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The fusion of vesicles in the secretory pathway involves the interaction of t-soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (t-SNAREs) on the target membrane and v-SNAREs on the vesicle membrane. AtSNAP33 is an
Arabidopsis homolog of the neuronal t-SNARE SNAP-25 involved in exocytosis and is localized at the cell plate and at the
plasma membrane. In this paper, the expression of AtSNAP33 was analyzed after different biotic and abiotic stresses. The
expression of AtSNAP33 increased after inoculation with the pathogens Plectosporium tabacinum and virulent and avirulent
forms of Peronospora parasitica and Pseudomonas syringae pv tomato. The expression of PR1 transcripts encoding the secreted
pathogenesis-related protein 1 also increased after inoculation with these pathogens and the expression of AtSNAP33
preceded or occurred at the same time as the expression of PR1. AtSNAP33 was also expressed in npr1 plants that do not
express PR1 after pathogen inoculation as well as in cpr1 plants that overexpress PR1 in the absence of a pathogen. The level
of AtSNAP33 decreased slightly in leaves inoculated with P. parasitica in the NahG plants, and eds5 and sid2 mutants that are
unable to accumulate salicylic acid (SA) after pathogen inoculation, indicating a partial dependence on SA. AtSNAP33 was
also expressed in systemic noninoculated leaves of plants inoculated with P. syringae. In contrast to the situation in infected
leaves, the expression of AtSNAP33 in systemic leaves was fully SA dependent. Thus, the expression of AtSNAP33 after
pathogen attack is regulated by SA-dependent and SA-independent pathways. Mechanical stimulation also led to an
increase of AtSNAP33 transcripts.

The plant secretory pathway comprises different
organelles including the endoplasmic reticulum, the
Golgi apparatus, the plasma membrane, and the vac-
uole. Proteins destined to the extracellular space or
the vacuole enter the secretory pathway at the endo-
plasmic reticulum and are then transported through
the Golgi apparatus. At the trans-Golgi network, se-
creted proteins are sorted from vacuolar proteins and
packaged into secretory vesicles. Transport between
the organelles of the secretory pathway occurs by
budding of vesicles from a donor membrane and
fusion with an acceptor membrane. Exocytosis is the
fusion of secretory vesicles with the plasma mem-
brane, permitting the release of their content outside
the cell. The fusion of vesicles involves the interac-
tion of vesicle (v)-soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein receptors (SNAREs)
localized on the vesicle membrane and t-SNAREs

localized on the target membrane (Rothman, 1996;
Hay and Scheller, 1997). A four-helical bundle of
SNAREs is formed. One helix of this SNARE complex
is provided by a v-SNARE and three helices are
provided by t-SNAREs, which always include a
member of the syntaxin family contributing one he-
lix. The remaining two helices are contributed from a
single SNAP-25-like protein or from two separate
t-SNARE light chains. Trimeric SNARE complexes
have been described for the fusion of vesicles at the
plasma membrane, whereas endomembrane fusion
processes involve tetrameric SNARE complexes
(Fukuda et al., 2000). Two cytosolic proteins, general
components, �-soluble NSF-attachment protein
(SNAP) and NSF disassemble this complex after fu-
sion. The machinery of membrane fusion is highly
conserved among eukaryotes (for review, see Blatt et
al., 1999; Jahn and Südhof, 1999). Several plant
SNAREs have been isolated, and the sequence of the
Arabidopsis genome contains many SNAREs (for re-
view, see Sanderfoot and Raikhel, 1999; Sanderfoot et
al., 2000). The function of most of these proteins
remains to be demonstrated. However, they often
show a high degree of conservation with their yeast
or mammalian counterparts. Thus, they may have
similar functions in the plant cell.

Plants respond to bacterial, fungal, and viral patho-
gen attack by the synthesis of several pathogenesis-
related (PR) proteins, including PR1 (van Loon and
van Strien, 1999). Many of them are synthesized at
the endoplasmic reticulum and are transported to the
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extracellular space or the vacuole by the secretory
pathway. For example, infection of Arabidopsis by
Pseudomonas syringae pv tomato DC 3000 leads to the
induction of the expression of PR1, PR2 (a �-1,
3-glucanase), and PR5 (a thaumatin-like protein),
which are secreted to the extracellular space (Uknes
et al., 1992). The accumulation of the signaling mol-
ecule salicylic acid (SA) correlates with the expres-
sion of PR proteins and resistance (Malamy et al.,
1990; Métraux et al., 1990; Yalpani et al., 1991). Trans-
genic tobacco (Nicotiana tabacum) and Arabidopsis
plants that express a bacterial NahG gene encoding
a SA hydroxylase degrade SA to catechol (Gaffney
et al., 1993; Delaney et al., 1994) and express very
low amounts of PR proteins after pathogen attack
(Delaney et al., 1994). In the Arabidopsis eds5 and
sid2 mutants, there is no accumulation of SA after
pathogen attack, and a strong reduction of PR1
expression, but PR2 and PR5 are still expressed
(Nawrath and Métraux, 1999).

