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Syntaxins and other SNARE proteins are crucial for intracellular vesicle trafficking, fusion, and secretion. Previously,
we isolated the syntaxin-related protein NtSyr1 (NtSyp121) from tobacco in a screen for abscisic acid–related signaling

 

elements, demonstrating its role in determining the abscisic acid sensitivity of K

 

�

 

 and Cl

 

�

 

 channels in stomatal guard
cells. NtSyr1 is localized to the plasma membrane and is expressed normally throughout the plant, especially in root
tissues, suggesting that it might contribute to cellular homeostasis as well as to signaling. To explore its functions in
vivo further, we examined stably transformed lines of tobacco that expressed various constructs of 

 

NtSyr1

 

, including
the full-length protein and a truncated fragment, Sp2, corresponding to the cytosolic domain shown previously to be
active in suppressing ion channel response to abscisic acid. Constitutively overexpressing NtSyr1 yielded uniformly
high levels of protein (

 

�

 

10 times the wild-type levels) and was associated with a significant enhancement of root
growth in seedlings but not with any obvious phenotype in mature, well-watered plants. Similar transformations with
constructs encoding the Sp2 fragment of NtSyr1 showed altered leaf morphology but gave only low levels of Sp2 frag-
ment, suggesting a strong selective pressure against plants expressing this protein. High expression of the Sp2 frag-
ment was achieved in stable transformants under the control of a dexamethasone-inducible promoter. Sp2 expression
was correlated positively with altered cellular and tissue morphology in leaves and roots and with a cessation of growth
in seedlings. Overexpression of the full-length NtSyr1 protein rescued the wild-type phenotype, even in plants express-
ing high levels of the Sp2 fragment, supporting the idea that the Sp2 fragment interfered specifically with NtSyr1 function
by competing with NtSyr1 for its binding partners. To explore NtSyr1 function in secretion, we used a green fluorescent
protein (GFP)–based section assay. When a secreted GFP marker was coexpressed with Sp2 in tobacco leaves, GFP
fluorescence was retained in cytosolic reticulate and punctate structures. In contrast, in plants coexpressing secreted
GFP and NtSyr1 or secreted GFP alone, no GFP fluorescence accumulated within the cells. A new yellow fluorescent
protein–based secretion marker was used to show that the punctate structures labeled in the presence of Sp2 colocal-
ized with a Golgi marker. These structures were not labeled in the presence of a dominant Rab1 mutant that inhibited
transport from the endoplasmic reticulum to the Golgi. We propose that NtSyr1 functions as an element in SNARE-medi-
ated vesicle trafficking to the plasma membrane and is required for cellular growth and homeostasis.

INTRODUCTION

 

Membrane trafficking to and from the plasma membrane in
all eukaryotic cells is mediated by exocytotic and endocy-

totic fusion of vesicles from endosomal compartments.
These processes sustain membrane protein turnover and
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thereby contribute to cellular homeostasis, differentiation,
and growth. In plants, as in mammalian tissues, exocytotic
and endocytotic events have been identified with stepwise
changes in capacitance that accompany the increase or de-
crease of membrane surface area during vesicle membrane
fusion and removal, respectively (Battey et al., 1996; Thiel
and Battey, 1998). Factors affecting vesicle traffic in several
instances have been shown to include cytosol-free Ca

 

2

 

�

 

concentration ([Ca

 

2

 

�

 

]

 

i

 

) and guanosine nucleotides (Homann
and Tester, 1997; Carroll et al., 1998). Furthermore, the dis-
covery of separate [Ca

 

2

 

�

 

]

 

i

 

-dependent and [Ca

 

2

 

�

 

]

 

i

 

-indepen-
dent pathways leading to exocytosis has underscored the
subtlety of secretory processing that must occur through
different mechanisms in a single cell type (Homann and
Tester, 1997; Sutter et al., 2000). These kinetic and physio-
logical details aside, there is still a paucity of information on
the molecular elements that mediate secretion in plants
(Battey and Blackbourn, 1993; Blatt et al., 1999).

Central to the process of vesicle fusion is a family of
membrane trafficking proteins called SNAREs (for soluble
NSF [

 

N

 

-ethylmaleimide–sensitive factor] attachment protein
receptors) that are conserved from yeast to mammals
(Bennett et al., 1993; Kaiser et al., 1997; Nichols and Pelham,
1998; Jahn and Sudhof, 1999). Complementary SNAREs are
localized to different membrane compartments and there-
fore are thought to contribute significantly to the specificity
of membrane recognition. Interactions between the vesicle
and the target membrane lead to the formation of a complex
of target membrane–associated SNAREs (t-SNAREs; in
nerve, syntaxin, and SNAP25) and vesicle membrane–asso-
ciated SNAREs (v-SNAREs; in nerve, syntaptobrevin, or
vesicle-associated membrane protein). In reconstituted
membrane preparations, this heterotrimeric complex com-
prises a minimal set of proteins required for fusion (Weber et
al., 1998; Nickel et al., 1999; Parlati et al., 1999). However,
in most cases, other cytoplasmic factors—including the

 

N

 

-ethylmaleimide–sensitive factor, Sec1 and its homologs—
bind either before or during the formation of this SNARE
complex to control and facilitate interaction between the
SNARE elements and fusion (Jahn and Sudhof, 1999; Misura
et al., 2000).

