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ABSTRACT

Lee, H., and Raskin, |. 1998. Glucosylation of salicylic acid in Nicotiana
tabacum cv. Xanthi-nc. Phytopathology 88:692-697.

Sdlicylic acid (SA) is akey regulatory component of disease resistance
in plants. In tobacco mosaic virus (TMV)-inoculated tobacco (Nicotiana
tabacum cv. Xanthi-nc NN genotype), newly synthesized SA is converted
primarily to SA 2-O-[3-D-glucoside (SAG) and glucosyl salicylate (GS), a
relatively minor metabolite. Similar patterns in the formation of GS and
SAG were observed in tobacco inoculated with Pseudomonas syringae
pv. phaseolicola, suggesting the accumulation of two glucosylated me-
tabolitesis ageneral phenomenon in tobacco plants. After SA infiltration,

GS was synthesized rapidly, reached a maximal level at 6 h, declined,
and remained relatively constant for at least 24 h. In contrast, SAG con-
tent increased gradually after SA treatment. Our in vitro and in vivo data
suggest that a high concentration of free SA triggers transient formation
of GS and continuous accumulation of SAG, which is a more stable me-
tabolite of SA. The two distinct SA glucosyltransferases catalyzed the
formation of GS and SAG, respectively. The activities of these enzymes
were enhanced by TMV or P. syringae pv. phaseolicola inoculation or
SA treatment and were found in different fractions of gel filtration chro-
matography.

Sdlicylic acid (SA) is a natural phenolic compound present in
many plants. SA isinvolved in thermogenic inflorescences of Arum
lilies (28) as well as local and systemic resistance to pathogens,
including induction of pathogenesis-related (PR) proteins in dicot-
yledonous plants, such as tobacco, cucumber, tomato, and Arabi-
dopsis (12,16,25,27).

Most of the endogenously synthesized SA in tobacco mosaic
virus (TMV)-inoculated tobacco leaves (Nicotiana tabacum L. ‘Xan-

coside (SAG) was found in many plant species, including tobacco
(18,22,23,29,32-35), suggesting glucosylation is a major route of
SA metabolism in a wide range of plants.

Previous studies identified SAG as the only glucosylated form
in TMV-inoculated or SA-treated Xanthi-nc tobacco (15,26). How-
ever, glucosyl salicylate (GS) was detected in a different tobacco
cultivar (N. tabacum cv. Petit Havana SR 1) after incubation with
SA (13). We identified the formation of both GS and SAG in

thi-nc’ NN genotype) is converted to glucosidase-hydrolyzableXanthi-nc tobacco plants inoculated with TMV Bseudomonas

SA conjugate(s) (15,26). In addition, significant amounts of SAsyringae pv. phaseolicola. We also investigated how the synthesis
derived volatile methyl salicylate are released from TMV-inoc-of two glucosylated metabolites and their biosynthetic enzymes
ulated Xanthi-nc tobacco (30). In contrast to methyl salicylateare regulated in tobacco.

glucosylated form(s) of SA accumulate only in and around hyper-

sensitive response (HR) lesions formed during the incompatible

MATERIALSAND METHODS

interaction between plants and viruses, bacteria, or fungi (15). There

are no detectable levels of glucosylated conjugates measured inPlant material and pathogen inoculation. Tobacco plantsN.

phloem sap or uninoculated leaves of TMV-inoculated plants (15,26)tabacum cv. Xanthi-nc NN genotype) were grown as described
Different types of SA conjugates have been isolated from @reviously (36). The U1 strain of TMV was used to inoculate fully

wide range of plant species. Soybean cell cultures fed #a@isA

expanded leaves of 6- to 8-week-old seedlings at 5 pg per leaf by

or benzoic acid accumulate glucose esters of SA (2). Labeled 2,&ibbing the leaf surface with Carborundum. After removal of main
dihydroxybenzoic acid (gentisic acid) and 2,3-dihydroxybenzoio/eins, whole TMV-inoculated leaves were sampled at each time
acid (O-pyrocatechuic acid) are found in leaves of various plantgoint for measurement of SA content and enzyme activity.

fed radioactive SA, cinnamic acid, or benzoic acid (3,11,20). In For bacterial inoculation, an overnight culturedPokyringae pv.

