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Overexpression of a tobacco glutathione S-transferase oxygen species (ROS) including singlet oxygé@,j, superox-
with glutathione peroxidase activity (GST/GPX) in trans- ide radicals (Q7), hydrogen peroxide (5D,) and hydroxyl rad-
genic tobacco KNicotiana tabacumL.) enhanced seedling icals (OH). To protect themselves against these toxic oxygen
growth under a variety of stressful conditions. In addition  intermediates, plants employ defense systems that include the o
to increased GST and GPX activity, transgenic GST/GPX- enzymes such as superoxide dismutases, catalases, ascorbatg
expressing (GST+) seedlings had elevated levels of monode-peroxidases (APX), glutathione S-transferases (GST) and glu- =
hydroascorbate reductase activity. GST+ seedlings also con- tathione peroxidases (GPX) that catalyze the scavenging of 3
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tained higher levels of glutathione and ascorbate than wild- ROS. The activities of APX, GST and GPX depend on the g
type seedlings and the glutathione pools were more oxi- availability of reduced ascorbate (ASA) and glutathione (GSH) £
dized. Thermal or salt-stress treatments that inhibited the that are maintained by enzymes such as glutathione reductase§
growth of wild-type seedlings also caused increased levels of (GR), dehydroascorbate reductase (DHAR) and monodehy- &
lipid peroxidation. These treatments had less effect on the droascorbate reductase (MDHAR) using NAD(P)H as an elec- %
growth of GST+ seedling growth and did not lead to in- tron donor. 2
creased lipid peroxidation. Stress-induced damage resulted Recently, our understanding of the role of ROS-scaveng- g
in reduced metabolic activity in wild-type seedlings while ing systems in plant stress tolerance has increased through the3

GST+ seedlings maintained metabolic activity levels com- use of gene transfer technology to manipulate the levels of anti-
parable to seedlings grown under control conditions. These oxidant enzyme activities in plants. These studies have provid-
results indicate that overexpression of GST/GPX in trans- ed significant insights into the roles of these enzymes in plants
genic tobacco seedlings provides increased glutathione-de-(see Foyer 1994, Allen 1995 for reviews). Furthermore, a
pendent peroxide scavenging and alterations in glutathione number of these experiments clearly demonstrated that en-
and ascorbate metabolism that lead to reduced oxidative hancement of the ROS-scavenging systems in plants can pro-
damage. We conclude that this protective effect is primari- vide partial protection from oxidative damage, indicating that
ly responsible for the ability of GST+ seedlings to maintain this strategy could be used to improve plant stress tolerance.
growth under stressful conditions. While most of the previous work has focused on photo-
synthetic organs, recent analysis of transgenic tobacco lines o
Key words: Glutathione peroxidase — Glutathione S-transthat overexpress plant glutathione S-transferase/glutathione <
ferase — Seedling growth — Stress tolerance — Transgenjeroxidase (GST/GPX) showed substantial improvement in
tobacco. seed germination and seedling growth under stressful condi- S
tions (Roxas et al. 1997). Growth of GST/GPX-expressing S
Abbreviations: APX, ascorbate peroxidase; ASA, ascorbic aciqGST+) seedlings remained high under chilling or salt-stress
DPI, days post-imbibition; DHA, dehydroascorbate; DHAR, dehyqngitions that inhibited the growth of control seedlings. Al-

droascorbate reductase; GSH, reduced glutathione; GSSG, oxidi . . .
glutathione; GST, glutathione S-transferase; GPX glutathione peroi?-IOUgh the mechanisms by which overexpression of GST/GPX 1

dase; GR, glutathione reductase; MDA, malondialdehyde: mMpHagnhances seedling growth under stress have not been clearly
monodehydroascorbate; MDHAR, monodehydroascorbate reductasezlucidated, initial studies showed that transgenic GST+ seed-
lings contained substantially more oxidized glutathione
(GSSG) during stress than wild-type seedlings (Roxas et al.
1997). This accumulation of GSSG could indicate increased
Introduction GPX-dependent peroxide scavenging in these seedlings. Re-
sults reported here confirm that overexpression of GST/GPX in
Exposure of plants to unfavorable environmental condiseedlings provides enhanced capacity to scavenge ROS. This
tions such as vicissitudes of temperature, water availability, girotective effect appears to prevent cellular damage and allow
pollutants, or salt stress can increase the production of reactigeedlings to retain high levels of metabolic activity and growth.
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1230 Stress tolerance in GST-overexpressing seedlings

Materials and Methods 1992). Dehydroascorbate was determined by the same method follow-
ing the reduction to ascorbic acid in a reaction mixture containing
20 mM DTT and 50 mM HEPES-KOH buffer, pH 7.0. The ascorbate

Plant materials and growing conditions . .
9 g redox ratio was calculated using the formula [ASA]/[ASA]+[DHA].

