homo- 
genizer. After filtration through viscose fleece and centrifugation for 
20min at 30000" 9 and 4~ the extracts were desalted on 
a Sephadex G-25 column (Riiegsegger and Brunold 1992). 

The 7EC synthetase activity was determined as described by Hell 
and Bergmann (1990) and modified by Riiegsegger and Brunold 
(1992). The reaction mixture for ~,EC synthetase measurement con- 
tained in a total volume of 500 laL, 0.1 M Hepes-NaOH (pH 8.0), 
40 mM MgCI2, 30 mM Na-L-glutamate, 0.8 mM L-Cys, 0.4 mM 
DTE, 7 mM ATP and 250 gL extract. Incubation was for 45 min at 
37 ~ Fifty-microlitre aliquots of the assay mixture were derivatized 
with 15 ~tL of 15 mM monobromobimane in 200pL of 50mM 
2-[N-cyclohexylamino]-ethanesulfonic acid (Ches; pH 9.0). After 
15 min at room temperature in the dark, derivatization was stopped 
by the addition of 700 ~tL 5% (v/v) acetic acid. "y-Glutamylcysteine 
was separated from cysteine by HPLC (Beckman, Basel, Switzer- 
land) and quantified on an SFM 25 fluorescence detector (Kontron, 
Ziirich, Switzerland) as described by Schupp and Rennenberg (1988). 

The GSH synthetase activity was measured as described by Hell 
and Bergman (1988) and modified by Riiegsegger and Brunold 
(1992). The assay mixture contained in a final volume of 500 ~tL 
90 mM Tris-HC1 (pH 8.4), 20 mM MgC12, 45 mM KCI, 1 mM 
glycine, 0.5 mM 7EC, 5 mM phosphoenolpyruvate, 5 units of 
pyruvate kinase as an ATP-regenerating system, 4.5 mM DTE and 
200 ~tL extract. After incubation for 60 min at 37 ~ 25-1aL aliquots 
were derivatized in 200 ~tL 50 mM Ches (pH 8.4) and 20 gL of 
15 mM monobromobimane. Derivatization was carried out for 
15 min at room temperature in the dark and stopped by the addition 
of 1.0 mL 5 % (v/v) acetic acid. Glutathione was separated from 7EC 
and DTE by reverse-phase HPLC and quantified with a fluores- 
cence detector (Schupp and Rennenberg 1988). 

Protein determination. Proteins in the extracts for the enzyme assays 
were determined according to Bradford (1976) using bovine serum 
albumin (BSA) as standard. The reaction mixture contained in 
a total volume of 1 mL 200 gL protein assay reagent (Bio-Rad, 
Miinchen, Germany) and 5 taL extract. 

For total protein measurement (Brunold and Suter 1984) 200 mg 
plant material was extracted in 4 mL of 0.6 M NaOH. After 12 h at 
4 ~ 400 laL of 11.64 M HCIO4 was added and the extracts were 
kept at 4 ~ for 4 h. Following centrifugation at 2200"9 for 10 min 
and removal of supernatants the pellets were dissolved in 1 mL of 
1 M Tris-HC1 (pH 9.0) and protein content was estimated as 
described above. 

Determination of cysteine, yEC and GSH. The plant material was 
extracted 1 : 10 (w/v) in 0.1 M HC1 containing 1 mM NazEDTA in 
an ice-cooled glass homogeniser. The extracts were filtrated through 
viscose fleece, centrifuged for 30 min at 30000"9 and 4 ~ Then 
400 ~tL of supernatant was added to 600 laL of 0.2 M Ches (pH 9.3) 
and reduced with 100 ~tL of a freshly prepared 400 mM NaBH4 
solution. The mixture was kept on ice for 20 min. For derivatization, 
330gL of this mixture was added to 151aL of 15 mM mono- 
bromobimane and kept in the dark at room temperature for 15 min. 
The reaction was stopped with 250 gL 5% (v/v) acetic acid. The 
samples were analysed as described by Schupp and Rennenberg 
(1988) and modified by Riiegsegger and Brunold (1992) by reverse- 
phase HPLC and fluorescence detection. 
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Measurement of 35S-label in sulfate, thiols and proteins. The plant 120 
material was extracted 1 : 5 (w/v) as given above. A 100-pL aliquot of ~. 
each sample was separated by HPLC as described for yEC and GSH ~ 90 
synthetase. The 7.5-mL fraction, collected during the first 5 min was ~ 60 
used for laSS]sulfate determination, then fractions of 0.75 mL were 
collected. Ultima Gold XR (Packard, Ziirich, Switzerland) scintilla- 'o~ 30 
tion cocktail (2.5 mL) was added to the fractions and the radioactiv- "~ 0 
ity was counted in a Betamatic V liquid scintillation counter 
(Kontron). After dilution of the radiolabelled extract, thiols were ~ 12 
quantified as given above. ~ 9 