Many plants respond to mechanical stimulation
such as touch and wind by reduced growth and
stocky morphology. These developmental changes
called thigmomorphogenesis make the plant more
resistant to environmental challenges such as blasts
of wind. The effect of mechanical strain on plant
growth has been well documented (Jaffe and Forbes,
1993; Mitchell and Myers, 1995). However, the mo-
lecular mechanisms underlying these effects are not
well understood. The expression of several genes
from Arabidopsis and other plant species has been
shown to be regulated by mechanical stimulation.
They include touch (TCH) and protein kinase genes
(Braam and Davis, 1990; Mizoguchi et al., 1996;
Braam et al., 1997). TCH genes include various
enzymes such as xyloglucan endotransglycosy-
lase, Ca2�-binding proteins, 1-aminocyclopropane-1-
carbo-xylic acid synthases, calmodulins, or lipoxy-
genase (Botella et al., 1995; Takezawa et al., 1995; Xu
et al., 1995; Mauch et al., 1997; Depège et al., 1999;
van der Luit et al., 1999).

We have previously characterized AtSNAP33, a
homolog of the t-SNARE SNAP-25, in Arabidopsis
(Heese et al., 2001). AtSNAP33 was localized at the
plasma membrane and at the forming cell plate. It
interacts with the syntaxin KNOLLE localized at the
cell plate (Heese et al., 2001), which functions in cell
plate formation and Nt-Syr1 (NtSyp121), a tobacco
syntaxin localized at the plasma membrane (Leyman
et al., 2000; Kargul et al., 2001), which functions in
secretion (Geelen et al., 2002). The null mutant
atsnap33 develops large necrotic lesions on cotyle-
dons and rosette leaves as well as cytokinetic defects,
and eventually dies before flowering (Heese et al.,
2001). We postulate that AtSNAP33 could be in-
volved in diverse membrane fusion processes, in-
cluding exocytosis and the formation of the cell plate.

It has been shown that the expression of several
endoplasmic-reticulum-resident proteins, including

the luminal binding-protein (BiP), calreticulin, pro-
tein disulfide isomerase, and the barley (Hordeum
vulgare) Glc-regulated protein GRP94 is induced
upon infection, treatment with plant cell wall de-
grading enzymes, or SA (Walther-Larsen et al., 1993;
Denecke et al., 1995; Jelitto-van Dooren et al., 1999).

Here, we show that the expression of AtSNAP33, a
component of a later step of the secretory pathway,
i.e. transport to the plasma membrane, was induced
after inoculation with pathogens in inoculated leaves
and in systemic uninoculated leaves. The expression
was compared with that of PR1, a defense-related
protein secreted into the extracellular space and a
marker for systemic acquired resistance (Uknes et al.,
1992). The expression of AtSNAP33 was determined
in NahG transgenic plants as well as in eds5, sid2,
npr1, and cpr1 mutants. Finally, AtSNAP33 induction
was also studied after mechanical stimulation, wind,
and wounding.

RESULTS

The Expression of AtSNAP33 Is Increased by
Inoculation with Plectosporium tabacinum,
Peronospora parasitica Isolates NOCO and EMWA,
and P. syringae pv tomato Carrying or Not avrRpt2

Figure 1 shows a time course of expression of
AtSNAP33 and PR1 after inoculation of Arabidopsis
accession Col-0 with the ascomycete P. tabacinum.
The hyphae grew into the plant tissue and 3 d after
inoculation, the leaves were yellow and the fungus
had sporulated. Four days after the inoculation, the
leaves were completely macerated. The level of

Figure 1. Time course of expression of the AtSNAP33 and PR1
transcripts (A) and AtSNAP33 protein (B) after inoculation with P.
tabacinum. Leaves were inoculated with P. tabacinum (I) or water as
a control (C) and were collected after different times in days indi-
cated above A. A, The RNA was extracted and AtSNAP33 and PR1
mRNA levels were detected by RNA-blot hybridization. The RNA gel
stained with ethidium bromide is shown as a control for loading. B,
The proteins were extracted, separated on SDS-PAGE, and trans-
ferred to a nitrocellulose membrane. The membrane was then probed
with anti-AtSNAP33 antibodies or anti-tubulin antibodies as a con-
trol for loading.
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AtSNAP33 transcripts in infected leaves increased up
to a steady level 1 d post inoculation (dpi) compared
with the level in control plants treated with water,
which showed very low expression of AtSNAP33. As
a comparison, PR1 underwent a steady increase up to
3 dpi.

