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Abstract. The radioactive '“C-Salicylic acid (SA) was used to monitor the metabolism of exogenous SA in tobacco
cell suspension culture. Tobacco cells took up ca. 39.46% of the applied SA 5 min after the addition of a final 200 uM
SA mixture containing ['*C]SA to the cell suspension culture. Most of the SA absorbed by the cells was gradually lost
to the culture medium, and 2.62% and 91.55% of the radioactivity were found in the cells and the culture filtrate,
respectively, 5 h after treatment. Excretion of SA to the culture medium required external Ca?"and was inhibited by
EGTA pretreatment. The inhibition was reversible through the supplement of Ca* to the cell suspension culture. Based
on the data, we conclude that SA excretion from the 200 pM-treated cells requires external Ca?" and likely involves a
putative Ca**-dependent pathway in tobacco suspension culture.
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Introduction

SA, 2-hydroxybenzoic acid, is endogenous in many
plants including tobacco, cucumber, rice, wheat, cotton,
tomato, and Arabidopsis (Raskin et al., 1990). SA has been
considered a natural growth regulator with numerous func-
tions in plants (Raskin, 1992). It promotes bud formation
and growth in tobacco callus culture (Lee and Skoog,
1965); induces flowering in Lemna gibba G3 and Lemna
paucicostata 151 (Cleland and Ajami, 1974; Tanaka et al.,
1979; Watanable and Takimoto, 1979); inhibits ethylene
biosynthesis in pear cell suspension culture (Leslie and
Romani, 1986); inhibits jasmonic acid biosynthesis and pre-
vents wound inducible proteinase inhibitor gene expres-
sion in tomato (Pena-Cortes et al., 1993); regulates heat
production in the inflorescence of an Arum lily (Raskin et
al., 1987; Raskin et al., 1989); reverses ABA-induced sto-
matal closure (Rai et al., 1986); induces local resistance to
TMV in Nicotiana tabacum cv. xanthi-nc, Samsun NN and
White Burley (White, 1979); and functions as a factor for
systemic acquired resistance (SAR) in tobacco (Malamy
et al., 1990; Gaffney et al., 1993; Vernooij et al., 1994a;
Vernooij et al., 1994b), cucumber (Metraux et al., 1990), and
Arabidopsis (Delaney et al., 1994).

The concentration of endogenous SA varied signifi-
cantly from tissue to tissue, and also from species to
species. In thermogenic plants such as Dioon
hildebrandtii, the amount of SA could be as high as 100
pg gt fresh weight in male cones. However, it could be
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as low as less than 0.01 pg g fresh weight in leaves of
Nicotiana tabacum and Zea mays (Raskin et al., 1990). In
plant-microbe interactions, the endogenous SA concen-
tration could increase 10 to 20 fold in TMV-infected
leaves (Malamy et al., 1992). SA can be found in nature
in both free and conjugate forms during plant develop-
ment (Cooper-Driver et al., 1972) and plant-microbe in-
teractions (Malamy et al., 1992).

SA has been applied to tobacco cell suspension cul-
ture to study its effects on gene expression and cell
physiology. Kapulnik et al. (1992) reported that 20 uM
SA could induce cyanide-resistant respiration of tobacco
cells in suspension culture. An SA-inducible gene encod-
ing a 48 kDa MAP kinase protein has been isolated from
tobacco. SA induction of the MAP kinase mRNA is dose-
dependent with concentrations more than 50 pM, and the
maximal induction could be found at the concentration of
500 uM in tobacco cell suspension (Zhang and Klessig,
1997). Kawano et al. (1998) reported that 500 uM SA could
induce extracellular superoxide generation followed by an
increase in cytosolic calcium ion in tobacco cell suspen-
sion culture. The acidic £1,3-glucanase mRNA was in-
duced by 200 pM and 20 pM SA in tobacco cell
suspension culture (Chen, 1995). Therefore, the SA dose
within 500 pM is appropriate and can be used to study its
effects on particular gene induction and cell physiology
in tobacco cell suspension culture.