Transgenic tobaccd\jcotiana tabacuni. cv. Xanthi NN) plants
were used that contain a chimeric Nt 107 gene that encodes an en- | . . N
zyme with both GST and GPX activity, under control of an enhanceénalys_'s_ oflipid peroIXIdz?\tlon L L
cauliflower mosaic virus promoter (Roxas et al. 1997). Five independ-  LiPid peroxidation is an effective indicator of cellular oxidative
ently transformed transgenic plants with high levels of Nt 107 mRNAlamage. Oxidative stress leads to free radical-mediated lipid peroxida-
and GST and GPX specific activities that were elevated by 2- to 3-folion With the potential to damage membranes of seed tissues (Wilson
compared to the wild-type plants, were self-pollinategs@eds from and MacDonald 1986, Willekens et al. 1997). Determination of lipid
these five independent GST+ seed lines were analyzed together witroxidation in transgenic GST+ and wild-type seedlings grown under
control seed lines. Untransformed seedlings and non-expressing sedi@?trol and stressful conditions was carried out by measurement of
gants from the transgenic lines were used as wild-type controls [Ralondialdehyde using the 2-thiobarbituric acid (TBA) assay proce-
these experiments. Since they were found to give identical results in §iré of Draper and Hadley (1990) with some modifications. Briefly,
analyses, the results were combined. Seeds were sown on Petri disiggcco seedlings (5-7 DPI; 0.1-0.2 g FW) were extracted in a solu-
lined with filter paper moistened with deionized water and incubatelion of 5% trichloroacetic acid and 0.5 g littmethanolic butylated
in the dark under control conditions (XB) or at stressful tempera- hydroxytoluene. The extracts were boiled for 30 min and reacted with
tures (10C or 30°C). Seeds were also imbibed with 100 mM NaCl in TBA. MDA values were calculated fromd3, to Agy, Using a molar ab-
the dark at 25C. Seedling growth was evaluated 5 d post-imbibitionsorption coefficient of 1.5610° (Gueta-Dahan et al. 1997).

(DPI) by length measurements of 25 randomly selected seedlings per

line. Analysis of metabolic activity
Plant growth generally correlates closely with metabolic activity
Enzymology (Criddle et al. 1991, Hansen et al. 1994). Therefore, calorimetric anal-

Transgenic GST+ and wild-type tobacco seedlings (7 Dp|ysis was used to provide a quantitative measurement of the effects of
grown under control conditions were ground in 10®f buffer (0.2 M stress on the metabolic activity of GST+ and wild-type seedlings.
Tris-HCI pH 7.8, 1 mM EDTA) and centrifuged at 5,0affor 10 min.  Transgenic and control seedlings were grown under control and stress-
GST and GPX specific activities were assayed spectrophotometricaflyl conditions as described above for 5 DPI. Intact seedling samples
as described by Roxas et al. (1997). For GR activity, seedlings wetd0—40 mg FW) were then loaded into ampoules and analyzed for met-
ground in 0.15 M HEPES-KOH (pH 8.0) containing 1.0 mM EDTA abolic heat rates (g, using a calorimeter (Hart Scientific model CSC
and centrifuged at 12,089 for 5 min. The specific activity of GR was 4207, U.S.A.) at 25C over a period of 3.2 h. All calorimetry experi-
assayed in the supernatant by following the decrease,jpubon the ~ments were repeated at least twice and duplicate assays were included
addition of GSSG to a final concentration of 1.0 mM. The reactiorfluring each run for each individual sample.
contained 50 mM HEPES buffer (pH 8.0), 1.0 mM EDTA, 0.2 mM
NADPH, and extract, in a final volume of 1.0 ml (Cakmak et al. 1993). Results
APX specific activity was determined by following the change ip A
for 2 min in an assay solution consisting of 50 mM HEPES (pH 7.0), . .

