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Heat-acclimation or salicylic acid (SA) treatments were previ-
ously shown to induce thermotolerance in mustard (Sinapis alba L.)
seedlings from 1.5 to 4 h after treatment. In the present study we
investigated changes in endogenous SA and antioxidants in relation
to induced thermotolerance. Thirty minutes into a 1-h heat-
acclimation treatment glucosylated SA had increased 5.5-fold and
then declined during the next 6 h. Increases in free SA were smaller
(2-fold) but significant. Changes in antioxidants showed the follow-
ing similarities after either heat-acclimation or SA treatment. The
reduced-to-oxidized ascorbate ratio was 5-fold lower than the con-
trols 1 h after treatment but recovered by 2 h. The glutathione pool
became slightly more oxidized from 2 h after treatment. Glutathi-
one reductase activity was more than 50% higher during the first
2 h. Activities of dehydroascorbate reductase and monodehy-
droascorbate reductase decreased by at least 25% during the first
2 h but were 20% to 60% higher than the control levels after 3 to
6 h. One hour after heat acclimation ascorbate peroxidase activity
was increased by 30%. Young leaves appeared to be better pro-
tected by antioxidant enzymes following heat acclimation than the
cotyledons or stem. Changes in endogenous SA and antioxidants
may be involved in heat acclimation.

Factors affecting plant adaptation to thermal extremes
have recently been under scrutiny in relation to stress
signaling (Foyer et al., 1997; Gong et al., 1998). Increases in
AOQOS are typical of plant responses to biotic and abiotic
stress (Foyer et al., 1997), and O, and H,O, levels have
been shown to increase during HS in plant tissues (Doke et
al., 1994; Foyer et al.,, 1997; Dat et al., 1998). Also, high
temperature can alter the integrated system of enzymic and
nonenzymic antioxidants involved in detoxification of AOS
(Paolacci et al., 1997). However, antioxidant mechanisms
and their complex interactions between tissues are only just
now being elucidated (Doulis et al., 1997; May et al., 1998;
Noctor et al., 1998).

We recently showed that thermotolerance of mustard
(Sinapis alba L.) seedlings could be obtained by SA treat-
ment and by heat acclimation (Dat et al., 1998). Either
treatment induced a transient increase in H,O, levels
within 5 min, and then during the period of induced ther-
motolerance (1.5-4 h after treatment), H,O, levels and
catalase activity declined. We have also found that thermo-

* Corresponding author; e-mail ias@aber.ac.uk; fax 44-1-970—
622350.

1455

tolerance can be induced in potato microplant tissues by
treatment with acetylsalicylic acid or H,O, (Lopez-Delgado
et al., 1998). These observations suggest that SA could be
involved in heat acclimation and that its action may be
linked to oxidative stress.

In the present paper we explore further the possible
involvement of SA in heat-stress physiology using the mus-
tard seedling system characterized by Dat et al. (1998), in
which exogenous SA can induce a period of thermotoler-
ance similar to that of conventional heat acclimation. If
endogenous SA has a function during heat acclimation,
changes in SA levels would be expected. Many studies
have shown that resistance responses to infection are me-
diated by endogenous SA (Mur et al., 1997). Ozone and UV
light also induce SA accumulation (Yalpani et al., 1994;
Sharma et al., 1996), as does high-light-induced H,O,
accumulation in catalase-deficient transgenic tobacco
(Chamnongpol et al., 1998).

There is also evidence that SA can alter the antioxidant
capacity in plants (Chen et al., 1997; Fodor et al., 1997; Rao
et al., 1997). Therefore, we compared changes in the anti-
oxidant system during thermotolerance induced by either
SA treatment or heat acclimation to explore whether SA
might be acting through this system.

MATERIALS AND METHODS
Growth and Treatment of Plants

Mustard (Sinapis alba L.) seedlings (Kings Seeds, Essex,
UK) were grown for 8 d, as described by Dat et al. (1998).
For acclimation treatments, plants were exposed to a non-
lethal high temperature (air temperature, 45°C) for 1 h in
the dark. Changes in fresh weight during heat treatment
were <10%. For SA treatments, plants were sprayed with a
100 uM solution of SA (Sigma) adjusted to pH 7.0 with
KOH. Water used in the control sprays was also adjusted to
pH 7.0 with KOH.