In order to achieve the SA functions described above,
SA has to enter the cells preceding the trigger of a par-
ticular gene expression. Ben-Tal and Cleland (1982) re-
ported that Lemna gibba G3 plants took up nearly 90% of
the applied 10 pM SA containing ["*C]SA within 30 min.
Rapid uptake of SA was also reported in tobacco suspen-
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sion culture with 20 uM SA containing ["*C]SA. About
50% of the applied SA was absorbed by the cells within
10 min. Then the cellular ["*C]SA radioactivity began to
decline gradually within 2 h after treatment due to un-
known mechanisms (Kapulnik et al., 1992). We report
here that a similar quick uptake of exogenous SA by to-
bacco cells was also observed in suspension culture
treated with 200 pM SA. More than 80% of the SA taken
up by the cells was lost to the culture filtrate via a Ca*'-
dependent SA excretion pathway in tobacco cell suspen-
sion culture.

Materials and Methods

Plant Materials and Chemicals

Tobacco cell suspension (Nicotiana tabacum cv.
KY14) was subcultured every 7 days in a 1:2 (v:v) ratio
with 3% (w/v) sucrose MS medium (pH 5.6) supple-
mented with 10 ug ml! thiamine-HCI, 1 pg ml"! nicotinic
acid, 1 pg ml' pyridoxine-HCI, 100 pg ml! myo-inositol,
and 1 ppm 2,4-D. Cell suspension in a 1:1 (v/v) dilution
ratio for 3 days was used for the experiments. Chemi-
cals were purchased from the following companies: [7-
“C] SA from New England Nuclear; MS salt mixture
from GIBCO BRL; SA, EGTA and 2,4-D from Sigma. The
SA and ["*C]SA applied to the culture medium are
nonionic, free acids.

Measurement of Tobacco Cell Growth

Twenty ml of tobacco cell suspension was mixed with
30 ml of fresh culture medium containing a final concen-
tration of 0, 200 uM or 500 uM SA. Cells were harvested
daily by vacuum filtration through Whatman No. 4 filter
papers and briefly washed with phosphate buffer saline
(NaCl8 g1',KC10.2 gI'',Na,HPO, 1.15 g I and KH,PO,
0.2 gI'', pH 7.5) for fresh weight measurement.

Measurement of ["*C]SA Radioactivity

To determine the changes of SA amounts in the cells
and the culture filtrate, 2 ml of cell suspension was mixed
with 3 ml of fresh medium in a 50 ml Falcon disposable
centrifuge tube. A final 200 UM SA mixture containing
unlabeled SA and 0.76 uM ["“C]SA (0.2 pnCi) was added
to the cell suspension. The cells and the culture filtrate
were then collected separately at intervals after treatment.
One ml of the culture filtrate was mixed directly with 15
ml of liquid scintillation fluid. The cells were collected
for fresh weight measurement, mixed with 400 ul of 60%
HCIO, and 100 ul of 30% H,0,, then incubated in an 80°C
water bath for 2 h. Fifteen ml of liquid scintillation fluid
was added to the vial. The radioactivity was determined
with a PACKARD 2200CA Liquid Scintillation Analyzer.

Effect of Medium pH on SA Uptake

Tobacco cell suspension was mixed in a 1:1 (v:v) ra-
tio with fresh culture media of various pH ranging from
3.5 to 8.5. A final 200 uM SA mixture containing ["*C]
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SA as described earlier was added to the cell suspension,
and the cellular radioactivity was measured 5 min after
treatment.

Chemical Treatments

Tobacco cell suspensions were pretreated with EGTA
(a final concentration of 0.5, 1 or 5 mM) for 15 min prior to
the addition of a final 200 uM SA mixture containing [*C]
SA as described earlier. The cells were harvested for ra-
dioactivity determination at intervals after treatment.