The expression of AtSNAP33 protein in infected
leaves as visualized on immunoblots was already
induced 1 dpi, and remained high until 3 dpi, com-
pared with the low levels observed in uninfected
controls (Fig. 1B). The level of AtSNAP33 protein
reflected the level of transcripts in Figure 1A and
many other independent experiments (data not
shown). Therefore, only the level of AtSNAP33 tran-
scripts is shown in further experiments.

Figure 2 shows the kinetics of expression of
AtSNAP33 and PR1 after inoculation of Arabidopsis
Col-0 with the downy mildew pathogen P. parasitica
isolate NOCO or EMWA. The isolate NOCO forms a
compatible interaction and the isolate EMWA forms
an incompatible interaction with Arabidopsis acces-
sion Col-0 (Parker et al., 1993; Holub et al., 1994). In
the compatible interaction with the isolate NOCO,
the hyphae grew into the plant tissues, forming nu-
merous haustoria, and no symptoms were visible
before 7 dpi when the conidiophores bearing the
asexual conidia grew out of the stomata. During
colonization, sexual spores formed as well. In the
incompatible interaction with the isolate EMWA, the
hyphae grew for 3 d, forming haustoria. The growth
of the fungus then stopped and trailing necroses of
host cells along the length of the hyphae were ob-
served. There was no asexual sporulation.

In the compatible interaction with the isolate
NOCO, induction of the expression of AtSNAP33 and
PR1 was slower than in the incompatible interaction
with the isolate EMWA where the increase in expres-
sion was faster and transient. The increase in PR1
transcripts occurred 1 d after the increased levels of
AtSNAP33.

To verify that the PR1 protein was secreted to the
extracellular space, intercellular fluids of leaves inoc-
ulated with P. parasitica were obtained. Figure 2B
shows that PR1 was found in the intercellular space 4
to 7 dpi with isolate NOCO and 7 dpi with isolate
EMWA. No PR1 was detectable in the intercellular
fluids at earlier time points (data not shown).

Figure 3A shows a time course of the expression of
AtSNAP33 and PR1 after inoculation with the bacte-
ria P. syringae pv tomato DC 3000 carrying or not the
avirulence gene Rpt2. The expression of AtSNAP33
was strongly induced 1 dpi with both races of bacte-
ria. In the compatible interaction, the level of expres-
sion remained high until 3 dpi, whereas in the in-
compatible interaction the level decreased somewhat
after 2 dpi compared with mock-inoculated controls
that showed little expression of AtSNAP33. In com-
parison, the expression of PR1 similarly increased
at 1 dpi and remained strongly induced up to 3 dpi
in all cases compared with uninfected controls.

Interestingly, the expression of AtSNAP33 was also
induced in systemic noninoculated leaves of plants
inoculated with P. syringae pv tomato DC3000 carry-
ing or not avrRpt2 (Fig. 3B). As expected (Uknes et al.,
1992), PR1 was also expressed systemically in inocu-
lated plants.

Figure 3. Time course of expression of AtSNAP33 and PR1 tran-
scripts in inoculated (A) and uninoculated systemic (B) leaves after
inoculation with P. syringae pv tomato DC3000 (D) or DC3000
avrRpt2 (R) or water as a control (C). Leaves were inoculated with the
bacteria or water, and inoculated as well as uninoculated systemic
leaves were collected after different times in days as indicated. The
RNA was extracted and AtSNAP33 and PR1 mRNA levels were
detected by RNA-blot hybridization. The RNA gel stained with
ethidium bromide is shown as a control for loading.

Figure 2. Time course of expression of AtSNAP33 and PR1 tran-
scripts (A) and accumulation of PR1 protein in the intercellular space
(B) after inoculation with P. parasitica isolates NOCO and EMWA.
Leaves were inoculated with P. parasitica isolates NOCO (N) or
EMWA (E) or water as control (C) and were collected after different
times in days as indicated. A, The RNA was extracted and AtSNAP33
and PR1 mRNA levels were detected by RNA-blot hybridization. The
RNA gel stained with ethidium bromide is shown as a control for
loading. B, Proteins in the intercellular fluids were separated on
SDS-PAGE and transferred to a nitrocellulose membrane. The mem-
brane was probed with anti-PR1 antibodies. The experiments in A
and B were performed independently.