Abbreviations: AA, reduced form of ascorbate; AOS, active
oxygen species; APX, ascorbate peroxidase; DHA, dehydroascor-
bate; DHAR, dehydroascorbate reductase; GR, glutathione reduc-
tase; GSSG, oxidized glutathione; HS, heat shock; MDHAR, mo-
nodehydroascorbate reductase; SA, salicylic acid.
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Measurement of SA

Endogenous free SA levels were measured in 1.2 g of
shoot tissue by GC-MS with a [*H;]SA internal standard,
according to the method of Scott and Yamamoto (1994).
The shoot tissue consisted of the apical region of the shoot,
including the cotyledons. Total SA (free and glucosylated)
was also determined in aliquots of each sample by modi-
fication of the method of Malamy et al. (1992): Unfraction-
ated aqueous extract (0.5 mL) containing the [*H,]SA in-
ternal standard was added to 0.5 mL of B-glucosidase (4
units; Sigma) in 0.2 M sodium acetate buffer (pH 4.5/acetic
acid), incubated overnight at 37°C, and then analyzed as
for free SA. Glucosylated SA was calculated as the differ-
ence between total SA and free SA determined for the two
parts of each extract with reference to the same added
internal standard.

Measurement of Ascorbate and Glutathione

Antioxidant metabolite content was determined in 0.5 g
of shoot tissue. The shoot tissue (as defined above) was
ground to a fine powder in liquid N, and 1 mL of ice-cold
2.5 m HCIO, was added. The crude extracts were centri-
fuged (1 pulse, 16,000g), and the supernatant was collected
and separated into two samples (400 uL each) kept on ice.
The pellets were resuspended in 80% acetone (all chloro-
phyll was converted to pheophytin during acid extraction).
Pheophytin content was determined following the method
of Vernon (1960) and used as an estimate of total chloro-
phyll content (Doulis et al., 1997). AA and DHA were
assayed by following the change in A, after the addition
of ascorbate oxidase, according to the method of Foyer et
al. (1983). GSH and GSSG were assayed following the
change in A,;, after the addition of DTNB and GR, respec-
tively, according to the method of Griffiths (1980).

Measurement of Antioxidant Enzymes

Antioxidant enzyme activity was determined in 0.5 g of
shoot tissue (as defined above) or in 0.15 to 0.5 g of leaf,
cotyledon, or stem tissue, which was finely ground in
liquid N,. APX was measured spectrophotometrically by
monitoring the change in A,q,, according to the method of
Nakano and Asada (1987). GR was measured by following
the change in As,,, according to the method of Foyer and
Halliwell (1976). MDHAR was assayed by following the
change in A;,, after the addition of ascorbate oxidase.
DHAR was assayed by monitoring the change in A,.;, as
described by Miyake and Asada (1992). Chlorophyll con-
tent was measured using 50 pL of extract in 80% acetone,
according to the method of Arnon (1949).

Statistical Analysis

Data were analyzed by analysis of variance and Stu-
dent’s t test. Significance tests were performed on three
experiments (n = 6-9; each replicate was an average of 3
seedlings) for measurements of antioxidant enzymes and
metabolites and on three to four experiments (n = 3-10,

Plant Physiol. Vol. 118, 1998

each replicate was an average of 10-15 seedlings) for SA
measurements.

RESULTS
Effect of Heat Acclimation on Endogenous SA

Endogenous SA levels were determined in shoots of
mustard seedlings during and following heat acclimation
(Fig. 1). Total SA (free and glucosylated) was rapidly and
significantly increased to more than 400% of control levels
by 30 min after the start of the acclimation treatment (Fig.
1A). Following this abrupt increase, total SA declined to-
ward control levels during the next 6 h. The increase and
subsequent decline in total SA were mostly due to changes
in glucosylated SA (Fig. 1B), but changes in free SA were
significant (Fig. 1C). Glucosylated SA levels rapidly in-
creased to 550% of the controls during the first 30 min after
acclimation and then declined during the next 6 h (Fig. 1B).
Free SA increased 60% above control levels during accli-
mation and was more than 200% of control levels 2 h after
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Figure 1. Endogenous levels of total SA (A), glucosylated SA (B), and
free SA (C) in mustard seedling shoots during and following a 1-h
temperature-acclimation treatment (45°C) in the dark (Accl D). Bars
represent St of at least three samples (n = 3-10), each consisting of
10 to 15 seedlings. Control measurements taken during the course of
the experiment showed no significant variation. Levels of free and
glucosylated SA in controls kept in the dark for 1 h at 24°C were not
significantly different from the controls kept in the light at 24°C, 1
and 2 h after dark treatment (data not shown). Asterisks indicate
significant differences from controls (P < 0.05). FW, Fresh weight.
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Figure 2. AA (A), DHA (B), and total ascorbate (C) contents of
mustard seedling shoots during the thermoprotection period follow-
ing either spraying with 100 um SA solution (gray bars) or a 1-h
temperature-acclimation treatment (45°C) in the dark (white bars).
Controls (black bars) were kept at 24°C without spraying. Controls
sprayed with water were not significantly different from nonsprayed
controls. Control measurements taken during the course of the ex-
periment showed no significant variation. Bars represent SE (n =
6-10). Asterisks indicate significant differences from controls (*, P <
0.05; **, P < 0.01; ***, P < 0.001). Chl, Chlorophyll.