After the extraction, described for total protein measurement, the ~ 6 
amount of 35S-label in proteins was estimated according to Brunold o_ 

< 3 and Suter (1984) using 10gL extract with 1.5ml scintillation 
cocktail. 0 

Statistics. The statistical analysis was done using the Tukey-test 
(SYSTAT for Windows, Version 5, 1992, SYSTAT, Inc., Evanston, 
II1., USA). 
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Chemicals. Monobromobimane was from Calbiochem (La Jolla, 
Cal., USA), and yEC from Nacalai Tesque (Kyoto, Japan). All other 
chemicals were purchased from Fluka (Buchs, Switzerland). 

Results 

Shoot and root dry weights of the seedlings of the different 
maize genotypes used in this study more than doubled 
during 3 d at 25 ~ but did not change at 12 ~ indicating 
a complete inhibition (data not shown). 

Chilling for 3 d at 12 ~ induced a significant increase 
in APSSTase activity in second leaves of all genotypes and 
in root tips of some genotypes (Fig. 1). Neither at 25 nor at 
12 ~ was the level of enzyme activity correlated with the 
chilling tolerance of the genotypes (Fig. 1). Cold treat- 
ment, however, also induced a significant increase in yEC 
synthetase activity in the second leaf of all genotypes, but 
had no effect on this enzyme activity in root tips (Fig. 2). 
There was no correlation between the chilling tolerance of 
the genotypes and the level of enzyme activity in leaves 
(Fig. 2). In the roots, however, the levels of chilling toler- 
ance were correlated with yEC synthetase activity at 
12~ The activity of GSH synthetase from seedlings 
cultivated at 12 ~ was not different from the controls at 
25 ~ in both plant parts, except for Z 15, in which the 
activity increased in the second leaf (data not shown). 
However, its activity was one order of magnitude higher 
than 7EC synthetase activity, indicating that 7EC syn- 
thetase is the rate-limiting enzyme in GSH synthesis. 

The levels of the intermediates and products of sulfate 
reduction and GSH synthesis are presented in Fig. 3. After 
3 d at 12 ~ the greatest contents of cysteine and GSH 
were detected in the shoots and roots of two chilling- 
tolerance lines, CH 607B and Z 7, indicating a correlation 
between chilling tolerance and contents of these thiols 
(Fig. 3A, B). At 12 ~ there was a correlation between the 
cysteine and GSH contents in the shoots and roots 
(r = 0.99 and 0.97, respectively). In the shoots, 7EC only 
showed a significant increase in Z 7, and even decreased in 
shoots of CH 607B compared to 25 ~ (Fig. 3A). In the 
roots, yEC only increased in one of the two most chilling- 
tolerant genotypes during cultivation at 12 ~ (Fig. 3B). 
After 3 d at 5 ~ the highest increase of GSH content was 
also detected in the two most tolerant lines (data not 
shown). 

Chilling tolerance E . L ~  

Fig. 1. Activity of APSSTase in second leaves and root tips of maize 
seedlings after 3 d at 25 ~ (U]) or 12 ~ 011). Mean values _ SD 
of six measurements from three independent experiments are 
presented. Values carrying different letters are significantly different 
at P_<5% 
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Fig. 2, Activity of yE C synthetase (yECS) in second leaves and root 
tips of maize seedings 'after 3 d at 25 ~ (~) or 12 ~ ( I ) .  Mean 
values +__ SD of six measurements from three independent experi- 
ments are presented. Symbols as in Fig. 1 

