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The role of abscisic acid (ABA) in the signal transduc- 
tion pathway associated with NaCl-induced up-regu- 
lation of antioxidant enzyme activity was examined in 
a NaCl-tolerant cotton callus cell line treated with 
NaC1, ABA, paraquat, or H202 in the presence and 
absence or fluridone, an inhibitor of terpene, and 
therefore, ABA synthesis. Treatment with NaC1 
resulted in a rapid increase (within 30 minutes) in the 
ABA levels of the callus tissue, and the NaC1, ABA, 
and paraquat treatments induced rapid increases in 
the activities of superoxide dismutase, catalase, perox- 
idase, and glutathione reductase. Pre-treatment with 
fluridone significantly suppressed the NaCMnduced 
increases, but only slightly delayed the increases in 
tissue subjected to exogenous ABA treatment. This 
implies that ABA is involved in the signal transduc- 
tion pathway associated with the NaCl-induced 
up-regulation of these antioxidant enzymes. Pre-treat- 
ment with fluridone had no effect on the 
paraquat-induced increases, suggesting that these 
enzymes can also be up-regulated by a pathway other 
than the one mediated by ABA. Both the NaC1 and 
paraquat treatments produced significant increases in 
the superoxide levels within the callus, but the 
increase resulting from the paraquat treatment was 
significantly higher than the increase resulting from 
the NaC1 treatment. These data suggest that NaC1 

stress results in the production of reactive oxygen 
intermediates (ROI) which signals the induction of an 
ABA-dependent signaling pathway. The production 
of very high levels of ROI, such as those that occur 
with paraquat treatment or perhaps during periods of 
prolonged or extreme stress, may induce an 
ABA-independent signaling pathway. 

Keywords: Abscisic Acid; Antioxidant Enzymes; Cotton; 
Reactive Oxygen Intermediates; Salt Stress; Superoxide 

INTRODUCTION 

All plants,  in their natural  envi ronments ,  will 
experience some level of env i ronmenta l  stress 
which  m a y  be the major  l imiting factor in their 
p roduc t iv i ty  I1]. When  plants  are exposed  to 

env i ronmenta l  stress, the p roduc t ion  of reactive 

oxygen  in termedia tes  (ROI), such as singlet oxy- 

gen, the superoxide  (02-') radical, H202, and  the 
hydroxy l  ( 'OH) radical m a y  exceed the quench-  

ing activity of the ant ioxidant  system. When  this 

* Correspondence should be sent to: Dalton R. Gossett, Department of Biological Sciences, Louisiana State University, One 
University Place, Shreveport, LA 71115, USA. Phone: 318-797-5244, Fax: 318-797-5222, email: dgossett@pilot.lsus.edu 
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occurs, oxidative stress can seriously disrupt 
normal metabolism through oxidative damage 
to lipids, proteins, and nucleic acids I21. By neces- 
sity, plants possess a number  of antioxidants for 
protection against the potentially cytotoxic ROI, 
and the resistance to environmental  stress may  
depend, at least partially, on the inhibition of 
ROI product ion or an increase in the antioxidant 
levels. Numerous  investigators have shown that 
plants with high levels of antioxidants, either 
constitutive or induced, are more resistant to 
damage by ROI and are better adapted to with- 
stand stress conditions [3-15]. 

Data compiled from on-going research in our 
laboratory indicates that salt stress also elicits an 
oxidative response in cotton [10-12]. NaC1 stress 
induced the upregulat ion of superoxide dis- 
mutase (SOD), catalase, peroxidases, ascorbate 
peroxidase (APX), glutathione reductase (GR), 
and glutathione S-transfersases (GSTs) activities 
in leaves a n d / o r  callus tissue of a more salt-tol- 
erant cultivar and the callus tissue of a NaCl-tol- 
erant cell line. Antioxidants have also been 
shown to play a role in resistance to salt stress in 
peas [9'16'17] and rye grass [181. Recent studies 

using ~-amanitin, an inhibitor of RNA polymer- 
ase II, have indicated that the NaCMnduced 
increases in antioxidant enzyme activity in cot- 
ton callus tissue is transcriptionally regulated, 
proceeding via de novo  synthesis of 
poly(A)+RNA [19], but  little information is availa- 
ble on signal transduction sequences or the 
molecular mechanisms associated with this 
upregulation. The available evidence suggests 
that the production of ROI may  serve as a gen- 
eral alarm to signal for the possible modification 
of metabolism and gene expression [6], but  the 
specific substance or substances responsible for 
signaling the upregulat ion of the antioxidant 
defense system have yet to be defined [7]. 