0.6 MM ASA, 0.1 mM EDTA, 1 mM HO, and 25yl extract (Cakmak Analysis of the ascorbate-glutathione redox pathway

and Horst 1991). DHAR specific activity was measured by the forma- ~ Overexpression of antioxidant genes can influence the ex-
tion of ASA at 265 nm following the procedure of Nakano and Asadgression of other genes (Sen Gupta et al. 1993). Therefore, we
(1981) with some modifications. The reaction mixture consisted O(t,ompared the activities of enzymes involved in the ASA-GSH

50 mM KPQ, (pH 7.6), 2.5 mM GSH, 0.2 mM DHA, 0.1 mM EDTA th in t ic GST/GPX . d
and 25ul extract. MDHAR specific activity was assayed by monitor-_pa way In transgenic expressing and non-express-

ing the change in absorbance at 340 nm for 90 s based on the motld seedlings. Transgenic GST+ seedlings had approximately
fied procedure of Cakmak et al. (1993). The assay solution contain@d5-fold higher GST and GPX specific activity than wild-type
50 mM KPQ, (7.6), 0.2mM NADH, 1 unit of ascorbate oxidase, seedlings (Table 1). While GR specific activity was similar in
2.5mM ASA and 25l of extract. Protein concentrations were deter-path GST+ and wild-type seedlings, APX specific activity was
mined using the dye-binding assay of Bradford (1976). approximately 25% higher in GST+ seedlings than in wild-type

Glutathione and ascorbate determination seedling. Though statistically significant £€0.05), it is unlike-
Wild-type and GST+ tobacco seedlings (7 DPI) were grown unly that this small increase in activity could substantially affect

der control and salt-stress conditions. Tissue samples (0.1 g FW) wdle overall peroxide-scavenging capacity of the transgenic

frozen in liquid N, ground with 0.5 ml of 2.5 M HCIQand centri-  seedlings. In addition, Roxas et al. (1997) showed that trans-

;U&e?( ‘;‘:’Bimi”bt"’“_ 12-3003'- Th% St‘\JNpema;agt wganstitraI(ijzetd Withgenic tobacco seedlings that overexpress cytosolic APX that
,CO, to obtain pH values between 4-5 and 6-7 for determina: . i ) -
tion of ASA and glutathione, respectively. Glutathione pools were dzhad APX activity levels more than 3-fold higher than wild-type

termined according to the methods of Griffith (1980). GSSG waplants did not show the stress-tolerant phenotype typical of
measured after the removal of GSH by 2-vinyl pyridine derivatizationGST+ seedlings. Levels of DHAR specific activity in GST+
Absorbance was monitored at 412 nm for 15 min. GSH was detegeedlings were identical to those in wild-types but MDHAR

mined by subtraction of GSSG from the total glutathione content. Th@pecific activity in GST+ seedlings was increased by approxi-
glutathione redox ratio was calculated by the formula [GSH]/ } . —
[GSH]+[GSSG]. For analysis of ASA, 10d of the sample was mixed mately 3-fold relz__ltlve to wild-type plants (Table 1). )

with 0.1 M sodium phosphate buffer (pH 5.6) and the reaction was  The glutathione and ascorbate content was measured in

started with the addition of 4 units of ascorbate oxidase (Arrigoni et aGST+ and wild-type tobacco seedlings grown under control

olie/dod;woo dnoolwepeose)/:sdiy Woly papeojumoq
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Stress tolerance in GST-overexpressing seedlings 1231

Tablel Spedfic actvity of enzymesfor glutahione aml ascobate metholism in GST/GPX
expressing (GST+) and wild-type seedlings

Enzyme activitie$

Genotype

P GSTP GPX¢ GR® APX® DHAR® MDHAR ®
Wild-type @ 18.45:1.8 22.922.7 45.2%1.7 59.783.2 59.242.2  41.483.3
GST+ 48.612.4 49.912.1 46.3%2.6 81.623.4 62.862.4 124.443.7
Relative activity® 2.6 2.2 1.0 1.4 1.1 3.0

@ Data are mearstandard deviation from a minimum of three independent experiments.
b pmol minrt (mg protein)?.