The chilling-induced changes in thiols could be due to 
the breakdown of proteins and subsequent use of the 
metabolites for GSH synthesis, or to de-novo synthesis of 
cysteine and the other amino acids. To distinguish be- 
tween these two possibilities, a5SO42- was added to the 
nutrient solution and the radioactivity in cysteine, yEC 
and GSH was determined. After cultivating the highly 
chilling-tolerant (CH 607B) and highly chilling-sensitive 
(Penjalinan) genotypes on [35S]sulfate-containing me- 
dium, the uptake of radioactive sulfate into the shoots was 
not significantly different at 12 ~ compared to 25 ~ but 
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Fig. 3A, B. Cysteine, yEC and GSH contents in shoots (A) and roots 
(B) of seven maize genotypes after 3 d at 25 ~ (D) or 12~ (ill). 
Mean values + SD of six measurements from three independent 
experiments are presented. Other symbols as in Fig. 1 

it was decreased in roots of both genotypes growing at 
12 ~ (Fig. 4). Significantly more label from 35SO42- was 
detected in cysteine and GSH from the shoots and roots of 
seedlings of the chilling-tolerant genotype cultivated at 
12 ~ compared to controls at 25 ~ (Fig. 4). The 7EC 
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Fig. 4. 35S-Radiolabelled compounds in shoots and roots of the 
maize genotypes CH 607B (chilling tolerant) and Penjalinan (chilling 
sensititve) after 3 d at 25 (R) or 12 ~ (m) with [35S]sulfate. The 
amount of the radioactive compounds was calculated using the 
specific radioactivity of the 35SO~- applied. The numbers above 
the columns indicate the portion of labelled thiols in relation to the 
total of the individual thiols. Mean values _+ SD of four independent 
experiments are presented. Cys, cysteine. Symbols as in Fig. 1 

content was significantly lower in shoots of CH 607B 
(Fig. 4). The specific radioactivity in ~,EC, GSH and cys- 
teine from shoots was not significantly affected by cultiva- 
tion at 12 ~ compared to controls, but in cysteine from 
roots it was three and two times higher at 12 ~ than at 
25 ~ in CH 607B and Penjalinan, respectively (Fig. 4). 

To check whether the increased GSH and cysteine 
contents resulted from a decreased incorporation of sulfur 
amino acids into protein, we measured the ass-label in 
proteins. On a flesh-weight basis it was lower in the shoots 
of both genotypes grown at 12 ~ compared to controls at 
25 ~ (Fig. 5). The labelling of proteins in the roots was 
similar at both growth temperatures (Fig. 5). On a flesh- 
weight basis the total protein content was the same in 
both genotypes (see in legend of Fig. 5). 

Consistent with the hypothesis that GSH is involved 
in coping with oxidative stress, GR activity was higher 
in the chilling-tolerant genotypes than in the chilling- 
sensitive ones, both at 25 and 12 ~ (Fig. 6). Compared 
to 25 ~ cultivation at 12 ~ induced a decrease in the 
enzyme activity both in second leaves and root tips of 
some genotypes, but an increased activity was detected in 
MO 17 (Fig. 6). Neither the decrease nor the increase 
induced at 12~ was significant, however. 

The activity of NR did not change during chilling 
except for some genotypes (Fig. 7). Similar to GR activity, 
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genotypes CH 607B (chilling tolerant) and Penjalinan (chilling sensi- 
tive) after 3 d at 25 (D) or 12 ~ (m) with [35S] sulfate. Total protein 
content was 11.35 ___ 0.95 and 10.15 + 1.53 mg.g -] FW in shoots 
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and Penjalinan, respectively, after 3 d at 25 ~ These values did not 
change significantly after 3 d at 12 ~ Mean values _+ SD of four 
independent experiments are presented. Symbols as in Fig. 1 
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Fig. 7. Activity of NR in second leaves and root tips of maize 
seedlings after 3 d at 25 ~ (D) or 12 ~ ([]). Mean values _ SD of 
six measurements from three independent experiments are pres- 
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Fig. 6. Activity of GR in second leaves and root tips of maize 
seedlings after 3 d at 25 ~ (D) or 12 ~ (m). Mean values _+ SD of 
six measurements from three independent experiments are pres- 
ented. Symbols as in Fig. 1 

it was lower in the chilling-sensitive genotypes at 25 ~ At 
12 ~ NR activity was correlated with cold tolerance only 
in the roots. 