AtSNAP33 Is Induced by Biotic and Abiotic Stresses
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The Local Expression of AtSNAP33 in Infected Leaves
Is Partially Dependent on SA, and the Systemic
Expression Is Fully SA Dependent

The dependence of the systemic expression of
AtSNAP33 on the signaling molecule SA was tested
in NahG-transgenic plants that degrade SA to cate-
chol (Gaffney et al., 1993). The plants were inoculated
with P. syringae pv tomato DC 3000 carrying or not
avrRpt2. The expression of AtSNAP33 was slightly
decreased in inoculated leaves of NahG compared
with wild-type plants, but was absent in systemic
uninoculated leaves (Figs. 3,A and B and 4, A and B,
which represent experiments performed in parallel).
Thus, the local induction of AtSNAP33 is partially SA
independent in contrast to the systemic induction,
which requires SA. In comparison, PR1 was not ex-
pressed locally or systemically in NahG plants, in
agreement with previously published results
(Gaffney et al., 1993).

The expression of AtSNAP33 and PR1 was ana-
lyzed in eds5 and sid2, two mutants unable to accu-
mulate SA (Nawrath and Métraux, 1999) and in wild-
type Arabidopsis Col-0 inoculated with P. parasitica
isolate NOCO (Fig. 5). Six days after inoculation with
P. parasitica isolate NOCO, AtSNAP33 was still ex-
pressed but to a lower level than in wild-type Col-0
plants (Fig. 5). Thus, the partial SA independence of
AtSNAP33 expression could be confirmed. PR1 was
not expressed in eds5 or sid2 in agreement with pre-
vious reports (Nawrath and Métraux, 1999).

In agreement with the partial sensitivity of
AtSNAP33 expression to endogenous SA after patho-
gen inoculation, soil-drench application of 330 �m or
1 mm SA increased the level of expression of

AtSNAP33 in the absence of a pathogen (Fig. 6). This
increase occurred already after 1 d but was higher
after 2 d. Similarly, the expression of AtSNAP33 and
PR1 was also induced 1 and 2 d after soil-drench
application of 330 �m benzo(1, 2, 3) thiadiazole-7
carbonic acid S-methyl ester (BTH), an inducer of
defense reactions (Fig. 6).

In uninfected cpr1 mutants that overexpress PR1,
PR2, and PR5 constitutively (Bowling et al., 1994),
AtSNAP33 was expressed constitutively compared
with wild-type Col-0 plants (Fig. 7). However, the
expression of AtSNAP33 could also be dissociated
from that of PRs. AtSNAP33 was induced in the npr1
mutants infected with P. parasitica isolate NOCO (Fig.
8). NPR1 is a transcriptional regulator of SA-induced
PR gene expression, and npr1 mutants show no ex-
pression of PR1 and a reduced level of PR2 and PR5
after pathogen infection (Cao et al., 1994; Delaney et
al., 1995; Fig. 8).

Figure 4. Time course of expression of AtSNAP33 and PR1 tran-
scripts in inoculated (A) and uninoculated systemic (B) leaves of
nahG plants after inoculation with P. syringae pv tomato DC3000 (D)
or DC3000 avrRpt2 (R) or water as a control (C). Leaves were
inoculated with the bacteria or water, and inoculated as well as
uninoculated systemic leaves were collected after different times in
days. The RNA was extracted and AtSNAP33 and PR1 mRNA levels
were detected by RNA-blot hybridization. The RNA gel stained with
ethidium bromide is shown as a control for loading.

Figure 5. Expression of AtSNAP33 and PR1 transcripts after inocu-
lation of Arabidopsis Col-0 plants (Col), eds5, and sid2 mutants with
P. parasitica isolate NOCO. Leaves were inoculated with P. para-
sitica isolate NOCO (N) or water as a control (C) and were collected
after 6 d. The RNA was extracted and AtSNAP33 and PR1 mRNA
levels were detected by RNA-blot hybridization. The RNA gel stained
with ethidium bromide is shown as a control for loading.