roots of buckwheatHagopyrum esculentum), SA is 5-hydroxy-

phaseolicola (NPS3121) (24) was pelleted, washed in sterile water,

lated to 2,5-dihydroxybenzoic acid, followed by glucosylation atrepelleted, and resuspended in sterile water to a final concentra-

the hydroxyl group of the C5 position to form gentisic acid-B-

D-glucoside (29). A SA amino acid conjugaté;salicyloyl as-

partic acid, has been detected in wild grapéss(riparia andV.

tion of ODyy = 0.1. The bacterial suspension was injected into the
abaxial surface of leaves with a sterile syringe. After inoculation,
leaf disks immediately surrounding injected areas were collected

rupestris) and French beans (4,31). SA also is methylated to formt various time points and stored at —20°C for SA quantification or
a volatile ester, methyl salicylate. This SA ester has been idenat —80°C for enzyme assays

tified in a number of plant species (1,7-9,19), including winter- Application of SA. For SA treatment, tobacco leaves were
green (10), in which it is the major constituent of wintergreen oilrinsed with deionized water, and mid-veins were removed. Leaf

Early studies showed that exogenously suppliejenzoic acid in

pieces were vacuum-infiltrated with concentrations of SA ranging

Helianthus annuus hypocotyls is converted to trace amounts of SAfrom 0 to 1 mM. For{C] tracer experiments, leaf disks were in-

and large amounts of SA glucosides (21). Later, S2®b-glu-
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filtrated with 5 uM [*C]SA of specific activity 2.1 Gbg mndl
(Sigma Chemica Co., St. Louis) and 1 mM nonradioactive SA.
After infiltration, tobacco leaf pieces and disks were kept on wet
filter paper in trays covered with plastic wrap at 24°C under white
fluorescent light (200 umol Ths™). Alternatively, leaf disks (10 mm
in diameter) were incubated in a solution containing 5 pM [*C]SA.



The SA-treated leaves or leaf disks were harvested at the appro-
priate time, frozen in liquid nitrogen, and stored at —20°C for SA
guantification or —80°C for enzyme assays

Extraction and quantification of SA. SA was extracted and

70% of the total SA was present in the formpeflucosidase-

hydrolyzable SA glucosides (Fig. 2A), which agrees with previous
studies (14,15). We identified GS as a relatively minor metabolite
after overnight hydrolysis of tissue samples with esterases (Fig. 2A).

quantified as described previously (15,28,36). Leaf tissue sampla@he levels of this glucose ester increased almost fivefold from

were ground in liquid nitrogen and extracted once in 90% metht63.2 to 735.4 ng§ fresh weight between 2 and 4 days post-
anol and then in 100% methanol. After vacuum-drying, samplemoculation. There was no detectable level of glucosylated con-
were subjected to enzymatic hydrolysis as described below or uspdjates in uninoculated tobacco (14). We aso found that increases
directly for measurement of free SA. SA was quantified by highin GS and SAG were accompanied by the induction of the ac-
performance liquid chromatography (Waters Corp., Milford, MA)tivities of the two enzymes (Fig. 2B): UDPG/SA carboxyl gluco-
with a spectrofluorescence detector (Waters 474) after separatisyltransferase (SACGT), which catalyzes the formation of GS,
on a C-18 reverse-phase column equilibrated with 0.5% glaciahd UDPG/SA 2-O-glucosyltransferase (SAGT), which converts

acetic acid/methanol (3:1) at a flow rate of 1.5 mlTiAll data
were corrected for SA recovery, which ranged from 70 to 95%.

For enzymatic hydrolysis, dried leaf samples were resuspended
in 25 mM sodium acetate buffer (pH 5.0) containing 20 units of 3-
glucosidase (EC 3.2.1.21; dmond, Sigma), which can hydrolyze
both SAG and GS, or in 20 mM Tris-HCI buffer (pH 8.0) con-
taining 40 units of esterase (EC 3.1.1.1; porcine, Sigma), which
can hydrolyze only GS. Duplicate samples incubated in the absence
of enzymes were used as controls. After overnight hydrolysis, SA
was extracted and quantified as described above. The levels of GS
in the samples were determined by subtracting the amount of free
SA in control samples from the SA contained in esterase-hydro-
lyzed samples. The levels of SAG were determined by subtracting
the sum of free SA and GS from the SA present in B-glucosidase-
hydrolyzed samples.