¢ nmol mirr* (mg protein)™.

4 Seedlings grown in water in the dark at°25for 7 DPI.

¢ GST+/wild type.

(water, 25C, in the dark) and salt-stress (100 mM NaCl?@5 Growth of transgenic GST+ seedlings

in the dark) conditions. Under control conditions, the level of  As shown in Fig. 1, GST+ seedlings grew significantly
GSH in GST+ seedlings was not significantly different than idarger than wild-type seedlings at 5 DPI £0.01) under con-
wild-type seedlings but the mean level of GSSG in GST+ seetrol conditions (25C in the dark). As expected, chilling at
lings was about 3-fold higher than in wild types (Table 2). Glu10°C reduced the growth of both GST+ and wild-type seed-
tathione content increased substantially in salt-stressed sedétlgs. However, growth of wild-type seedlings was reduced by
lings of both genotypes and the glutathione pool was moreearly 90% while growth of GST+ seedlings was reduced by
oxidized. Mean levels of GSH were about 4-fold higher in bott®nly 70% so that by 5 DPI, GST+ seedlings were about 3 times
GST+ and wild-type seedlings grown in 100 mM NaCl whilelarger than wild-type seedlings. Exposure to elevated tempera-
levels GSSG increased by about 9-fold. Therefore, under bot4re (30C) resulted in a 20% increase in the growth of wild-
control and stressful conditions, the glutathione pool in GSTi#Pe seedlings, while growth of GST+ seedlings was nearly
seedlings was more oxidized than in wild-type seedlings, witfil0% greater at 3@ than at 25C, so that GST+ seedlings were
redox ratios under salt-stress conditions of 0.40 and 0.61 f§Pout 1.5 times larger than wild-type seedlings at 5 DPI. Incu-
GST+ and wild-type seedlings respectively (Table 2). The corRation in 100 mM NacCl reduced the growth of wild-type seed-
tent of both ASA and DHA also increased in salt-stressed seetf19S Py approximately 50% compared to those grown 4OH

lings (Table 3). Under the salt-stress conditions, the mean lev&ile growth of GST+ seedlings was not inhibited, resulting in

of ASA in GST+ seedlings was nearly 2-fold higher than inGSTJr seedlings that were 2.5-times larger than wild-type seed-

wild-type seedlings and the ASA pool in GST+ seedlings Wagngs _at 5 _DPI' By demonstrating that the growth of GST+
more reduced with a redox ratio of 0.67 compared to 0.48 fosreedllngs s enhanced at both control and elevated tempera-

wild-type seedlings.

Table 3 Analysis of the ascorbate content in transgenic GST
Table 2 Analysis of the glutathione content in transgenicGPX expressing (GST+) and wild-type seedlings
GST/GPX expressing (GST+) and wild-type seedlings

Ascorbate content

Blant line Glutatlhione coptent Genotype (treatment)  (nmol (g FWJ) *  Redox ratic?
(treatment) (nmol (g FWY') ratic® ASA DHA
GSH GSSG Wild-type (control)®  36.0+27.0 ND°® 1.00

Wild-type (control)® 2245 7.1 5.930.8 0.79 Wild-type (salt stress) 47.1+ 2.5 56.0&5.0 0.48
Wild-type (salt stress) 83.43t 6.7 54.454.2 0.61 GST+ (control) 43.812.0 ND° 1.00
GST+ (control) 24.4¥ 8.96 19.624.8 0.55 GST+ (salt stress) 88.22.9 43.6%1.0 0.67
GST+(salt stress) 1154204 1721431 0.40 @ Data are meanstandard deviations from two independent experi-
@ Data are means standard deviations from two independent experiiments.
ments. b [ASAJ/[ASA]+[DHA].
b [GSH]/[GSH]+[GSSG]. ¢ Not detected.
¢ Seedlings grown in water in the dark at’25for 7 DPI. 4 Seedlings grown in water in the dark at@5for 7 DPI.