acclimation (Fig. 1C). Levels of free SA remained signifi-
cantly higher than the controls after 6 h (Fig. 1C).

Effects of SA and Heat Acclimation on
Antioxidant Metabolites

Levels of DHA and AA and GSSG and GSH were deter-
mined in shoots of mustard seedlings during the 6-h period
following either spraying with SA or heat acclimation. This
time was chosen because increased thermotolerance was
maximal between 1.5 and 4 h following either treatment
(Dat et al., 1998).

One hour after SA treatment or heat acclimation, levels
of AA were significantly reduced (65%), whereas those of
DHA were increased by more than 90% (Fig. 2, A and B).
This resulted in a drastic decrease in the AA-to-DHA ratio
from 1.8 to 0.33 at the 1-h point, although total ascorbate
content remained unaffected by either treatment (Fig. 2C).
By 2 h, however, the AA-to-DHA ratio had regained con-
trol levels, because of increased AA and decreased DHA.
By 6 h, DHA and total ascorbate were significantly in-

creased by at least 55% and 28%, respectively, compared
with control levels following either treatment (Fig. 2, B
and C).

There was a small decline in the glutathione redox ratio
(IGSH]/[GSH + GSSG]) in the shoot from 2 h after SA
treatment or heat acclimation (Fig. 3A). This decline in the
glutathione redox ratio was caused by a greater increase in
GSSG than in GSH between the 1st and 3rd h after either
treatment (Fig. 3, B and C). Both GSH and GSSG increased
between the 1st and 3rd h by at least 30% following either
treatment, but both were declining toward control levels by
6 h. However, GSH and GSSH levels were significantly
reduced by at least 18% 1 h after spraying with SA (Fig. 3,
B and C).

Effects of SA and Heat Acclimation on
Antioxidant Enzymes

Antioxidant enzyme activities were determined in shoots
of mustard seedlings during the period of induced thermo-
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Figure 3. Glutathione redox ratio (A), GSH (B), and GSSG (C) con-
tents of mustard seedling shoots during the thermoprotection period
following either spraying with 100 um SA solution (gray bars) or a 1-h
temperature-acclimation treatment (45°C) in the dark (white bars).
Controls (black bars) were kept at 24°C without spraying. Controls
sprayed with water were not significantly different from nonsprayed
controls. Control measurements taken during the course of the ex-
periment showed no significant variation. Bars represent Se (n =
6-10). Asterisks are as in the Figure 2 legend. Chl, Chlorophyll.
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tolerance following SA or heat-acclimation treatment. Se-
quential changes in APX, GR, DHAR, and MDHAR activ-
ities were observed following either treatment (Figs. 4 and
5). APX activity remained relatively stable following either
treatment, although APX activity was increased by 30% 1 h
following heat acclimation (Fig. 4A). GR activity was in-
creased by at least 50% following either treatment (Fig. 4B).
The increased GR activity remained high until the 2nd h,
after which it declined toward control values (Fig. 4B).
Activities of DHAR and MDHAR decreased by at least 25%
during the first 2 h following either treatment (Fig. 5).
However, DHAR activity was enhanced 60% by 3 h (Fig.
5A), and MDHAR activity was enhanced at least 20% by
6 h (Fig. 5B).