Preparation of crude extract. Frozen tobacco leaves were ground
in liquid nitrogen and resuspended in 1.5 volumes of 20 mM tri
ethanolamine (TEA) buffer (pH 7.3) containing 14 nfiviner-
captoethanol, leupeptin (1 pug #)J 1 mM phenylmethylsulfonyl
fluoride, 10% (wt/wt, leaf) Dowex (Sigma) 1 and 2% (wt/val) poly-
vinylpyrrolidone. The tissue slurry was filtered through Miracloth
(Calbiochem-Behring Corp., La Jolla, CA), and the filtrate was
cleared by centrifugation at 15,000 x g for 20 min. The superna-

SA to SAG. However, induction of SACGT was higher than that
of SAGT, whereas the products of these enzymes accumulated in
opposite ratios.

To determine whether the formation of GS is pathogen specific,
tobacco leaves were inoculated with P. syringae pv. phaseo-
licola—a bean bacterial pathogen that is incompatible with to-
bacco (24). Large increases in free and glucosylated SA were ob-
served at=12 h postinoculation, when necrotic lesions began to
develop (Fig. 3A). GS increased0-fold, from 7 to 340 ng§
fresh weight, between 3 and 24 h postinoculation. At that time, 10
to 20% of total glucosylated SA was in the form of GS, while
=70% of total SA was metabolized to SAG. A similar induction
pattern of the two glucosyltransferases also was observed in P.
syringae pv. phaseolicola-inoculated leaves (Fig. 3B). However,
both activities increased more rapidly in the bacteria-inocul ated
tissues than in the virus-inocul ated tissues.

- Glucosylation of SA and induction of SA glucosyltransfer-
ases in SA-treated tobacco. To analyze the kinetics of SA gluco-
sylation, tobacco leaves were infiltrated with 1 mM SA, and SA
metabolites were quantified by differentia enzyme hydrolysis. Im-
mediately after SA infiltration, free SA increased from 0.07 to
91.9 ug g fresh weight (Fig. 4A). Thereafter, free SA continued
to decrease, reaching 50% of the total SA levels between 4 and 6 h

tant was assayed for enzyme activity, and protein concentratiamd 10% at 24 h after SA infiltration. Corresponding to the decrease

was determined by the method of Bradford (5)
Ge filtration chromatography. Soluble proteins were prepared

as described above and applied to a Superose 12 gel filtration cc!

umn equilibrated with two column volumes of TEA buffer con-
taining 14 mMB-mercaptoethanol and 150 mM NaCl. The fractions
were eluted with the same buffer at 0.5 mlThin

Enzyme assay for SA glucosyltransferases. The standard assay
for two SA glucosyltransferases was performed as described by
Edwards (13) with the following modifications. The reaction mix-
ture contained an appropriate volume of the protein samples and a
final concentration of 10 mM UDP glucose (UDPG) and 200 uM
[*C]SA of specific activity 2.1 Gbg mntdl The mixed prepara-
tions were incubated at 30°C for 30 to 60 min. The reaction was
stopped by adding 25 ul of an ethanolic solution of 5 mM SA
After placement on ice for 10 min, samples were centrifuged fo

5 min and analyzed by thin-layer chromatography (TLC) on silice

gel K6F (Whatman Inc., Clifton, NJ) plates. After application of

COOH
O-Glucose
SA Glucoside (SAG)
SAG'/,’I *
V4
. COOH COO-Glucose
OH SACGT OH
_->
- - - - -

10 to 20 pl of each sample on TLC plates, the samples were d

veloped in a solvent consisting of 1-butanol/acetic acid/water (4:1:1

SA Glucosyl Salicylate (GS)

Radioactive bands were visualized by autoradiography or quant

fied with a phosphorimager (Molecular Dynamics, Sunnyvale, CA) COOMe
and IPlab Gel H alias program (Signal Analytics Corporation, SAMT

Vienna, VA). One unit of enzyme activity converted 1 umol SA to OH

either SAG or GS per minute.