Superoxide is generated under  most types of 
environmental  stress, including NaC1 stress [9], 
and there is evidence that superoxide may  serve 
as a signal transduction molecule for stress- 
induced cellular responses [20]. Intracellular 
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FIGURE 1 SOD (A), catalase (B), peroxidase (C), APX (D), 
and GR (E) activities (units/g fresh weight _+SE) measured at 
0, 0.5, 1, 2, 4, and 8 hours in NaCI-tolerant cotton callus tissue 
incubated with 150 mM NaC1 in the presence and absence 
(controls) of fluridone 
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ABA AND UP-REGULATION OF ANTIOXIDANTS DURING NaC1 STRESS 533 

H20 2 concentrations also increase under a vari- 
ety of stress conditions [7'21]. Singha and Choud- 
huri [22] have shown that H20 2 and the 
superoxide radical may play an important role in 
the mechanism of salt-injury in Vigna catjang and 
Oryza sativa leaves. Hence, H20  2 may act as both 
an intracellular and systemic signal for the 
induction of a subset of defense genes ]7'15]. It has 
also been suggested that ABA may be an essential 
mediator in triggering the responses to adverse 
environmental stimuli in plants [23'241. It has been 
demonstrated that ABA levels increase during 
salt stress [25'26], and an increase of ABA in vegeta- 
tive tissues is often associated with increases in 
stress-induced gene expression [27'28]. ABA has 
also been shown to enhance SOD activity in 
maize and tobacco [29'30], APX activity in pea I31], 
and the catalase Catl transcript in maize D2]. 

Since ABA, superoxide, and H20 2 have all 
been implicated in the various signal transduc- 
tion pathways, the objective of this study was to 
determine if there are ABA-dependent signal 
transduction pathways and / or ABA-independ- 
ent signal transduction pathways involving 
superoxide and /o r  H20 2 associated with the 
up-regulation of antioxidant enzyme activity 
during salt stress in cotton callus tissue. This 
objective was addressed by performing a series 
of time-course experiments in which ABA con- 
centrations and/or  antioxidant enzyme activity 
was measured over an 8-hour period in a 
NaCl-tolerant cell line treated with NaC1, H202, 
sub-lethal doses of paraquat to generate endog- 
enous superoxide, or ABA and in a NaCl-toler- 
ant cell line subjected to the same treatments 
after a 2-hour pre-incubation period with flu- 
ridone [ 1-methyl-3-phenyl-5-(3-trifluorome- 
thyl)-phenyl)-4(1H)-pyridinone]. Fluridone 
inhibits the action of phytoene desaturase, an 
essential enzyme for the conversion of phytoene 
to lycopene in the terpene biosynthesis pathway. 
Since lycopene is a precursor for ABA as well as 
carotenoids and xanthophylls, fluridone has 
been routinely used as an effective inhibitor of 
ABA synthesis [33'34]. 

MATERIALS A N D  METHODS 

Growth and Maintenance of Callus Tissue 

Control and NaCl-adapted callus tissue derived 
from the cotton cultivar Coker 312, was gener- 
ated according to the method of Trolinder and 
Goodin [351 as modified by Gossett et al. [111. The 
control callus cell line was grown at 0 mM NaC1. 
The NaCl-adapted ceil line was selected by pro- 
gressively growing portions of the callus on 
media with increasing concentrations of NaC1 
until callus of the selected cell line grew as well 
on 150 mM NaC1 amended media as control cal- 
lus grown on control media [121. The callus tissue 
was maintained by sub-culturing every 4 to 6 
weeks. Previous studies [12'19] have shown that 
during NaC1 stress, antioxidant enzyme activi- 
ties increase dramatically in the NaCl-tolerant 
cell line, while the activities of these same 
enzymes remain virtually unchanged in the 
NaCl-sensitive callus tissue; therefore, only the 
NaCl-tolerant callus was used in the following 
experiments. 

Chemicals and Reagents 

All chemicals, except fluridone, were reagent 
grade and purchased from Sigma Chemical 
Company (St. Louis, MO). Fluridone was pur- 
chased from Chem Service, Inc., West Chester, 
PA. All experiments were conducted in sterile 
liquid media consisting of MS salts [361 supple- 
mented with Gamborg's vitamins [37], 0.75 mg/L  
MgC12, and 30 g /L  glucose, and 150 mM NaC1 
adjusted to a pH of 5.8 [35]. 

Time Course Studies 

Approximately 4 g of NaCl-tolerant callus was 
transferred to a series of culture tubes and sus- 
pended in media amended with 150 mM NaC1 
or a series of culture tubes containing 150 mM 
NaC1 + 0.2 ~tM fluridone. Each culture tube was 
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FIGURE 2 SOD activity (units/g fresh weight _+SE) measured 
at 0, 0.5, 1, 2, 4, and 8 hours in NaCl-tolerant cotton callus tis- 
sue controls or after treatment with (A) 250 mM NaC1 only 
and 250 mM NaC1 following a 2 hr pre-treatment with 0.2 
gM fluridone, (B) 5 gM ABA only and 5 gM ABA following a 
2 hr pre-treatment with 0.2 gM fluridone, (C) 0.1 gM 
paraquat only and 0.1 gM paraquat following a 2 hr 
pre-treatment with 0.2 gM fluridone, and (D) 10 mM H202 
only and 10 mM H202 following a 2 hr pre-treatment with 
0.2 ~tM fluridone 