4 Seedlings grown in 100 mM NaCl in the dark ar@5or 7 DPI. ¢ Seedligs grown in 100 mM NaCl in the dark at 2& for 7 DPI.
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Fig. 1 Seedling growth of GST/GPX-expressing seedlings (GST+) Treatment

and wild-type seedlings (non-transformed and non-expressing segfég. 2 Lipid peroxidation as indicated by the levels of malondialde-

gants) under various conditions 5d after imbibition (DPI). Measurehyde (MDA) in GST+ seedlings compared to wild-type seedlings at

ments were taken from five independent GST+ lines and two wilds DPI. Results are the means from three assays of five independent

type lines. Data are meansSD; n=25 for each line. GST+ lines and two wild-type lines (non-transformed and non-
expressing segregants). Error bars indicate SD.

tures, these data extend our previous findings that the growth
of GST+ tobacco seedlings is less sensitive to low temperaturaader both control and stressful conditions (Fig. 3). It is impor-

and salt-stress (Roxas et al. 1997). tant to note that these measurements were performed°at 25
and, therefore represent the residual metabolic activity of the
Analysis of lipid peroxidation seedlings following stress treatment. Under control conditions

Since GST+ seedlings have increased glutathione peroXR5°C, dark), the metabolic activity of GST+ seedlings was
dase activity (Table 1, Roxas et al. 1997), it is possible that theearly 30% higher than that of wild-type seedlings. This differ-
increased growth of these seedlings during stress could be derece correlates with the differential growth of these seedlings
to reduced levels of oxidative damage compared to wild-typ@=ig. 1) under control conditions. Salt stress treatments re-
seedlings. To evaluate this possibility, the levels of lipid peroxiduced metabolic activity in wild-type seedlings by about 40%
dation in wild-type and GST+ seedlings were evaluated (Fig.
2). Under control conditions, lipid peroxidation, as indicated by
malondialdehyde analysis, in GST+ seedlings was approxi-
mately 20% lower than in wild-type seedlings. Exposure to
100 mM NaCl or 30C caused lipid peroxidation to increase in
wild-type seedlings by more than 20% but these stress trea
ments did not effect lipid peroxidation in GST+ seedlings.
While the lower overall level of lipid peroxidation in seedlings
grown at 10C is consistent with their decreased metabolic ac-
tivity and reduced growth at low temperatures, levels of lipid
peroxidation in wild-type seedlings were nearly two times
higher than in GST+ seedlings. These results indicate thal
even under these highly stressful conditions, lipid peroxidation
in the transgenic seedlings was substantially lower than ir

wild-type seedlings. 25°C 10°C 30°C salt
Treatment

OWild-type
GST+

Umet (MWatt/g FW)

Analysis of metabolic activity
The primary phenotype of GST+ seedlings is their abilityFig- 3 Metabolic activity of GST+ seedlings compared to wild-type
to maintain growth under adverse conditions. Since levels §pedlings. Seedlings were grown for 5 DPI under the indicated condi-

. o ) - tions in the dark and measurements of metabolic hea) (gere made
metabolic activity closely correlate with plant growth (C”ddlea_t 25C in the dark using a calorimetry. Results are the means from at

et al. 1991, Hansen et al. 1994), we measured the metaboligst two experiments with two replicates per run. Error bars indicate
heat (q,,) production in GST+ and wild-type seedlings grownsp.

220z ¥snbny oz uo }sanb Aq 0660981/622 /1 L/ L 7/a101ie/dod/wod dno olwepede//:sdpy Wwoly papeojumoq



Stress tolerance in GST-overexpressing seedlings 1233

NAD" NADH NAD' NADH forded by higher temperatures is largely offset by increased ox-
idative damage, as indicated by reduceg,qesulting in only
CR CR small increases in growth. This increase in damage is prevented
in GST+ plants so that a temperature-dependent increase in
GSH GSSG GSH 688G growth is realized.
H,0, GST/GP, H,0 H,0, GST/GP, H,0 - -
APX APX Discussion
ASA MDHA ASA MDHA

VOHAR MOHAR The results presented clearly show that transgenic tobac-
DHA DHA co seedlings that overexpress GST/GPX grow faster than wild-
type seedlings under control conditions and this growth differ-