RESULTS Methyl Salicylate

Identification of GS and SAG in pathogen-inoculated to-

; i ; - Fig. 1. Identified metabolites of salicylic acid (SA) in tobacco. Gaseous methyl
bacco. The structures of three identified metabolites of SA in slicylate s re from the site of its formation. In contrast. SA 2-O-B-b-

Xanthi-np tobacco are shown.in Figure 1. For more precise Chaﬁrucoside (SAG) and glucosyl salicylate (GS) are accumulated as major me-
acterization of SA conjugates in TMV-inoculated tobacco, samplegpolites. SAGT = SA 2-O-glucosyltransferase; SACGT = SA carboxyl gluco-
were digested overnight with esteras@@lucosidase. More than syltransferase; SAMT = SA methyltransferase.
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in free SA, the two glucosylated forms of SA began to accumulate.
GSincreased rapidly and reached amaximal level of 33.8 ug gt fresh
weight by 6 h. Thereafter, the transiently elevated GS decreased to
a relatively lower, but constant, level for the duration of the
experiment. SAG levels aso reached their maximum 6 h after
infiltration but did not show any significant decrease thereafter.

The in vitro enzyme activities of the two SA glucosyltransfer-
ases also were examined in SA-infiltrated tissues. The activities of
both increased in response to SA (Fig. 4B). Similar to what was
seen in TMV- and P. syringae pv. phaseolicola-inocul ated tissues,
induction of SACGT by SA was three to four times higher than
that of SAGT, and the relationship between product formation and
enzyme activities was opposite.

Relative accumulation of GS and SAG. To determine the rel-
ative rates of synthesis and turnover in planta of the two gluco-
sylated forms, tobacco leaf disks were infiltrated with 5 uM [*C]SA

SA disappeared gradually and was no longer detectable at 24 h
(Fig. 5). Two additional radioactive products appeared immedi-
ately after SA infiltration. Based on the enzyme hydrolysis pattern
and retardation factor values of the two products, these compounds
were identified as SAG and GS. Radioactive GS began to accu-
mulate 1 h after SA infiltration, reached a maximal level by 6 h,
decreased, and eventually disappea#8l h after SA infiltration.
In contrast, radioactive SAG continued to accumulate for the dur-
ation of the experiment. More than 80% YC]SA was present as
SAG 24 h after infiltration.

Dose-dependent induction of two glucosyltransfer ase activi-
ties by SA. To establish dose-dependent induction of SACGT and
SAGT, Xanthi-nc leaf disks were infiltrated with various nonphy-
totoxic concentrations of SA and incubated for 6 h. In control to-
bacco leaves, which contained low levels of endogenous SA
(100 ng g* fresh weight), SAGT activity was not detectable, al-

and 1 mM nonradioactive SA. After infiltration, free radioactive though low levels of SACGT activity were measured (Table 1).
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Fig. 2. Accumulation of sdicylic acid 2-O-f3-D-glucoside (SAG) and glucosy!
sdicylate (GS) in tobacco mosaic virus (TMV)-inoculated tobacco. Leaf samples
were harvested at the indicated times. Samples were A, analyzed for SA
content or B, assayed for the activity of the enzymes catalyzing the formation
of GS (SA carboxyl glucosyltransferase [SACGT]) and SAG (SA 2-O-gluco-
syltransferase [SAGT]). Values are means of three replicates (+ standard
error) from different leaves after TMV inoculation. FW = fresh weight; GT =
glucosyltransferase.
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Fig. 3. Accumulation of salicylic acid (SA) conjugates in Pseudomonas syr-
ingae pv. phaseolicola-inoculated tobacco. Leaf samples were harvested at
the indicated times. Samples were A, analyzed for SA content or B, assayed
for the activity of two glucosyltransferases (GT): SA carboxyl glucosyltrans-
ferase (SACGT) and SA 2-O-glucosyltransferase (SAGT). Values are means of
three replicates (+ standard error) from different leaves after inoculation with
P. syringae pv. phaseolicola. FW = fresh weight; SAG = SA 2-O-3-D-gluco-
side; GS = glucosyl dicylate.



As shown in previous experiments (Fig. 4B), both enzyme activi- DISCUSSION

ties were inducible by exogenous SA. SAGT activity was 17-fold

higher for the 1 mM SA treatment than for the 10 uM SA treat- We identified GS as a relatively minor metabolite in tobacco plants

ment, whereas SACGT activity increased 7-fold. When infiltratednoculated with TMV orP. syringae pv. phaseolicola. The forma-

with SA at concentrations between 100 uM and 1 mM, both SAon of this glucose ester in pathogen-inoculated tobacco was fur-

glucosyltransferase activities increased in a dose-dependent mannier supported by evidence showing parallel increases in the cor-
The structural similarity of GS and SAG (Fig. 1) suggests thatesponding enzyme activity localized to the HR lesions. The