then connected to an aerator and pre- incubated 
for two hours. Following pre-incubation, the cul- 
ture tubes were  subjected to one of the fol lowing 
treatments: 250 mM NaC1, 5 gM 
(+)-cis, t r a n s - A B A ,  10 mM H202, or 0.1 gM 
paraquat  (methyl  viologen). This sub-lethal level 
of paraquat  was used to generate superoxide 
endogenous ly  [12], No treatments were  added  to 

the culture tubes used as the controls. The callus 
tissue was harves ted  at 0.5, 1-, 2-, 4-, and 8-hour 
intervals and stored at -70°C for subsequent  
antioxidant  enzyme  analyses. ABA concentra- 
tions were de te rmined  in the callus tissue which 
had been treated with 250 m M  NaC1 only and 
250 mM NaC1 following a pre- t reatment  with 0.2 
gM fluridone. 

Protein Extraction 

Samples were  p repared  for SOD, catalase, perox- 
idase, GR and AP analyses according to the 
me thod  of Anderson  et al. [381 as modif ied by 
Gossett  et al. [11] Samples were  prepared  by  
homogeniz ing  I g of frozen callus tissue, 0.25 g 
of insoluble po lyvinylpyr ro l idone  (PVP), and 
one drop  of antifoam A emulsion in 2.5 mL of ice 
cold 50 mM Pipes buffer (pH 6.8), containing 
6mM cysteine hydrochlor ide ,  10 mM D-isoascor- 
bate, 1 mM EDTA, 1% PVP-10, and 0.3% (v /v )  
Triton X-100. The homogena te  was centr ifuged 
for 20 rain at 4°C at 10,000 x g Following centrif- 
ugation, 1 mL of the supernatant  was centri- 
fuge-desalted th rough  a 10 mL bed of Sephadex 
G-25 according to the procedure  outl ined by  
Anderson  et al. [38J. A por t ion of the eluent was 

analyzed immediate ly  for catalase activity, and 
the remainder  was stored at -70°C for subse- 
quent  analysis of SOD, GR, APX, and peroxidase 
activities. 

Antioxidant  Enzyme  Determinat ions  

Catalase activity was de termined by  moni tor ing 
the disappearance of H 2 0  2 at 240 n m according 
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FIGURE 3 Catalase activity (uni ts /g  fresh weight +SE) meas- 
ured at 0, 0.5, 1, 2, 4, and 8 hours in NaCl-tolerant cotton cal- 
lus tissue controls or after treatment with (A) 250 mM NaC1 
only and 250 mM NaC1 following a 2 hr pre-treatment with 
0.2 I, tM fluridone, (B) 5 gM ABA only and 5 gM ABA follow- 
ing a 2 hr pre-treatment with 0.2 IIM fluridone, (C) 0.1 gM 
paraquat only and 0.1 gM paraquat following a 2 hr 
pre-treatment with 0.2 gM fluridone, and (D) 10 m/Vl H202 
only and 10 mM H202 following a 2 hr pre-treatment with 
0.2 I.tM fluridone 

to the method of Beers and Sizer [39]. Peroxidase 
activity was measured by monitoring at 675 nm 
the H202-dependent oxidation of reduced 
2,3',6-trichloroindophenol after the method of 
Nickel and Cunningham [40]. APX activity was 
assayed at 265 nm by monitoring the ascorbic 
acid-dependent reduction of H20 2 by the 
method described by Anderson et al. I38]. Total 
SOD activity was assayed at 550 nm and was 
measured by determining the amount of enzyme 
required to produce 50% inhibition of the reduc- 
tion of cytochrome C by superoxide generated 
by xanthine oxidase according to the method of 
Forman and Fridovich [411. GR activity was deter- 
mined by monitoring the glutathione-dependent 
oxidation of NADPH at 340 nm after the method 
of Schaedle and Bassham [421. One unit of 
enzyme for catalase, peroxidase and APX was 
defined as the amount necessary to decompose 1 
gmole of substrate/min at 25°C. One unit of 
SOD was defined as the amount of enzyme nec- 
essary to inhibit the reduction of cytochrome C 
by 50%. One unit of GR was defined as the 
amount of enzyme required to reduce i nmole of 
substrate / min at 25°C. 