DHAR DHAR ence is accentuated during exposure to a variety of stressful

GSSG GSH GSSG GSH conditions. These seedlings also had reduced levels of lipid
- GSTIGPX peroxidation and maintained higher levels of metabolic activi-

Wild-type Expressor ty after stress exposure. These findings indicate that overex-

Fig. 4 Proposed model for alterations in peroxide scavenging pa”?_ressmn of GST/GPX in transgenic tobacco seedlings provides

ways in tobacco seedling. In the wild-type seedlings, peroxides a,:gote(_:tion from ox.ida_tive damage during germination f"md
scavenged primarily through an ascorbate-dependent pathway, res§fedling growth. It is likely that the reduced capacity of wild-
ing in oxidation of the ascorbate pool. In contrast, the increased perotype seedlings to grow under stressful conditions can be
idatic capacity of GST+ seedlings leads to increased oxidation of thgitributed, at least in part, to stress-induced oxidative damage
glutathione. pool and reduced demapd for ascorbate. The oxiddtion @Nilson and MacDonald 1986, Sung and Jeng 1994).
the glutathione pool coul_d Ie_ac_l to increased expression of NADH- Seed germination is characterized by a rapid generation of
dependent MDHAR resulting in increased reduction of ascorbate. . . =

H,O, as a result of high respiratory activity and, @onsump-

tion following seed imbibition (Cakmak et al. 1993). In addi-

tion, the mobilization of storage lipids and iron storage com-
while salt-stressed GST+ seedlings retained metabolic activipounds like ferritin and phytate in seedlings leads to increased
levels that were comparable to, if not slightly higher than seedproduction of ROS that is responsible for oxidative damage
lings grown under control conditions, again correlating wit{Halliwell and Gutteridge 1986). Through its peroxidatic activ-
the relative growth of these seedlings. ity, GST/GPX is capable of rapidly scavenging products of lip-

Incubation of seedlings at reduced temperatures will rdd peroxidation generated as a result of enhanced ROS produc-

duce the metabolic activity and, as shown in Fig. 1, inhibit théon (Bartling et al. 1993, Williamson and Beverly 1987) as
growth of seedlings directly while growth at elevated temperaVell @s endogenous reactive products of cellular metabolism
ture can directly increase metabolic activity and growth. TherdS€€ Daniel 1993, Rushmore and Pickett 1993 for reviews). Or-
fore, to measure the effects of chilling- or high temperature-irdanic and inorganic peroxides produced during seed germina-

duced damage, seedlings were grown at eithéCiér 30°C tllgglare ((jjettkc])X|f|ed|_prlr’tqar|nyby peromdzls_es (I:unthqlrlglo ett al.
for 5d then calorimetry was performed at°25 Under these ) and the acclimation of maize seedlings to chilling stress

. . . tolerance has been associated with increased expression of per-=
conditions, changes in.g, should represent stress-induced al-_. .

. . . . . oxidase and catalase activity (Anderson et al. 1995). There-
terations in metabolic activity, not simply the effects of temperf re, we conclude that protection of seedling tissues from oxi-
ature on metabolism whereas changes in growth reflect botf ..’ - . . . P

. ) ative damage is the most likely mechanism for the increased <
the direct effects of temperature and along with the effects Qress tolerance phenotype of GST+ seedlings. The enhanced‘f’-

stress. Therefore a direct correlation between changes in meia- . i -
9 é?owth of GST+ seedlings under control conditions indicates %

bolic activity and seedling growth is not expected in these exp significant oxidative damage occurs in tobacco seedlings

periments. Incubation at 1G resulted in a nearly 20% de- gen at optimal temperatures and this damage can be amelio-
crease in g, in GST+ seedling; while the metabolic activity of 5iaq by GST/GPX overexpression.

wild-type seedlings was reduced by about 50%. These results |1 g possible that the impact of GST/GPX overexpression
indicate that, under these conditions, detectable damage dQﬁ§g|utathione and ascorbate metabolism and on the expres-
occur in both GST+ and wild-type seedlings, though it is greakjon of other enzymes in the ascorbate-glutathione antioxidant
er in the wild types. Growth of wild-type seedlings increasegathway could complement the direct effects of increased GST/
somewhat at 3@ compared to 2% yet they showed a de- GPX activity. Most notably, the substantial increase in MD-
crease in metabolic activity of approximately 35%. Growth oHAR and associated increase in ASA content could have sig-
GST+ seedlings increased dramatically at@Gvhile the meta- nificant effects on seedling stress tolerance. These perturba-
bolic of these seedlings was unchanged. These results indicéitss could indicate a shift in the peroxide-scavenging pathway
that, in wild-type plants, the increase in metabolic activity afof GST+ seedlings. As shown in Fig. 4, peroxide scavenging in