the glucosylation of SA is catalyzed by the same enzyme or bemporal and spatial distribution of GS and its biosynthetic en-

similar enzymes. To determine whether two enzymes are preseayme suggests that the induction of SACGT activity is required

and whether they have different molecular weights, a crude prder synthesis of GS. We also confirmed earlier observations that

tein extract was applied to a gel filtration column. The in vitroSAG is a major metabolite in pathogen-inoculated plants. These

enzyme activity of SACGT peaked in fractions two and threeresults indicated that GS and SAG accumulated in a similar fash-

whereas maximal SAGT activity was detected in fractions four

and five (Fig. 6). In addition, two glucosyltransferase activities were

found in different salt gradient fractions when protein samples were Time (h)

subjected to anion exchange chromatography (data not shown).
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Fig. 5. Thin-layer chromatography (TLC) analysis of sdicylic acid (SA) me-
tabolites in [C]SA-infiltrated tobacco. Samples were collected at the indi-
cated times and analyzed on TLC plates by autoradiography and phosphor-
imager. GS = glucosy! salicylate; SAG = SA 2-O-B-D-glucoside.

SA (ug/g FW)

25+

k TABLE 1. Induction of two salicylic acid (SA) glucosyltransferase enzyme
f‘: activitiesby SA?2
. 0< SA SA recovered? SAGTE activity SACGT activity
E B —-—@--- SACGT (mM) (ng/g fresh weight) (uU/mg protein) (uU/mg protein)
© 100 - 0 0.1+ 0.01 NC? 11.6
46 ........ o SAGT '/. 0.01 4.5+ 0.7 6.6 28.2
[l _/‘/ 0.1 16.0£ 0.9 22.4 31.2
.y g 0.5 103.2+ 17.5 55.4 91.8
o) /_," 1 188.5+ 13.8 101.5 183.5
o 78 ..'_i""~~.—/ a Tobacco leaf disks were infiltrated with various concentrations of SA and
,g ! incubated for 6 h.
> ! b Values are meang (standard error) of triplicates for SA quantification and
5 ! means of duplicates for enzyme activity.
> 50 ! ¢ SA 2-O-glucosyltransferase.
= 1 d SA carboxyl glucosyltransferase.
:.?__' ,‘ € Enzyme activity was below the limits of detection.
g 25 - ! o Ottt
= o — Q 1 2 3 4 5 6
o
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Time (h)
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Fig. 4. Formation of sdlicylic acid 2-O-f-D-glucoside (SAG) and glucosy!
salicylate (GS) in SA-infiltrated tobacco. Leaves were infiltrated with 1 mM
SA. Leaf samples were harvested at the indicated times after SA infiltration.
Samples were A, analyzed for SA content or B, assayed for the activity of the Fig. 6. Thin-layer chromatography (TLC) analysis of enzyme activities in six

SA glucosylating enzymes: SA carboxyl glucosyltransferase (SACGT) and SA consecutive fractions of gel filtration chromatography. Soluble crude prepar-

2-O-glucosyltransferase (SAGT). Values are means of three replicates (+ stan- ation was loaded on a Superose 12 gel filtration column. Fractions were el-
dard error) from different leaves after SA infiltration. FW = fresh weight; GT = uted and assayed for enzyme activity as described in text. GS = glucosyl
glucosyltransferase. salicylate; SAG = salicylic acid @-p-D-glucoside.
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ion in P. syringae pv. phaseolicola- and TMV-inoculated tobacco
plants. Therefore, the formation of two glucosylated conjugates of
SA isanaturally occurring phenomenon that follows the induction
of SA biosynthesis in tobacco plants.

The radioactive SA feeding experiments showed that SA was
initially metabolized to two glucosylated conjugates, GS and SAG,
concomitant with the induction of the corresponding glucosyl-
transferases. We did not detect any other nonvolatile conjugated
forms, such as amino acid conjugates, which have been reported
in grapes and French beans (4,31), or hydroxylated forms, which
occur in many plants (3,11,20). Therefore, if these conjugates ex-
ist in tobacco, they must occur as minor metabolites that were not
detected by the methods described here.