A B A  E x t r a c t i o n  a n d  A n a l y s i s  

Extraction was performed by homogenizing 
approximately i g of frozen tissue in 3 mL of 
0.1 N acetic acid. After centrifugation at 10,000 
x g  for 10 min at 4°C, the supernatant was 
removed and filtered through a 0.45 gm ultrafil- 
ter. The ABA concentration was determined by 
the HPLC method of Kling and Perkins I43]. Sepa- 
ration was accomplished using a 3.9 X 150 mm 
Nova-Pak C18 oxtadecyl reverse-phase column 
(Waters #86344) protected by a Nova-Pak C18 
pre-column insert (Waters #15220) and a gradi- 
ent solvent system delivered at a flow rate of 
i mL per minute. At the beginning of each run, 
the solvent system consisted of 100% solvent A 
(0.1 N acetic acid, pH 2.8) and 0% solvent B (0.1 
N acetic acid in 95% aqueous ethanol, pH 4.2). 
The gradient was changed linearly until it 
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FIGURE 4 Peroxidase activity (units/g fresh weight +SE) 
measured at 0, 0.5, 1, 2, 4, and 8 hours in NaCl-tolerant cotton 
callus tissue controls or after treatment with (A) 250 mM 
NaC1 only and 250 mM NaC1 following a 2 hr pre-treatment 
with 0.2 ~tM fluridone, (B) 5 gM ABA only and 5 gM ABA fol- 
lowing a 2 hr pre-treatment with 0.2 BM fluridone, (C) 0.1 
~tM paraquat only and 0.1 ~tM paraquat following a 2 hr 
pre-treatment with 0.2 ~tM fluridone, and (D) 10 mM H202 
only and 10 mM H202 following a 2 hr pre-treatment with 
0.2 gM fluridone 

reached a ratio of 0% solvent A and 100% solvent 
B, 20 minutes into the run. The gradient was 
then immediately shifted back to 100% solvent A 
and 0% solvent B and allowed to run for 5 min- 
utes before the next injection. ABA content was 
determined by measuring the absorbance of the 
ABA peak at 254 nm. Peaks were calculated 
using the Waters Millineum software and a 
standard curve prepared from ABA standards in 
concentrations ranging from 20 to 200 ~tg/mL. 
All ABA data is expressed in ~tg/g fresh weight. 

Measurement of Superoxide Levels 

Approximately 2.5 g of callus tissue was 
weighed and suspended in 10 mL of the previ- 
ously defined growth media This callus solution 
was then placed in a 50 mL tube and aerated for 
i hr period prior to treatment with either 0.2 BM 
paraquat or 250 mM NaC1. At time points of 0, 
15, 30, 45, 60, 90, and 120 minutes after treat- 
ment, 100 ~tL of the cellular suspension were 
pipetted out and transferred to a pre-weighed 
luminometer tube. All steps prior to centrifuga- 
tion were kept at 4°C. This tube was centrifuged 
for 2 min. at 1,500 x g, and the supernatant was 
discarded. The tube was reweighed to the near- 
est 0.0001 g to measure the amount of callus tis- 
sue transferred. The assay protocol followed the 
instructions in Stratagene's LumiMax TM Super- 
oxide Anion Detection kit (Stratogene, La Jolla, 
CA). Five ~tL of 4.0 mM luminol, 5.0 ~tL of 5.0 
mM enhancer, and 190 BL of SOA assay medium 
were added to each tube. The tubes containing 
the callus and detection solution were slightly 
shaken and exactly 30 seconds later, a 30 second 
reading on a TD-20/20 luminometer (Turner 
Designs, Sunnyvale, CA) was recorded. Results 
are expressed as relative light units (RLUs)/g tis- 
sue, and each data point represents the mean of 4 
replications. 

Data Analysis 

All experiments were repeated twice, and all 
data points are based on a mean of the measure- 
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FIGURE 5 APX activity (uni ts /g  fresh weight +_SE) measured 
at 0, 0.5, 1, 2, 4, and 8 hours in NaCl-tolerant cotton callus tis- 
sue controls or after treatment with (A) 250 mM NaCI only 
and 250 mM NaC1 following a 2 hr pre-treatment with 0.2 
gM fluridone, (B) 5 gM ABA only and 5 ~tM ABA following a 
2 hr pre-treatment with 0.2 gM fluridone, (C) 0.1 ~M 
paraquat only and 0.1 gM paraquat following a 2 hr 
pre-treatment with 0.2 gM flurtdone, and (D) 10 mM H202 
only and 10 mM H202 following a 2 hr pre-treatment with 
0.2 ~M fluridone 

ments taken from a minimum of four tissue sam- 
ples. All data were subjected to a one-way 
analysis of variance, and significance was deter- 
mined at the 95% confidence limits. 

R E S U L T S  

The responses of SOD, catalase, peroxidase, 
APX, and GR to treatment with fluridone alone 
are shown in Figure 1. Fluridone treatment 
resulted in a 4-fold transient increase in APX 
activity above control values (Figure 1D), but 
did not produce significant increases in SOD 
(Figure lA), catalase (Figure lB), peroxidase 
(Figure 1C), or GR (Figure 1E) activities. 