:sdiy wouy papeojumoq
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1234 Stress tolerance in GST-overexpressing seedlings

wild-type seedlings appears to be accomplished primarily catalase, peroxidase, and glutathione reductase during acclimation to chilling

hr h an r - nden hw. D r |. 1997 mesocotyls of maize seedlingdiant Physiol.109: 1247-1257.
through an ascorbate-dependent pathway (De Gara et a 99Ar>|gon|, 0., De Gara, L., Tommasi, F. and Liso, R. (1992) Changes in ascorbate

In GST+ seedlings, on the other hand, the enhanced glutathsystem during seed developmengia faba Plant Physiol 99: 235-238.
ione-dependent pathway leads to increased GSSG accumuHariling, D., Radzio, R., Steiner, U. and Weiler, E.W. (1993) A glutathione S-

tion and perhaps lower ascorbate utilization. This reduced de_transferase with glutathione peroxidase activity frémabidopsis thaliana
’ ' L " Molecular cloning and functional characterizatidgur. J. Biochem.216:
mand for ASA, along with increased regeneration of ASA from 579 sgg

MDHA due to the relatively large increase in MDHAR activi- Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of
ty in GST+ seedlings could contribute to the increased accumu-microgram guantities of protein utilizing the principle of protein-dye bind-

. . . . . ing. Anal. Biochem72: 248-254.
lation of ASA compared to W||d-type seedllngs. Itis pOSSIbI%akmak, 1., Strbac, D. and Marschner, H. (1993) Activities of hydrogen peroxide

that the increase in GSSG in GST+ seedlings acts as signal t@cavenging enzymes in germinating wheat se&dsxp. Bot44: 127-132.
induce MDHAR gene expression. Cakmak, I. and Horst, W.J. (1991) Effect of aluminum in lipid peroxidation,
Regeneration of ASA in germinating wheat seeds was superoxide dismutase, catalase and peroxidase activities in root tips of soy-
- . bean Glycine max. Physiol. Plant83: 463-468.
found to be catalyzed primarily by MDHAR and not by DHAR criddle, R.S., Fontana, A.J., Rank, D.R., Paige, D., Hansen, L.D. and Breiden-

(Cakmak et al. 1993). Since DHAR depends on GSH as anbach, R.W. (1991) Simultaneous measurement of metabolic heat rate, CO

electron donor. it is possible that the increase in NAD(P)H-de- production and @ consumption by microcalorimetnnal. Biochem.194:
) 413-417.

pendent MDHAR in GST+ seedlings could be a response 1o thfniel, v. (1993) Glutathione S-transferases: gene structure and regulation of
relative oxidation of the glutathione pool. One could ask expressionCrit. Rev. Biochem. Mol. BioR4: 337-384.

whether it is the increase in GST/GPX activity or the concomiPe Gara, L., de Pinto, M.C. and Arrigoni, O. (1997) Ascorbate synthesis and
ascorbate peroxidase activity during the early stage of wheat germination.

tant increase in MDHAR that is primarily responsible for the ppysiol. plant100: 894-900.
increased stress tolerance in our transgenic seedlings. The deper, H.H. and Hadley, M. (1990) Malondialdehyde determination as index of

finitive answer to this question awaits thorough analysis of lipid peroxidation Methods Enzymol86: 421-431. _ _
MDHAR . b dli Th h F?yer, C.H., Descourvieres, P. and Kunert, K.J. (1994) Protection against oxy-
-overexpressing tobacco seedlings. ese have recen gen radicals: an important defense mechanism studied in transgenic plants.

ly been developed in our laboratory and have 2- to 3-fold high- plant Cell Environ17: 507-523.
er MDHAR activity than wild-type plants. However, in prelim- Griffith, O.W. (1980) Determination of glutathione and glutathione disulfide
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