Seedling death following HS (1.5 h at 55°C in the dark)
was characterized by stem collapse 1 to 2 cm below the
apex (Dat et al., 1998), and the visual signs of damage
following HS were more pronounced on cotyledons than
on young leaves. Cotyledons represented approximately
60%, stems about 15%, and young leaves approximately
25% of total shoot tissue sampled in Figures 1 to 5. Effects
of heat acclimation on antioxidant enzymes in young
leaves, cotyledons, and stems were therefore compared
(Table I). The results confirmed the changes found with
shoot measurements (Figs. 4 and 5) but showed that the
antioxidant enzyme response to heat acclimation varied
between shoot parts. APX activity was significantly (P <
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Figure 4. APX (A) and GR (B) activity of mustard seedling shoots
during the thermoprotection period following either spraying with
100 um SA solution (gray bars) or a 1-h temperature-acclimation
treatment (45°C) in the dark (white bars). Controls (black bars) were
kept at 24°C without spraying. Controls sprayed with water were not
significantly different from nonsprayed controls. Control measure-
ments taken during the course of the experiment showed no signif-
icant variation. Bars represent st (n = 6-10). Asterisks are as in the
Figure 2 legend. Chl, Chlorophyll.
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Figure 5. DHAR (A) and MDHAR (B) activity of mustard seedling
shoots during the thermoprotection period following either spraying
with 100 um SA solution (gray bars) or a 1-h temperature-acclimation
treatment (45°C) in the dark (white bars). Controls (black bars) were
kept at 24°C without spraying. Controls sprayed with water were not
significantly different from nonsprayed controls. Control measure-
ments taken during the course of the experiment showed no signif-
icant variation. Bars represent st (n = 6-10). Asterisks are as in the
Figure 2 legend. Chl, Chlorophyll.

0.05) increased (by 70%) in young leaves 1 h after acclima-
tion but declined afterward. In cotyledon and stem tissue,
however, APX activity did not increase significantly. GR
activity was significantly (P < 0.05) increased in young
leaves (by up to 106%) 1 and 3 h after acclimation but did
not increase in the cotyledons until 3 h, whereas changes in
the stem were not significant. As in the shoot measure-
ments, DHAR and MDHAR activities showed more com-
plex patterns, tending to decline and in some cases to
increase later. Only in young leaves did both enzymes
remain at least as high as the controls 1 h after acclimation.

DISCUSSION

This is the first report, to our knowledge, of increased SA
levels during heat acclimation (Fig. 1). Conjugated SA ac-
counted for most of the increase, as in other stresses (Yal-
pani et al., 1994; Sharma et al., 1996; Chamnongpol et al.,
1998). The magnitude of the increase in total SA during
heat acclimation was similar to other short-term increases
(Sharma et al., 1996; Chamnongpol et al., 1998). The short-
lived nature of the heat-induced glucosylated SA suggests
that this metabolite is not a storage form but could fit the
model of Seo et al. (1995), in which glucosylated SA was
shown to be a less toxic and more water-soluble transport
form of SA in the intercellular spaces. Glucosylated SA can
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Table I. Activities of the main antioxidant enzymes in young
leaves, cotyledons, and stems of mustard seedlings following heat
acclimation in the dark (1 h at 45°C)

Values are =st (n = 4).

Plant Part Time after Acclimation (h)

and Enzyme Control 1 2 3
wmol h=" mg~" chlorophyll
Young leaves
APX 330 + 48 562 = 101 255 * 63 280 = 52
GR 707 145 £ 25 86 = 10 92 17
DHAR 512 * 96 523 * 91 371 £85 326 £ 54
MDHAR 42 =7 60 =9 26 £ 6 187
Cotyledons
APX 210 = 31 253 £ 20 215 £3 164 = 21
GR 42 =5 44 * 6 44 =5 93 9
DHAR 410 = 50 159 £ 22 204 = 20 262 =19
MDHAR 173 16 =3 14 =1 25+ 4
Stems
APX 615 * 69 622 * 133 635 = 117 643 = 70
GR 592 £ 73 718 =183 511 =26 585+ 79
DHAR 980 =208 1001 =237 1024 £139 1226 =110
MDHAR 129 = 19 87 =20 63 =9 170 £ 27

be converted back to SA (Seo et al., 1995), and this mech-
anism may explain the increase in free SA 2 and 3 h after
acclimation (Fig. 1C), because glucosylated SA was declin-
ing during the same period.

It is now apparent that changes in SA may play a role not
only in pathogenesis (Mur et al., 1997) but also in UV,
ozone (Yalpani et al., 1994; Sharma et al., 1996), and heat
stresses. The fact that pathogenesis-related proteins may
appear in all of these stresses implies some cross-talk be-
tween their signaling pathways (Margis-Pinheiro et al.,
1993, 1994; Yalpani et al., 1994; Sharma et al., 1996). Expo-
sure to UV can also induce HS proteins (Nedunchezhian et
al., 1992). A program common to UV and heat stress re-
sponses was proposed following the characterization of the
uvh6 mutant of Arabidopsis, which fails to grow at ele-
vated temperatures (Jenkins et al., 1997).