Figure 6. Expression of AtSNAP33 and PR1 transcripts 1 and 2 d after
treatment with 330 �M BTH or 330 �M or 1 mM SA. Wetting powder
(WP) or water were used as a control for BTH or SA, respectively.
Leaves were collected, the RNA was extracted, and AtSNAP33 and
PR1 mRNA levels were detected by RNA-blot hybridization. The
RNA gel stained with ethidium bromide is shown as a control for
loading.
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The Expression of AtSNAP33 Is Induced after
Mechanical Stimulation and Wounding

The level of AtSNAP33 transcripts increased tran-
siently 5 min after a mechanical stimulation that
consisted in gently rubbing the leaves 10 times be-
tween the thumb and forefinger, reached a maximum
between 15 to 30 min and decreased to control levels
after 60 min (Fig. 9A). To test if the enhanced expres-
sion was due to breakage of trichomes, which occurs
by touching the leaves, the expression of AtSNAP33
was analyzed after mechanical stimulation in Arabi-
dopsis glabrous1 mutant plants that bear almost no
trichomes (Koornneef et al., 1982). The expression of
AtSNAP33 in glabrous1 followed a similar transient
increase as in wild-type Col-0 plants (Fig. 9B). The

expression of AtSNAP33 was not increased in upper
systemic leaves after mechanical stimulation of the
lower leaves (data not shown).

The effect of two other mechanical stimulations on
the expression of AtSNAP33 was also tested. Wind,
blown by a hair drier, caused a transient increase of
AtSNAP33 expression between 15 min and 30 min
after beginning the treatment compared with control
plants; the expression returned to control levels after
60 min (Fig. 10A). AtSNAP33 expression was stimu-
lated transiently after wounding with pliers. It in-
creased after 15 min, reached a maximum after 60
min, and returned to levels of unwounded leaves 240
min after the beginning of the experiment (Fig. 10B).

Figure 8. Time course of expression of AtSNAP33 and PR1 tran-
scripts after inoculation of Arabidopsis npr1 mutants (A) and Col-0
plants (B) with P. parasitica isolate NOCO. Leaves were inoculated
with P. parasitica isolate NOCO (N) or water as a control (C) and
were collected after different times in days as indicated. The RNA
was extracted and AtSNAP33 and PR1 mRNA levels were detected
by RNA-blot hybridization. The RNA gel stained with ethidium
bromide is shown as a control for loading.

Figure 7. Expression of AtSNAP33 and PR1 transcripts in leaves of
Arabidopsis Col-0 plants (Col), and cpr1 mutants. Leaves were col-
lected, the RNA was extracted, and AtSNAP33 and PR1 mRNA levels
were detected by RNA-blot hybridization. The RNA gel stained with
ethidium bromide is shown as a control for loading.

Figure 9. Time course of expression of AtSNAP33 transcripts after
mechanical stimulation of Arabidopsis Col-0 (A) and glabrous1 mu-
tant (B) plants. Leaves were touched (T) or not touched as a control
(C) and were collected at time 0 and after 5, 15, 30, 60, and 90 min,
and 17 h. The RNA was extracted and the AtSNAP33 mRNA level
was detected by RNA-blot hybridization. The RNA gel stained with
ethidium bromide is shown as a control for loading.

Figure 10. Time course of expression of AtSNAP33 transcripts after
exposure to wind (A) and wounding (B). A, Leaves were exposed to
a cool stream of air from a hair drier (T) or not exposed as a control
(C) and were collected after different times in minutes as indicated.
B, Leaves were wounded (W) or not wounded as a control (C) and
were collected after different times in minutes as indicated. A and B,
The RNA was extracted and the AtSNAP33 mRNA level was detected
by RNA-blot hybridization. The RNA gel stained with ethidium
bromide is shown as a control for loading.

AtSNAP33 Is Induced by Biotic and Abiotic Stresses
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DISCUSSION

In this paper, we show that the expression of the
t-SNARE AtSNAP33 increased after inoculation with
virulent pathogens such as P. tabacinum or virulent
and avirulent forms of P. parasitica or P. syringae. In
addition, we describe induction of AtSNAP33 after
mechanical stimulation, wind, and wounding.

The expression of AtSNAP33 increased after inoc-
ulation with the pathogen P. parasitica isolates NOCO
and EMWA, as well as P. tabacinum. There was a
faster increase in the expression of AtSNAP33 in the
incompatible interaction with P. parasitica isolate
EMWA than in the compatible interaction with iso-
late NOCO.

We propose that this reflects the overall secretory
activity during the infection process. In the incom-
patible interaction with isolate EMWA, the hyphae
grew into the tissue and formed haustoria until 3 dpi
and then growth stopped. The expression of
AtSNAP33 increased transiently within the same
time frame. In the compatible interaction with isolate
NOCO, the tissue was increasingly colonized from 2
to 7 dpi. This was accompanied by a steady increase
in the expression of AtSNAP33. Haustoria were con-
tinuously formed by the growing hyphae. These spe-
cialized structures grow into plant cells without rup-
turing the plasma membrane and are surrounded by
an invagination of a modified form of the host
plasma membrane, the extrahaustorial matrix. The
growth of the plasma membrane that surrounds the
developing haustoria most likely occurs by fusion of
vesicles, the membrane of the vesicle becoming part
of the extrahaustorial membrane (Callow and Green,
1996). This may require an increased level of com-
ponents of the vesicle fusion machinery such as
AtSNAP33.