Edwards (13) reported earlier that exogenoudly supplied SA was
primarily glucosylated in SR 1 tobacco. This is consistent with our
data, which showed that most of the endogenous (Figs. 2 and 3)
and exogenous SA (Figs. 4 and 5) was converted to glucosylated
forms when a different tobacco cultivar was used as a model sys-
tem. Taken together, it seems likely that glucosylation of the car-
boxy and hydroxy groups are the primary reactions in the early
metabolism of SA in tobacco.

The early appearance of GS (1 to 2 h after SA infiltration) in
tobacco Xanthi-nc is distinct from the late formation of GS (24 h
after incubation with SA) observed in other tobacco cultivars (N.
tabacum cv. Petit Havana SR 1) (13). This may reflect differences
in the methods used to analyze both cultivars. Alternatively, the
two cultivars may differ in their capacity to form GS. To distin-
guish between these possibilities, tobacco Xanthi-nc leaf disks
were incubated with SA under the same conditions used for tobac-
co SR 1. This experiment showed that GS was formed by 2 h after
SA incubation and increased dightly until 36 h, whereas SAG
accumulated gradually throughout the incubation period (data not
shown). Evidently, formation of GS in Xanthi-nc tobacco oc-
curred much earlier than in SR 1 tobacco, suggesting the synthesis
of the glucose ester is regulated differently in the two tobacco
cultivars. These results also showed that the timing of GS for-
mation was the same in SA-infiltrated (Fig. 4) and SA-incubated
Xanthi-nc leaves. The steady increase in GS throughout the incu-
bation period was probably due to the continuous uptake of SA
from incubation media.

In vivo tracer experiments (Fig. 5) that showed the steady accu-
mulation of SAG and the transient formation of GS suggest that
GS may be less stable than SAG. This may be due to the unstable
nature of the ester compound or to its high activity in other meta-
bolic processes. However, because the decrease in GS coincided
with the increase in SAG (Figs. 4 and 5), it is possible that GS is
an intermediate in the formation of SAG. After rapid formation of
GS in response to high concentrations of SA, this conjugate may
be directly converted to SAG. Alternatively, GS may be degluco-
sylated to free SA (Fig. 1). The in vitro activity of SACGT re-
mained high after SA infiltration, even though the increase in its
product, GS, was only transient. In contrast, SAGT activity was
correlated with the formation of its product, SAG (Fig. 4). The
discrepancy between high SACGT activity and low production of
GS could be due to limited quarntities of either of the substrates
(UDPG and SA) within the subcellular compartment in which GS
was synthesized. It aso is possible that the enzyme activity in
vivo may be much lower than in vitro.

Little is known about the role of SA glucosylation in tobacco.
The glucosylation of SA occurs primarily in the vicinity of the HR
lesions and is rarely detected in systemically protected tissues
(15,17). The spatia distribution of SA glucosides suggests that
glucosylation is not necessary for induction of resistance and PR
proteins in tobacco. In addition, the absence of SA glucosides in
phloem exudates makes them unlikely candidates for the long-
distance signal for systemic acquired resistance (SAR). A possible
function of the glucosylation of SA might be detoxification of SA
and regulation of its levels. In fact, the early accumulation of GS

696 PHYTOPATHOLOGY

suggests that its formation may protect tobacco plants from the
phytotoxic effects of SA. The same mechanism also may operate
in virus- or bacteria-infected tobacco plants in which high levels
of SA accumulate. However, it is unlikely that GS is involved in
the further catabolism of SA, because the esterification of aromatic
acids is thought to prevent oxidative decarboxylation (2). In con-
trast, the formation of SAG could represent a route of SA cat-
abolism, because of the preferential accumulation of SAG and the
late appearance of other unidentified metabolites of SA (Fig. 5).
Evolution of *CO, in SR 1 tobacco fed radioactive SA (13) also
supports the hypothesis of the further catabolism of SA. Accumu-
lation of SAG suggests that this compound may function as a
slow-release storage form of SA, which may maintain SAR over
extended periods of time. Similar storage mechanisms have been
established for other plant hormones, including cytokinins (6).

We have demonstrated that two distinct glucosyltransferases are
active in tobacco. However, we do not know whether the two en-
zymes originate from the same or different genes. Recently, we
purified and characterized SACGT (H. Lee and |. Raskin, unpub-
lished data); purification of SAGT is still in progress. Further
biochemical and molecular studies with these enzymes and their
corresponding genes will help elucidate the origins of these two
enzymes and provide a better understanding of the mechanism and
role of SA glucosylation in plant-pathogen interactions.
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