Heat inhibition of SA accumulation at 32°C has been
used to characterize the signaling pathway during tobacco
mosaic virus infection of tobacco plants (Malamy et al.,
1992). In the present study SA levels in mustard increased
at the higher temperature of 45°C, indicating that SA ac-
cumulation per se is not inhibited by heat treatment (Fig.
1). This implies that the thermosensitive point in N-gene-
mediated elicitation of the hypersensitive response (Mur et
al., 1997) occurs upstream of SA induction.

Previously, we reported that exogenous SA between 10
and 500 um could induce thermotolerance in mustard seed-
lings (Dat et al., 1998). If we assume an even distribution of
SA in the tissue, the endogenous SA levels are about 15 to
120 um, which is within the range of concentrations used to
induce thermotolerance. This situation is different from
most studies of the induction of systemic acquired resis-
tance by SA, in which treatments with 500 uM to 2 mM are
commonly needed (Shirasu et al., 1997). However, 10 to 50
uM SA potentiates the response of soybean cells to an
avirulent Pseudomonas syringae pv glycinea strain (Shirasu et
al., 1997).

SA levels in young mustard seedlings were of the same
order as those reported for soybean and barley (Raskin et
al., 1990), and less than those reported for rice (Raskin et
al., 1990; Scott and Yamamoto, 1994; Chen et al., 1997) or
poplar (Wilbert et al., 1998), although higher than for the
mature leaves of tobacco or Arabidopsis used in pathogen-
esis studies (Yalpani et al., 1994; Mur et al., 1997). Further
studies of SA levels in tissues of different ages and species
are needed.

Figure 6 shows possible interactions during heat accli-
mation among SA, AOS, and antioxidants. Heat stress in-
duces O, and its product, H,0,, in plant tissues (Doke et
al., 1994; Foyer et al., 1997; Dat et al., 1998). Elevation of
H,0, levels can stimulate SA accumulation (Chamnongpol
et al., 1998); therefore, the link between heat and SA might
be mediated by an increase in H,O,. In turn, SA can in-
crease H,0, (Rao et al., 1997; Shirasu et al., 1997; Dat et al.,
1998). Reduction of catalase activity by SA or heat (Conrath
et al., 1995; Dat et al., 1998; Lopez-Delgado et al., 1998)
might enhance H,O, accumulation, as seen in catalase-
deficient plants under high light (Chamnongpol et al.,
1998). H,O, may be removed by catalase or by APX of the
ascorbate-glutathione antioxidant cycle (Foyer et al., 1997).

The period of induced thermotolerance in mustard seed-
lings was maximal between 1.5 and 4 h after either heat
acclimation or SA treatment; during this period, H,O, lev-
els and catalase activity declined (Dat et al., 1998). The
present study revealed further changes in antioxidants
with sufficient parallels following either heat or SA treat-
ment, suggesting that common mechanisms might be
involved.

Reduced (AA) and oxidized (DHA) forms of ascorbate
responded dramatically to SA treatment or heat acclima-
tion, causing a substantial decrease in the AA-to-DHA ratio
detected 1 h after treatment (Fig. 2). Similar changes in the
AA-to-DHA ratio have been reported for seedlings grown
at supraoptimal temperatures (Paolacci et al., 1997). AA
functions as the reductant for APX (Fig. 6); therefore, the
decline in AA may be linked to the previously reported
decline in H,O, levels following either treatment (Dat et al.,
1998). A 30% increase in shoot APX activity was detected
1 h after heat acclimation (Fig. 4A), when analysis of shoot
parts revealed a 70% increase in the young leaves (Table I).

|I H,0 Ascorbate
| NADPH
: NADPH GSSG
‘> Catalase
NADP
MDHA

NADP

Figure 6. Hypothetical model representing possible effects of heat
acclimation on AQOS, SA, and the antioxidant system. Continuous
arrows show metabolic conversions and dotted arrows show possible
regulatory interactions, based on references (see text) relating to
various plant species. SOD, Superoxide dismutase.
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The increased APX activity, however, had disappeared by
2 h after acclimation. Other stresses causing APX activity to
increase include ozone exposure (Kubo et al., 1995), chill-
ing (O’Kane et al., 1996), and high light (Karpinski et al.,
1997). In contrast, APX activity decreased in wheat follow-
ing a 2.5-h exposure to 50°C (Kraus and Fletcher, 1994). In
pea, heat increased APX gene transcript levels, but changes
in APX activity were less marked (Mittler and Zilinskas,
1992). Several isoforms of APX are found in plants (Karpin-
ski et al., 1997) and changes in total activity will reflect
overall trends but not variations in specific isoforms.