Similarly, an enhanced level of the t-SNARE
AtSNAP33 can be expected during pathogen infec-
tion when secretion of specific proteins is increased,
probably leading to more vesicle fusion events with
the plasma membrane. Analysis by western blots of
intercellular fluids showed that there was an in-
creased secretion of PR1 after inoculation.

In the compatible interaction with P. parasitica iso-
late NOCO, the expression of PR1 increased steadily
starting 4 dpi until 6 dpi. It is interesting to note that
the increase in the expression of AtSNAP33 in the
same plants preceded the increase in the expression
of PR1, indicating that it does not result from a
feedback mechanism whereby an increased secretion
would lead to an increased expression of AtSNAP33.
Moreover, in the incompatible interaction with P.
parasitica isolate EMWA, the level of AtSNAP33 tran-
scripts returned to control levels when the level of
PR1 transcripts was still high. These differences in
the expression of AtSNAP33 and PR1 suggest that the
expression of the two genes is regulated by different
signaling pathways.

The local expression of AtSNAP33 in infected
leaves was slightly decreased in NahG plants, as well
as in eds5 and sid2 mutants, whereas systemic induc-
tion was abolished. This demonstrates a partial inde-
pendence of AtSNAP33 induction on SA and stands
in contrast with the expression of PR1 that is fully
SA dependent (Delaney et al., 1994; Nawrath and
Métraux, 1999). This most likely reflects different
signaling processes that take place in infected leaves
versus uninfected systemic leaves.

It was found serendipitously that the expression of
AtSNAP33 increased after mechanical stimulation.
The expression of AtSNAP33 shows the same char-
acteristics as the expression of other genes induced
by mechanical stimulation, including the TCH genes
(Braam et al., 1997), i.e. the increase in the level of
transcript was high, rapid, and transient. When the
leaves were mechanically stimulated once every day
for 35 d, there was a decrease in the height of the
inflorescence stem (reaching 26% of control, un-
touched plants; data not shown). Thus, mechanical
stimulation leads to changes in development that
may be related to cell wall modifications. The in-
creased expression of AtSNAP33 after mechanical
stimulation may reflect an increase in secretion of cell
wall components. TCH4, which is induced after me-
chanical stimulation, encodes a xyloglucan endo-
transglycosylase and possibly functions in cell wall
modifications after mechanical stimulation, leading
to changes in development (Xu et al., 1995; Braam et
al., 1997).

It is unlikely that breakage of trichomes is the
perceived stimulus leading to wound-induced ex-
pression of AtSNAP33 because mechanical stimula-
tion of glabrous1 mutants that bear almost no
trichomes (Koorneef et al., 1982) gave a similar result
to wild-type plants.

The expression of AtSNAP33 increased transiently
after wounding, similar to the increase after mechan-
ical stimulation. Because the expression of AtSNAP33
was back to control levels 240 min after wounding, it
may be a consequence of the mechanical stimulation
occurring during wounding rather than a response to
the damage provoked by the wound.

It was shown previously that the expression of the
endoplasmic reticulum resident calreticulin, BiP, and
protein disulfide isomerase was induced after differ-
ent treatments, including SA (Denecke et al., 1995).
Moreover, HvGRP94, a barley endoplasmic reticu-
lum resident protein is induced by inoculation with
Erysiphe graminis (Walther-Larsen et al., 1993). In a
detailed study of the effect of cell wall-degrading
enzymes mimicking bacterial inoculation on BiP ex-
pression, Jelitto-van Dooren et al. (1999) showed that
the expression of BiP increases locally and systemi-
cally and is not dependent on SA. The expression of
BiP was also induced by wounding (Kalinski et al.,
1995; Leyman et al., 2000). Thus, components of the
entry point of the secretory pathway are up-
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regulated by different stresses. Our study shows that
AtSNAP33, a SNARE component of the exit point of
the secretory pathway, transport to the plasma mem-
brane and to the phragmoplast, is also up-regulated
by biotic stresses, mechanical stimulation, and
wounding. Whether this is a general response of
components of the secretory pathway remains to be
determined. In this regard, it would be interesting to
analyze the expression of other SNAREs after biotic
and abiotic stresses. The syntaxin Nt-Syr1 was shown
to be regulated by abscisic acid, jasmonic acid, SA,
salt stress, and wounding (Leyman et al., 2000). The
increased expression of BiP (Kalinski et al., 1995),
Nt-Syr1 (Leyman et al., 2000), and AtSNAP33 after
wounding may reflect an increased secretion of pro-
tective compounds at the site of repair (Blatt et al.,
1999).