For Ca* treatment, the solution containing a final 200
uM SA mixture as described earlier and Ca?* (at final con-
centrations of 1, 2, 5, 10, 20 or 50 mM) was applied to the
cell suspension, which had been pretreated with 5 mM
EGTA for 15 min. The cells were collected for radioactiv-
ity measurement 5 h after treatment.

Tobacco cell suspensions were pretreated with 200 uM
non-radioactive SA or SA analogs including acetylsalicylic
acid (aspirin), 3,4-dihydroxybenzoic acid, 2,6-
dihydroxybenzoic acid or 2,3-dihydroxybenzoic acid for 15
min prior to the addition of a final 200 uM SA mixture con-
taining ["“C]SA as described earlier. Cycloheximide (at fi-
nal concentrations of 1, 2, 5, 10 or 30 pg ml') was fed
together with the SA mixture to tobacco cell suspensions.
Cellular radioactivity was determined 5 h after treatment.

Results

Excretion of SA from the 200 uM-Treated Cells to
the Culture Medium

Tobacco cells in 200 pM SA experienced reduced fresh
weights, to about 40% that of the untreated control, and
little to no growth was found in 500 uM SA 7 days after
subculture (Figure 1). The SA dose, 200 uM, which
showed somewhat toxic to cell growth, was used for the
following experiments.

Changes of SA amounts in the cells and the culture fil-
trate were monitored with radioactive [*C]SA. The radio-
activity increased in the cells and decreased in the culture
filtrate 5 min after 200 uM SA treatment, then decreased

Table 1. Changes of total radioactivity in the cells and the cul-
ture filtrate at intervals after the addition of a final 200 uM SA
mixture containing ["*C]SA to the tobacco cell suspensions. The
data are expressed as means + SE from three independent
experiments. The [*C]SA radioactivity (417656 cpm) is converted
into SA (138 pg).

Time after addition SA [pg (%)]

0f 200 uM SA Culture filtrate Cells

Oh 137.99£0.02 (99.72)  0.39+£0.28 (0.28)

5 min 59.82 +£1.60 (43.23) 54.60 +4.39 (39.46)
1h 86.55+ 1.84 (62.55) 27.79 +5.67 (20.08)
2h 89.20 +2.49 (64.46) 22.20+6.99 (16.04)
3h 114.56£2.57(82.79)  8.51+0.20 (6.15)
4h 117.75+1.00 (85.09) 4.88+0.93 (3.53)
5h 126.68 £6.17 (91.55) 3.63+1.30(2.62)




Chen and Kuc' — Ca?*-dependent excretion of salicylic acid

32

30 |
® Control

O 200 pM SA
¥ 500 uM SA

28 -
26 -

20 [
22_—
20 |
18 -
16 -

Fresh Weight (g)

14 +
12 -
10 +

Days After SA Treatment

Figure 1. Tobacco cell growth curves in the presence of 0, 200
UM or 500 pM salicylic acid (SA) in the suspension cultures.
The fresh weight of tobacco cells was measured daily after
subculture. The data are expressed as means + SE from three
independent experiments, and the vertical bar of each datal point
represents the size of SE.

in the cells and increased in the culture filtrate as a func-
tion of time within 5 h (Table 1). Tobacco cells took up
about 39.46% of the applied ['*C]SA 5 min after addition
and most of the SA absorbed by the cells was gradually
lost to the culture filtrate. Five hours after treatment,
about 91.55% and 2.62% of the radioactivity was found
in the culture filtrate and the cells, respectively (Table 1).
The data suggest that excretion of SA to the culture me-
dium is the major mechanism responsible for the de-
crease of cellular ['*C]SA radioactivity. Decarboxylation
of the [7-“C]carboxyl group of salicylic acid is another
possibility contributing to the decrease of intracellular
radioactivity. The radioactivity in the cells had been moni-
tored up to 24 h, and no significant changes were found
after 5 h (Chen, 1995). The recovery of radioactivity from
different time points ranged from 80% to 95%. The
*CO, derived from decarboxylated [7-'“C] SA, which was
not detected by the assay method used, or [7-'*C] SA loss
during experimental operation were the possible causes
for the variation in recovery at different time points.