DHAR reduces DHA back to AA using GSH as an elec-
tron donor, whereas MDHAR reduces monodehydroascor-
bate directly back to AA using NADPH as a donor (Fig. 6).
DHAR and MDHAR in the shoots declined during the first
2 h after either treatment but then recovered above control
levels (Fig. 5). Activities of both enzymes also fluctuated in
the various plant parts following heat acclimation (Table I).

Despite an initial decrease after SA treatment, both GSH
and GSSG increased from the 1st to the 3rd h following
either heat or SA treatment (Fig. 3, B and C). Accumulation
of GSH during stress has been reported during HS of maize
roots (Nieto-Sotelo and Ho, 1986) and during chilling stress
in zucchini (Wang, 1995), maize (Kocsy et al., 1996), and
Arabidopsis (O’Kane et al., 1996). The increases in GSH
and GSSG occurred during the period of induced thermo-
protection, when catalase activity declined (Dat et al.,
1998). Accumulation of total glutathione under conditions
of reduced catalase activity has also been found (Smith,
1985).

The glutathione redox ratio decreased slightly from the
2nd h following either treatment (Fig. 3A). A decreased
redox state of the glutathione pool was also observed fol-
lowing a temperature shift of sorghum from 37°C to 27°C
(Badiani et al., 1997), growing seedlings at supraoptimal
temperatures (Paolacci et al.,, 1997), and other abiotic
stresses (Fadzilla et al., 1997; Karpinski et al., 1997). Such
changes in the redox state of the glutathione pool may be
involved in acclimatory stress signaling (Foyer et al., 1997;
May et al., 1998).

High GR activity maintains the pool of glutathione in the
reduced state, allowing GSH to be used by DHAR to re-
duce DHA to AA (Fig. 6; Noctor et al., 1998). Increased GR
activity was detected 1 to 2 h following SA treatment or
heat acclimation in shoots (Fig. 4B) and for 3 h following
heat acclimation in young leaves (Table I). Increases in GR
have been reported for other species during heat stress
(Kraus and Fletcher, 1994) and low-temperature acclima-
tion (Wang, 1995). Higher constitutive levels of GR have
been linked to chilling tolerance in various species (Walker
and McKersie, 1993; Kocsy et al.,, 1996), and increased
expression of GR can enhance tolerance to oxidative stress
(Noctor et al., 1998). Multiple forms of GR may be ex-
pressed differentially during various stresses, however,
and total GR activity may be less significant than changes
in individual isoenzymes (Edwards et al., 1990).

The AA-to-DHA ratio may function as a cellular regula-
tory signal in addition to the glutathione redox state (May
et al,, 1998). The states of these two redox cycles each
fluctuated at different stages following SA or heat treat-
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ment; therefore, the potential exists for different combina-
tions of these putative redox signals. The fact that changes
in the antioxidant system were induced by an environmen-
tal stress and also by a putative signal molecule, SA, is
consistent with a signaling role for redox-state changes and
with an involvement of heat-induced SA accumulation in
such signals.

Death of mustard seedlings following HS (1.5 h at 55°C)
involved stem collapse 1 to 2 cm below the apex (Dat et al.,
1998). Surviving seedlings often showed signs of damage
and chlorophyll bleaching on the cotyledons, but young
leaves remained relatively undamaged. The analysis of
antioxidant enzymes in the various shoot parts following
heat acclimation (Table I) would be consistent with the
young leaves being the best-protected parts of the shoot.
As discussed above, the enzymes measured showed
greater or earlier increases or slower declines in the young
leaves than in the more vulnerable cotyledons or stem.

In conclusion, this study showed that high temperature
increased total endogenous SA rapidly, whereas SA treat-
ment and heat acclimation induced comparable sequences
of changes in the ascorbate and glutathione pools and
antioxidant enzymes. Consequently, we propose that in-
creases in endogenous SA and changes in antioxidants may
be involved in heat acclimation in mustard.
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