Significant increases in SOD activity were 
observed 2 hours after treatment with NaC1 
(Figure 2A) or ABA (Figure 2B). Pre-treatment 
with fluridone delayed the response in both 
treatments, but the delay time was much shorter 
in the ABA-treated tissue. In the fluridone 
pre-treated tissue that received NaC1, a signifi- 
cant increase in SOD activity was not observed 
until the 8 hour time point (Figure 2A), while a 
significant increase was observed at 4 hours in 
the tissue treated with exogenous ABA 
(Figure 2B). Treatment with paraquat 
(Figure 2C) resulted in a significant transient 
increase in SOD activity 1 hour after treatment, 
and the increase was not delayed in the presence 
of fluridone (Figure 2C). The hydrogen peroxide 
treatment did not cause a significant increase in 
SOD activity until 8 hours after treatment, and 
no increase was observed within 8 hours in the 
fluridone pre-treated callus tissue (Figure 2D). 

The activities of the enzymes which break 
down H202 are shown in Figures 3 and 4. Signif- 
icant increases in catalase activity (Figure3) 
were observed with all treatments. Catalase 
activity increased transiently within 1 hour after 
the NaC1 (Figure3A), ABA (Figure3B), and 
paraquat (Figure 3C) treatments and at 8 hours 
after the H202 (Figure 3D) treatment. Pre-treat- 
ment with fluridone completely suppressed the 
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increase in catalase activity in the NaC1 
(Figure 3A) and H20  2 (Figure 3D) treatments. 
While the fluridone pre-treatment delayed the 
catalase increase until 4 hours  after the ABA 
treatment (Figure 3B), it did not suppress it. 
Pre-treatment wi th  fluridone had  no effect on 
the increase observed with the paraquat  treat- 
ment  (Figure 3C). Peroxidase activity increased 
significantly 1 hour  after the NaC1 (Figure 4A), 
ABA (Figure 4B), and paraquat  (Figure 4C) treat- 
ments and 2 hours  after the H20 2 treatment 
(Figure 4D). Pre-treatment wi th  fluridone com- 
pletely suppressed the increase in peroxidase 
activity in the NaC1 (Figure4A) and H20  2 
(Figure 4D) treatments. In the presence of flu- 
ridone, the ABA-induced increase was some- 
what  lower and delayed until 2 hours, but  was 
not suppressed (Figure 4B). The increase in per- 
oxidase activity resulting from the paraquat  
t reatment was not affected by pre-treatment 
with fluridone (Figure 4C). 

The activities of APX and GR, two enzymes 
associated with the ascorbate-glutathione cycle, 
are presented in Figures 5 and 6, respectively. 
NaC1 resulted in a significant increase in APX 
activity 30 minutes (Figure 5A) after treatment. 
Similar results were observed with the ABA 
(Figure 5B) and paraquat  (Figure 5C) treatments. 
Hydrogen  peroxide treatment did not  produce a 
significant change in APX activity until 8 hours 
(Figure 5D). Pre-treatment with fluridone failed 
to suppress the increase in APX activity in any of 
the treatments (Figures 5A-5D). APX activity 
increased significantly at 30 minutes  in all four 
treatments following the pre-treatment wi th  flu- 
ridone, but  this was not surprising since treat- 
ment  wi th  fluridone alone resulted in significant 
increases in this enzymes's  activity in 30 minutes  
(Figure 1D). 

GR activity increased significantly i hour  after 
treatment with NaC1 (Figure6A) and ABA 
(Figure 6B) and by 30 minutes after the paraquat  
t reatment (Figure 6C). A significant increase in 
GR activity was observed 2 hours  after t reatment 
wi th  H20  2 (Figure 6D). Pre-treatment wi th  flu- 
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sue controls or after treatment with (A) 250 mM NaC1 only 
and 250 mM NaC1 following a 2 hr pre-treatment with 0.2 
~tM fluridone, (B) 5 ~tM ABA only and 5 ~tM ABA following a 
2 hr pre-treatment with 0.2 ~M fluridone, (C) 0.1 ~M 
paraquat only and 0.1 ~tM paraquat following a 2 hr 
pre-treatment with 0.2 ~tM fluridone, and (D) 10 mM H202 
only and 10 mM H202 following a 2 hr pre-treatment with 
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Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ABA AND UP-REGULATION OF ANTIOXIDANTS DURING NaCI STRESS 539 

ridone completely suppressed the increase in GR 
activity with the H20 2 treatment (Figure 6D) and 
significantly delayed the NaC1- induced increase 
until 8 hours (Figure 6A). Fluridone also delayed 
the ABA-induced increase in GR activity, but 
this delay was only from the I hour to the 2 hour 
time point (Figure 6B), Fluridone failed to sup- 
press the increase in GR activity in the paraquat 
treated callus until 8 hours after treatment. 
(Figure 6C). 

Changes in ABA concentration are shown if 
Figure 7. When subjected to NaC1 stress, ABA 
levels increased 2-fold within 30 min. after NaC1 
treatment (Figure 7A) and returned to control 
levels within 4 hrs. Pre-treatment with fluridone 
completely suppressed the NaCl-induced 
increase in ABA concentrations (Figure 7B). 