PH-Dependent Uptake of Exogenous SA

The cellular ["*C]SA radioactivity from the suspension
culture with various pH was measured 5 min after 200 pM
SA addition. The uptake of SA and its accumulation in the
cells was pH-dependent and inversely correlated with the
increase of medium pH. The greatest radioactivity was
found in the cells from medium pH 3.5 and was 7 to 8
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Figure 2. Effect of medium pH on the uptake of SA by to-
bacco cells. The cellular [*C]SA radioactivity was measured 5
min after the addition of a final 200 uM SA mixture containing
['*C]SA to the cell suspensions, which had medium pHs rang-
ing from 3.5 to 8.5. The data are from three independent
experiments.

times that of medium pH 8.5 (Figure 2). Since the pH of
SA mixture was acidic, we monitored its effect on the me-
dium pH change after 200 uM SA treatment. The medium
pH dropped from 5.6 to about 4.7 immediately after SA
addition, then increased to about the same level as un-
treated control (about pH 5.3) within 30 min (Chen, 1995).

Ca’*-Dependent Excretion of SA

Pretreatment with EGTA caused a higher retention of
cellular ["*C]SA radioactivity than the untreated control in
a dose-dependent manner. The radioactivity in 5 mM
EGTA-pretreated cells was about twelve times that of the
untreated control 5 h after 200 pM SA addition (Figure
3). Supplement of Ca?*(at final concentrations of 1, 2,
5, 10, 20 or 50 mM) to the cell suspension reversed the
effect by 5 mM EGTA, and no significant difference of
the cellular radioactivity was found between the 20 mM
Ca*/ 5 mM EGTA pretreatment and the untreated SA
alone control (Figure 4). The data suggest a Ca**-depen-
dent excretion mechanism for SA in tobacco cell suspen-
sion culture.

Inhibition of SA Excretion by SA, Aspirin, and
Cycloheximide

Pretreatment with 200 uM non-radioactive SA or aspi-
rin increased the cellular ['*C] SA radioactivity ca. four-
fold the amount of the untreated control 5 h after the
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Figure 3. Effect of EGTA on the cellular ['“C]SA radioactivity
in 200 uM SA. Changes in cellular ['*C]SA radioactivity were
measured at intervals after the addition of a final 200 pM SA
mixture containing ["*C]SA to cell suspensions pretreated with
EGTA (at final concentrations of 0.5, 1 or 5 mM) for 15 min.
The cellular radioactivity 5 min after the addition of a final 200
uM SA mixture containing ["*C]SA without EGTA was speci-
fied as 100%. The data are means from two independent
experiments.
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Figure 4. Reversal of the EGTA-induced repression of SA ex-
cretion by external Ca?* in 200 uM SA. The cellular ['*C]SA ra-
dioactivity was measured 5 h after the addition of a final 200 uM
SA mixture containing ['*C]SA alone (SA alone) or supplemented
with Ca?" (at final concentrations of 1, 2, 5, 10, 20 or 50 mM) to
the cell suspensions pretreated with 5 mM EGTA. The data are
chosen from a representative one of two independent experiments
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addition of a 200 uM SA mixture containing ['"*C]SA. To-
bacco cells pretreated with SA analogs such as 2,3-
dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, or 2,
6-dihydroxybenzoic acid showed a level of cellular radio-
activity similar to the untreated control (Figure 5SA). The
data indicate that excretion of SA from the treated cells is
likely via an export pathway with specificity in tobacco
cell suspension culture.

Cycloheximide caused a higher retention of the cellular
["*C]SA radioactivity, 4 to 5 times that of the untreated con-
trol 5 h after 200 pM SA addition, and it was effective as
low as 1 ug ml! (Figure 5B). The data suggest that excre-
tion of SA from the treated cells requires de novo synthe-
sized proteins.