As AtSNAP33 is a t-SNARE localized at the cell
plate and at the plasma membrane (Heese et al.,
2001), we hypothesize that it is involved in vesicle
fusion for the formation of the cell plate after cell
division and for secretion of extracellular compo-
nents. After pathogen attack, increased vesicle fusion
may be required to permit increased secretion of PR
proteins. In addition, increased vesicle fusion may
also be required for repair of damage to the plasma
membrane provoked by reactive oxygen species. Re-
active oxygen species are produced after pathogen
attack and mechanical stimulation (Yahraus et al.,
1995). It has been shown in sea urchin eggs that
SNAP-25 is required for membrane resealing after
injury (Steinhardt et al., 1994). Moreover, overexpres-
sion of AtVAMP7, an Arabidopsis v-SNARE, pre-
vented H2O2-induced apoptosis in yeast and Arabi-
dopsis cells (Levine et al., 2001). It is not known if the
induction of expression of AtSNAP33 after pathogen
inoculation and mechanical stimulation is linked to
its function in cell division.

In the future, it will be interesting to analyze the
signal transduction pathway leading to the expres-
sion of AtSNAP33 after pathogen inoculation and
mechanical stimulation, as well as to determine the
implication of this SNARE in defense mechanisms.

MATERIALS AND METHODS

Plant Material, Mechanical Stimulation, Wind
Treatment, and Wounding

Arabidopsis accession Col-0 plants were grown in growth chambers
under short-day conditions (12 h of light/12 h of dark) at 20°C. For the
mechanical stimulation, six leaves of 4-week-old plants were gently rubbed
with ungloved fingers 10 times over the entire leaf surface, unless otherwise
stated. For wind treatment, 4-week-old plants were exposed to a cool stream
of air from a hair drier at a distance of 20 cm for 1 min. Plants were wounded
by squeezing the leaves between flat-bladed pliers at two different sites. The
npr1 and cpr1 mutants were kindly provided by Dr. X. Dong (Duke Uni-
versity, Durham, NC), and the eds5 and sid2 mutants were kindly provided
by Dr. C. Nawrath (University of Fribourg, Fribourg, Switzerland).

Inoculation with Peronospora parasitica Isolates
NOCO and EMWA, Pseudomonas syringae pv tomato
DC 3000, and Pseudomonas syringae pv tomato
DC 3000 avrRtp2, and Plectosporium tabacinum

Three-week-old Arabidopsis plants, grown in pots (20–30 plants per pot)
were inoculated by spraying with a conidial suspension (105–106 conidia
mL�1 tap water) of P. parasitica isolate NOCO or EMWA prepared as
described (Mauch-Mani and Slusarenko, 1994). After the treatment, the
plants were kept in a growth chamber under short-day conditions, high air
humidity, and at 18°C. The control plants were treated with water.

P. syringae pv tomato DC 3000 and P. syringae pv tomato DC 3000 avrRpt2
were grown overnight in Miller’s Luria broth base liquid medium (Sigma,
Buchs, Switzerland) at 28°C. A dilution of 2 � 108 bacteria mL�1 water was
introduced by infiltration with a syringe through the lower side of leaves of
4- to 5-week-old Arabidopsis plants grown as one plant per pot. Five leaves
per plant were inoculated, subsequently harvested, and analyzed. The con-
trol plants were infiltrated with water. After the inoculation, the plants were
kept in the growth chamber until collection of the inoculated leaves, and
respectively, the uninoculated systemic leaves.

P. tabacinum, kindly provided by Dr. B. Mauch-Mani (University of
Neuchâtel, Neuchâtel, Switzerland), was kept in petri plates on potato-
dextrose-agar medium (Difco’ Chemie Brunschwig, Basel). To obtain
conidia, the surface was scraped with an inoculation loop and the conidia
were suspended in water. Conidia were counted under a microscope, and a
suspension of 2 � 106 conidia mL�1 was prepared in water and sprayed
onto 3-week-old plantlets grown in pots containing 20 to 30 plantlets per
pot. After the treatment, the plants were kept in a growth chamber under
short-day conditions, high air humidity, and at 18°C. The control plants
were treated with water.