Both the NaC1 and paraquat treatments 
resulted in significant rapid increases in endog- 
enous superoxide levels (Figure 8). The paraquat 
generated increase in superoxide (Figure 8A) 
was significantly higher than the increase result- 
ing from the NaC1 treatment (Figure 8B). 

DISCUSSION 

In the callus tissue subjected to NaC1 stress, the 
time between the application of stress and the 
observed increase in catalytic activity among the 
five enzymes ranged from 30 minutes for AP to 2 
hours for SOD (Figures 2A - 6A). While these 
increases in catalytic activity may appear to be 
too rapid to originate at the gene level, other 
studies with Arabidopsis [44,45] and tobacco [46] 
have shown that in plants, transcription of oxi- 
dative stress-induced genes can occur very early 
after the onset of stress. Sharma and Davis [44] 
reported 3- to 26-fold increases in GST, phenyla- 
lanine ammonia-lyase, and peroxidase mRNA 
levels in Arabidopsis at the first time point (3 
hours) after exposure to ozone stress. These 
investigators did not measure mRNA levels at 
an earlier time point, but it can be inferred that 
an increase in the transcription of the genes 

 1,0] 1 

140 

0 

0 0.5 1 2 4 8 

T ime (hrs) 

FIGURE 7 ABA concentrations (~tg/g fresh weight +SE) 
measured in NaCl-tolerant cotton callus tissue at 0, 0.5, 1, 2, 
4, and 8 hours in (A) controls and tissue subjected to NaC1 
stress with 250 mM NaC1 and (B) controls and tissue sub- 
jected to NaC1 stress with 250 mM NaC1 following a 2 hr 
pre-treatment with 0.2 ~tM fluridone 

encoding these mRNAs occurred well before the 
3 hour time point. Richards et al. [45] have shown 
that the transcripts for some oxidative 
stress-induces genes increase as early as 15 min- 
utes after exposure of Arabidopsis seedlings and 
roots to A13+ stress. Significant increases in the 
relative induction of GST and peroxidase were 
observed within 30 minutes in dark-grown seed- 
lings and roots subjected to A13+ stress. RNA 
transcripts have not been measured in our labo- 
ratory; however, in a previous study with cotton, 
Manchandia et al. [19] showed that pretreatment 
with 100mg/L  0t-amanitin, a concentration 
which specifically inhibits RNA polymerase II, 
completely suppressed the NaCl-induced 
increases in antioxidant enzyme activity of the 
five enzymes used in the present study. This 
strongly suggests that the NaCl-induced up-reg- 
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ulation of antioxidant catalytic activity in cotton 
callus tissue is transcriptionally regulated, pro- 
ceeding via a de novo synthesis of poly(A)+RNA. 
While the preceding information supports a 
transcriptionally regulated model for the 
NaCl-induced increases in antioxidant enzyme 
activity, the rapid increases in catalytic activity 
suggest that other mechanisms, such as the inac- 
tivation of transcription or translation inhibitors, 
might be involved; however, it is difficult to 
envision how such a mechanism could explain 
the results of the study with the RNA polymer- 
ase II inhibitor, c~-amanitin [19]. Even though the 
specific mechanisms have not been completely 
resolved, the data presented in this paper dem- 
onstrates that both ABA-dependent and an 
ABA-independent pathways are in the 
NaCl-induced upregulation of antioxidant cata- 
lytic activity, and future research will focus on 
the mechanisms operating at the gene level. It 
should also be noted that the current study was 
performed on NaCl-acclimated callus tissue, and 
in a previous study [19], it was shown that the 
upregulation of antioxidant enzyme activity 
occurred much earlier and to a higher degree in 
the NaCl-acclimated tissue than in control tissue. 
This resulted in the conclusion that while the 
process associated with this more rapid increase 
is unknown, it appears that the NaCl-acclimated 
tissue has developed a mechanism whereby it 
can recognize the onset of oxidative stress much 
earlier than the control tissue, up-regulate its 
antioxidant defense system more rapidly once 
the stress has been perceived, or a combination 
of both [19]. 

The activities of all of the enzymes either 
returned to the pre-treatment level or decreased 
significantly by the 8-hour time point (Figures 
2A - 6A). This transient increase in antioxidant 
activity suggests that oxidative stress and the 
antioxidant response to that stress occur very 
early after exposure to excessive levels of NaC1. 
The quick up-regulation of the antioxidant 
enzymes in the NaCl-tolerant callus may pro- 
vide the initial defense against cellular damage 
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FIGURE 8 RLUs/g fresh weight (+SE) measured in NaCl-tol- 
erant cotton callus tissue at 0, 15, 30, 45, 60, 90, and 120 min- 
utes in (A) controls and tissue treated with 0.2 ~tM paraquat 
and (B) controls and tissue subjected to NaCI stress with 250 
mM NaCI 

from the oxidative burst that results from the 
perceived stress, and once the tissue has neutral- 
ized the impact of the oxidative burst, other 
adaptive mechanisms such as the accumulation 
of low molecular weight osmoprotectants I47] 
may be invoked. The transient nature and the 
variation in time of the antioxidant response 
have been discussed in depth elsewhere I19]. 