Discussion 

During oxidative stress occurring at chilling temperatures 
(Prasad et al. 1994), damaging effects can be prevented or 
reduced by removal of toxic oxygen species via the ascor- 
ba te -GSH pathway (Foyer and Halliwell 1976). Consis- 
tent with this hypothesis a great increase in non-protein 
sulfhydryl compounds was detected in leaves of tolerant 

genotypes of tomato  (Walker and McKersie 1993) and 
maize (this publication) during chilling. The increase in 
cysteine and GSH contents can be a result of a higher 
APSSTase and yEC synthetase activity as described after 
cadmium treatment (Nussbaum et al. 1988; Riiegsegger 
and Brunold 1992). The rate limiting step of cysteine and 
GSH synthesis is APSSTase, so an increase in its activity 
represents one base of a higher rate of cysteine synthesis. 
An increased cysteine formation is also dependent on 
a corresponding amount  of the acceptor of S 2-,  O-acetyl- 
L-serine (Neuenschwander et al. 1991), which is a product 
of nitrate assimilation. This prerequisite seems to be fulfil- 
led in the chilling-tolerant genotypes which have a higher 
NR activity than the chilling-sensitive ones, both at 25 
and 12 ~ The increased levels of cysteine at 12 ~ in the 
chilling-tolerant genotypes compared to the sensitive ones 
can therefore be explained by high levels of both AP- 
SSTase and NR activity. The correlation between cysteine 
and G S H  at 12 ~ both in shoots and roots could be due 
to an increased substrate availability for yEC synthetase 
with respect to cysteine. 

The increased G S H  level in tolerant genotypes may 
just be one of several parameters  which play a protective 
role during oxidative stress (Foyer and Halliwell 1976). 
Stuiver et al. (1992) explained the increase of G S H  in 
spinach during cold acclimation at 5 ~ by assuming an 
imbalance between sulfate reduction and protein syn- 
thesis. According to this hypothesis, the surplus of cys- 
teine synthesised during inhibited protein synthesis is used 
for GSH production. This hypothesis does not explain our 
results, because at 12 ~ the shoots of the chilling-sensitive 
maize genotype incorporated 3SS-label into proteins at 
a reduced rate, but there was only an insignificant increase 
of radioactivity in GSH. 

The incorporation of 35S from [35S]sulfate into the 
root proteins was not affected by cultivation of the maize 
seedlings at 12~ This may be due to the increased 
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specific act ivi ty  of cysteine in the roo ts  dur ing  chilling, 
which was 0.6 and  0.4 for C H  607B and  Penja l inan,  
respectively,  c o m p a r e d  to 0.2 for bo th  genotypes  at  25 ~ 
Due  to the high specific r ad ioac t iv i ty  of  cysteine dur ing  
chill ing, a co r r e spond ing  high value can be an t i c ipa ted  for 
the specific r ad ioac t iv i ty  of me th ion ine  which would  lead 
to a c o m p a r a b l e  i n c o r p o r a t i o n  of  35S into  the pro te ins  at  
25 ~ and  12 ~ even t hough  p ro te in  synthesis  is inhibi ted  
at the lower  t empera ture .  

Beside G S H ,  G R  m a y  also p lay  an i m p o r t a n t  role 
dur ing  chil l ing (Wang  1995). S imi lar  to our  results, a con- 
s t i tut ive higher  G R  act iv i ty  was detected in chil l ing toler-  
an t  Z e a  diploperennis and  in a ch i l l ing- to lerant  t o m a t o  
geno type  (Jahnke  et al. 1991; W a l k e r  and  McKers i e  1993). 
Thus,  the G R  p a t h w a y  m a y  a l r eady  be present  at 25 ~ at  
a level co r r e spond ing  to tha t  requi red  in the maize  seed- 
lings at  lower  tempera tures .  I t  should  be stressed at  this 
po in t  tha t  there  are  three possible  routes  of ascorba te  
regenera t ion ,  only  one of which is dependen t  on G R  
(Asada  1994). 

In  conclusion, we p ropose  tha t  in c o m b i n a t i o n  with 
o the r  pa r ame te r s  the chi l l ing- induced increase of the G S H  
level and  the cons t i tu t ive  h igher  G R  act ivi ty  con t r ibu te  to 
chil l ing to le rance  in maize  seedlings. 
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