Chemical Treatments

Three-week-old Arabidopsis Col-0 plants grown in pots with 20 to 30
plants per pot were soil-drenched with a final concentration of 330 �m BTH
(Bion 50 WG; Syngenta, Research Triangle Park, NC) and 330 �m or 1 mm
SA, and for controls, plants were treated with wetting powder or H2O,
respectively.

RNA Preparation, RNA-Blot Analysis, and Probes

For RNA extraction, plant tissues were harvested, frozen, and pulverized
in liquid nitrogen. One volume of 2 m Tris, pH 8, containing 0.5 m EDTA, pH
8, and 20% (v/v) SDS (1:2:1) at 95°C was added, followed by one volume of
saturated phenol:chloroform:isoamyl alcohol (v/v; 25:24:1) at 40°C. The two
phases were separated by centrifugation, and the aqueous phase containing
the RNA was mixed with 1 volume of chloroform and separated by centrif-
ugation. The RNA was precipitated overnight with 1 volume of 6 m LiCl at
4°C, washed with 70% (v/v) ethanol, and resuspended in water. For RNA-
blot analysis, 6 �g of total RNA was applied on a 1% (w/v) formaldehyde-
agarose gel, separated, and transferred to a nylon membrane (Hybond-N;
Amersham, Piscataway, NJ) as described by Sambrook et al. (1989). The
membranes were hybridized overnight at 65°C with a DNA probe made by
random primed labeling in the presence of �-32P dCTP with the RadPrimed
DNA Labeling System according to manufacturer’s instructions (Invitrogen,
Basel). The membranes were washed subsequently for 5 min with 2� SSC
containing 0.1% (w/v) SDS and then three times for 20 min with 0.2� SSC
containing 0.1% (w/v) SDS at 65°C before being exposed to film (X-Omat;
Kodak, Denges, Switzerland). For the PR1 probe, the cDNA was used for the
labeling reaction. For the AtSNAP33 probe, the set of primers 5�-
GAGTCGTCTCCGGGTTA-3� and 5�-ACTACGGAAATTGTT-CTTG-3�
were used to amplify 500 bp in the 5� region of the AtSNAP33 cDNA by PCR
and cloned in pGEM-T (Promega, Wallisellen, Switzerland) according to
manufacturer’s instructions.

Protein Extraction, Intercellular Fluid, and
Protein-Blot Analysis

Arabidopsis tissues were harvested, frozen, and ground at 4°C with a
mortar and a pestle in 2 mL of SDS-PAGE sample buffer g�1 fresh weight.
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The homogenate was centrifuged for 10 min at 14,000 rpm in an Eppendorf
5415C centrifuge at 4°C and the supernatant was collected.

To obtain the intercellular fluid, leaves were infiltrated under vacuum for
2 min in 50 mm Tris, pH 7.4, containing 150 mm NaCl. The surface of the
leaves was dried and the rolled leaves were centrifuged in a syringe placed
in a centrifuge tube for 20 min at 150g. The fluid was collected and volumes
corresponding to equal amounts of leaf fresh weight were analyzed by
SDS-PAGE.

Proteins were fractionated on a 13% (w/v) SDS-PAGE gel according to
Sambrook et al. (1989) using a Mini-Protean II apparatus (Bio-Rad, Reinach,
Switzerland). Gels were blotted onto a BA85-S nitrocellulose membrane
(Schleicher & Schuell, Bottmingen, Switzerland) and membranes were in-
cubated with antibodies as described (Sambrook et al., 1989). Rabbit anti-
AtSNAP33 serum was diluted 1:2,000. Goat anti-PR1 immunopurified se-
rum kindly provided by L. Friedrich (Syngenta) was diluted 1:1,000.
Alkaline phosphatase- or peroxidase-conjugated secondary antibodies were
diluted according to the manufacturer’s instructions (Dako, Zug, Switzer-
land). For alkaline phosphatase, the reaction was visualized in 10 mm Tris
buffer, pH 9.6, containing 100 mm NaCl, 5 mm MgCl2, 0.33 mg mL�1 sodium
5-bromo-4-chloro-3-indolyl-phosphate (Eurobio, Chemie Brunschwig,
Basel) dissolved in dimethylformamide, and 0.66 mg mL�1 4-nitroblue
tetrazolium chloride (Fluka, Buchs, Switzerland) dissolved in 50% (w/v)
dimethylformamide. For peroxidase, the reaction was visualized in 50 mm
Tris, pH 7.6, containing 0.6 mg mL�1 3,3�-diaminobenzidine tetrahydrochlo-
ride (Sigma, Buchs, Switzerland) and 0.03% (w/v) H2O2.
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