NaC1 stress induced early increases (within 2 
hours) in the activities of SOD (Figure 2A), cata- 
lase (Figure 3A), peroxidase (Figure 4A), and GR 
(Figure6A), and identical responses were 
observed in the callus tissue treated with exoge- 
nous ABA (Figures 2B, 3B, 4B, 6B). Pre-treatment 
with fluridone completely suppressed, in the 
case of catalase (Figure3A) and peroxidase 
(Figure 4A), or significantly delayed, in the case 
of SOD (Figure 2A) and GR (Figure 6A), the 
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NaCI-induced increases in enzyme activity. 
NaC1 stress also induced a rapid, transient 
increase in the ABA concentration (Figure 7A). 
The increase in ABA concentration occurred 
prior to the increases observed in SOD, catalase, 
peroxidase, and GR activities, and pre-treatment 
with fluridone suppressed the NaCMnduced 
increase in the ABA concentration. These data 
suggest that ABA is involved in the signal trans- 
duction pathway associated with the 
NaCl-induced upregulation of these antioxidant 
enzymes. The probable involvement of ABA is 
further substantiated by the fact that in the flu- 
ridone pre-treated tissue subjected to exogenous 
ABA treatment (Figures 2B, 3B, 4B, 6B), the 
increases in the activities of these four enzymes, 
though slightly delayed, were not suppressed. 

Results from the paraquat treated tissue sug- 
gest that SOD, catalase, peroxidase, APX, and 
GR activities can also be up-regulated by a path- 
way other than the one mediated by ABA. 
Paraquat increased the activities of SOD, cata- 
lase, peroxidase, APX, and GR (Figures 2C - 6C) 
in a manner that closely resembled the increases 
observed with the NaC1 (Figures 2A - 6A) and 
ABA (Figures 2B - 6B) treatments. In the case of 
SOD (Figure2C) and GR (Figure6C), these 
increases were observed slightly earlier with the 
paraquat treatment. Even more significant, how- 
ever, is the fact that pre-treatment with fluridone 
did not delay any of the increases in enzymatic 
activity caused by paraquat (Figures 2C - 6C). 
Since paraquat is known to induce the endog- 
enous production of superoxide [48], this molecule 
or some other ROI may be involved in a signaling 
cascade that is apparently independent of ABA. 

Shinozaki and Yamaguchi-Shinozaki [28'49] 
have shown that under dehydration conditions, 
two ABA-dependent and two ABA-independent 
independent signal pathways function in the 
activation of stress-inducible genes. The results 
from the present study suggest that the up-regu- 
lation of antioxidant enzyme activity is also 
mediated by ABA-dependent and ABA-inde- 
pendent pathways. The specific roles of the vari- 

ous components in either of the pathways, 
however, is unclear. 

NaC1 stress in cotton callus tissue does pro- 
duce a rapid increase in superoxide (Figure 8B). 
Superoxide can be converted to H202 through 
both enzymatic and non-enzymatic reactions. 
The potential role of H202 in the signaling cas- 
cade has been discussed in detail else- 
where [7'15,5°1. Treatment with H202 has also 
been shown to increase cytosolic Ca 2+ in 
tobacco [511, but  the authors concluded that while 
their data supported a redox control of cytosolic 
Ca 2+, it did not support a hypothesis of a direct 
H202 effect. In the human immune system, 
H202 has been implicated in the activation of the 
multisubunit transcription factor NF-KB, but 
H202 alone was unable to activate either puri- 
fied NF-lcB or that contained in a cytosolic frac- 
tion, and a radical scavenger and metal chelators 
blocked NF-~:B activation by H202, suggesting 
that some ROI such as superoxide might be 
involved in the H202-induced activation of 
NF-KB [52]. Data from the present study indicates 
that a similar scenario occurs in cotton callus tis- 
sue. The activities of SOD, catalase, peroxidase, 
APX, and GR all increased when H202 was 
applied to the callus tissue (Figures 2D - 6D); 
however, these increases were seen much later 
than the increases observed with the NaC1 (Fig- 
ures 2A - 6A), ABA (Figures 2B - 6B) and 
paraquat (Figures 2C - 6C) treatments. This dif- 
ference in timing argues against H202 serving as 
the initial signal molecule in the NaCl-induced 
up-regulation of these enzymes in cotton callus 
tissue. Also, pre-treatment with fluridone com- 
pletely suppressed the H202-induced increases 
in SOD, catalase, peroxidase, and GR activities 
(Figures 2D, 3D, 4D, 6D) during the 8 hour time 
course. Hence, it would appear, at least in cotton 
callus tissue, that H202 is converted to some 
other ROI which, perhaps through direct or indi- 
rect reaction with ABA precursors, somehow 
signals an increase in the ABA concentration. 