Discussion

Tobacco cells rapidly accumulated tremendous amounts
of the applied SA in a pH-dependent manner within 5 min
after 200 uM SA addition (Table 1 and Figure 2). A simi-
lar pH-dependent uptake of SA and its accumulation was
also previously reported in oat roots (Harper and Balke,
1981), renal proximal S2 and S3 tubules (Chatton and Roch-
Ramel, 1991), Kidney epithelial cell line LLC-PK, (Chatton
and Roch-Ramel, 1992a), and MDCK cell monolayers
(Chatton and Roch-Ramel, 1992b). Gutknecht (1990) dem-
onstrated that the pH-dependent uptake is positively cor-
related to the amount of lipid-soluble, nonionic SA. The
form of SA applied to the tobacco cell suspension culture
was also nonionic, and a similar mechanism was suggested
and possibly utilized in the study.

More than 80% of the absorbed SA was lost from the
treated cells to the culture medium via a Ca**-dependent
excretion mechanism in 200 pM SA (Table 1, Figures 3
and 4). In lactating rat mammary tissue, SA stimulated
external Ca?" influx and calcium-dependent K* efflux
(Shennan, 1992). In tobacco cell suspension culture,
treatment of 500 uM SA also rapidly increased cytoso-
lic Ca?* concentration within 10 seconds after application
(Kawano et al., 1998). Therefore, it is possible that a cal-
cium influx system is switched on shortly after the up-
take of SA. This in turn activates a putative
Ca?*-dependent SA excretion pathway, which functions to
promote SA loss and lower toxic SA level in the cells
(Figure 1). The toxic effects of SA on cell growth and
the protective effects of calcium supplement had been
reported previously in studies of tobacco cell suspension
culture (Kapulnik et al., 1992) and daily salicylate-in-
jected rats (Jastreboff and Brennan, 1994).

Excretion of SA was much reduced by the pretreat-
ment with 200 uM non-radioactive SA and aspirin, but was
only slightly affected by SA analogs such as 2,3-
dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid and 2,
6-dihydroxy benzoic acid (Figure 5A). Takanaga et al.
(1994) reported that the permeability coefficient and per-
meation rate of ['*C]SA in human colon adenocarcinoma
cell line Caco-2 were significantly reduced or competitively
inhibited by non-radioactive SA, acetic acid, and benzoic
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Figure 5. Effects of non-radioactive SA, SA analogs and cyclo-
heximide (CHX) on the cellular ['"*C]SA radioactivity 5 h after
the addition of a final 200 uM SA mixture containing [“C]SA.
(A) Effects of SA and SA analogs. The non-radioactive SA and
SA analogs (at a final concentration of 200 pM) were added to
the cell suspensions prior to the treatment with a 200 uM SA
containing ['“C]SA. The data are from three independent
experiments. (1) no pretreatment control; (2) 3,4-
dihydroxybenzoic acid; (3) 2,6-dihydroxybenzoic acid; (4) 2,3-
dihydroxybenzoic acid; (5) acetylsalicylic acid (aspirin); (6) SA
pretreatment. (B) Effect of cycloheximide. Cycloheximide (at
final concentrations of 1, 2, 5, 10 or 30 pg ml') was applied
together with the SA mixture to the cell suspension culture. The
data are from three independent experiments.
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acid, all of which had been demonstrated to be transported
in a carrier-mediated transporter mechanism. Our data
agree with the report and suggest the possibility that a
putative, carrier-mediated transporter with specificity may
be responsible for the excretion of SA in tobacco cell sus-
pension culture. SA excretion from the 200 pM-treated
cells required de novo synthesized proteins (Figure 5B),
possibly due to (1) an inducible carrier-mediated trans-
porter for the excretion of SA, (2) the signals/signal trans-
duction pathways that linked to activate the
Ca?*-dependent SA excretion mechanism or (3) both.

We conclude here that excretion of exogenous SA from
the 200 pM-treated cells to the culture medium requires
external Ca?* and involves a putative Ca**-dependent ex-
port pathway, which likely functions to lower toxic SA
level in the cells. Identification and isolation of the com-
ponents may help unravel the mechanisms and function
of SA excretion.
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