It has been suggested that superoxide may 
serve directly as a signal transduction molecule 
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in both plant [2°] and animal [52] systems. The fact 
that pre-treatment with fluridone had no effect 
on the rapid superoxide-induced responses sug- 
gests that in cotton callus tissue, superoxide or 
some other ROI was involved in signaling the 
up-regulation of antioxidant enzymes in an 
ABA-independent pathway. Evidence of the 
stress-related activation of ABA-independent 
signal transduction pathways has been pre- 
sented by Shinozaki and Yamguchi-Shinozaki [28] 
and Medina et al. [53]. 

The activation of this ABA-independent path- 
way appears to be regulated by the concentration 
of the ROI. In the study using the lumi- 
nol-enhanced assay for superoxide anion, both 
paraquat and NaC1 treatments significantly 
increased the superoxide concentration in the 
NaCl-tolerant cotton callus tissue (Figure 8), but 
the paraquat-generated increase was several fold 
higher than the increase generated by NaC1 stress. 
Fluridone suppressed the NaC1- and 
H202-induced increases in enzyme activity and 
had no effect on the increases induced by 
paraquat. Hence, it may have been that under low 
or moderate levels of ROI, as would be produced 
by NaC1 stress, the ABA-dependent signaling 
pathway was invoked, but under very high levels 
of ROI, as would be generated by paraquat, an 
ABA-independent pathway was induced. 

It is difficult to envision how the 
NaCl-induced increase in APX activity fits into 
either scenario. The ABA-independent pathway 
activated by high levels of ROI does not appear 
to be involved, since the NaC1 treatment resulted 
in an increase in APX activity (Figure 5A) under 
presumably low to moderate levels of ROI. Yet, 
the increase does not appear to be related to 
ABA concentrations, since fluridone failed to 
suppress any of the observed increases in APX 
activity with NaC1 or any of the other treatments 
(Figures 5A, 5B, 5C, 5D). On the other hand, 
ABA treatment did induce an increase in APX 
activity, suggesting that an ABA-mediated path- 
way could be involved. The fact that treatment 
with fluridone alone caused a significant 

increase in APX activity within 30 minutes 
(Figure 1D) further clouds the issue and suggests 
that inhibition of terpene synthesis is sufficient 
to induce a stress response in APX activity. Fur- 
thermore, all of the stressing agents except H20 2 
induced increases in APX activity earlier than 
the putative ABA-mediated increases in the 
other enzymes. In other studies, we have shown 
that a variety of other chemicals including KC1, 
sucrose, and NaNO 3 also induce rapid increases 
in APX activity [54]. These data indicate that an 
increase in APX activity is a rapid response to 
almost any type of stress. Perhaps there is a sec- 
ond ABA independent pathway in which low to 
moderate levels of ROI induce a rapid increase 
in APX catalytic activity. Increases in APX activ- 
ity may have been regulated by some post-tran- 
scriptional mechanism as has been suggested for 
salt-stressed Raphanus sativus plants [55], but  
studies with ~z-amanitin indicate that in 
NaCl-stressed cotton callus tissue, APX activity 
increases are transcriptionally regulated, pro- 
ceeding via a de novo synthesis of 
poly(A)+RNA [19]. 

In conclusion, the origin and development of 
signal perception and transduction pathways are 
considered to operate as adaptive responses to 
changes in environmental conditions and are 
therefore basic to an understanding of the func- 
tioning of plants in such environments. The 
results of this study provide the basis for the 
construction of a possible scenario of events that 
occur when NaCl-tolerant cotton callus tissue is 
subjected to NaC1 stress. It appears that the 
excess Na + and/or  C1- results in electron leakage 
and the production of ROI, at least one of which 
then serves as a transduction molecule to signal 
the induction of an ABA-dependent signaling 
pathway. This ABA-dependent pathway could 
explain why either NaC1 or ABA treatment alone 
could induce an up-regulation in the activities of 
SOD, catalase, peroxidase, and GR and why flu- 
ridone either significantly delayed or completely 
suppressed the NaCl-induced increases in the 
activities of these enzymes. The production of 
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high levels of ROI, as would occur with paraquat 
treatment or perhaps during periods of pro- 
longed or extreme stress, may induce an 
ABA-independent signaling pathway. This 
could explain why fluridone failed to suppress 
or delay the paraquat-induced increases in the 
activities of these enzymes. It is highly probable 
that both pathways are activated at high ROI 
concentrations. The NaCl-induced increase APX 
activity may occur as the result of a second 
ABA-independent pathway. Although a number 
of possibilities have been presented, many ques- 
tions regarding the specific details of these path- 
ways remain unanswered, and additional 
research is needed to determine the exact 
sequence of events that occur between the per- 
ception of stress and the up-regulation of 
enzyme activity. 
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