Syntaxins are the best characterized SNAREs and are
central to the coordination of exocytosis. The large number
of mammalian syntaxins, and their distribution between and
within cell types, indicates a degree of specialization that
parallels the numbers of vesicle targets in vivo. Nonetheless,
significant overlaps in function and cellular distribution also
are evident. The yeast syntaxin Sed5p, for example, inter-
acts with at least three v-SNAREs and mediates vesicle traf-
fic both to and from the Golgi apparatus (Nichols and
Pelham, 1998), whereas the syntaxins Sso1p and Sso2p
colocalize to the plasma membrane and appear to serve re-
dundant functions in secretion (Aalto et al., 1993). In plants,
the different syntaxin genes almost certainly far outnumber
the identifiable membrane compartments (Blatt et al., 1999).
Relatively little detail is available in most cases, but there is

some evidence to suggest an associated functional diver-
sity. The Arabidopsis syntaxins AtPep12 and AtVam3 may
be identified with distinct subpopulations of prevacuolar
and vacuolar compartments (Conceicao et al., 1997; Sato et
al., 1997; Sanderfoot et al., 1999; Zheng et al., 1999), and
the Knolle syntaxin is found only in dividing cells closely al-
lied with the phragmoplast (Lukowitz et al., 1996; Lauber et
al., 1997). Thus, plants may associate a high degree of spe-
cialization with these SNAREs, possibly coupling their ac-
tions to novel functions that have no counterpart in other
organisms.

Previously, we identified a syntaxin-related protein from
tobacco, NtSyr1 (NtSyp121) (Sanderfoot et al., 2000), with a
role in abscisic acid responses in guard cells (Leyman et al.,
1999). NtSyr1 was cleaved by the 

 

Clostridium

 

 neurotoxin
BotN/C, and both the neurotoxin and the cytosolic (so-
called Sp2) domain of NtSyr1 blocked K

 

�

 

 and Cl

 

�

 

 channel
responses to abscisic acid in vivo when loaded in guard
cells. NtSyr1 is localized to the plasma membrane, and al-
though originally cloned from a leaf cDNA library, the protein
is expressed throughout the plant (Leyman et al., 2000). To
gain further insight into NtSyr1 function in the whole plant,
we transformed tobacco to overexpress the full-length
NtSyr1 protein and its soluble Sp2 fragment. Stable expres-
sion of the full-length protein was associated with a signifi-
cant, if small, increase in growth rate but otherwise had no
overt effect on plant development. In contrast, plants ex-
pressing the Sp2 fragment showed stunting, altered leaf
morphology, and a cessation of root growth. Expression of
Sp2 inhibited secretion of a green fluorescent protein (GFP)
marker. Furthermore, the effects of Sp2 on secretion and
root growth could be suppressed by enhanced expression
of NtSyr1. These results are consistent with NtSyr1 function
in vesicle trafficking, and they suggest a more general re-
quirement for the protein in cellular growth and homeosta-
sis, in addition to its role in abscisic acid signaling.

 

RESULTS

Stable Transformation with the NtSyr1 Cytosolic 
Fragment Is Facilitated by Expression under an 
Inducible Promoter

 

Initially, we cloned the entire 

 

NtSYR1

 

 gene downstream of
the 35S promoter of cauliflower mosaic virus in the binary
plasmid vector pSLJ75516 (Jones et al., 1992) for 

 

Agrobac-
terium tumefaciens

 

–mediated transformation. Subsequently,
we cloned 

 

NtSyr1

 

 and the coding sequence for the first
279 amino acids—thus lacking the C-terminal membrane
anchor (Sp2)—downstream of the 35S promoter in the
pCAMBIA1380 binary vector to include an N-terminal RGS-
His

 

6

 

 tag. The resulting constructs, designated 

 

Sp1

 

, 

 

HSp1

 

,
and 

 

HSp2

 

,

 

 

 

were used in tobacco

 

 

 

leaf disc transformations,
and candidate lines were analyzed for protein expression
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using purified anti-Sp2 antibodies (Leyman et al., 1999) after
selection for growth on 50 mg/L d,l-phorphothricin (PPT)
(pSLJ5516) or 50 mg/L hygromycin (pCAMBIA1380). From

 

Sp1

 

 and 

 

HSp1

 

 transformations, 

 

�

 

50 independent lines were
isolated. Twenty lines were selected in each case for de-
tailed analysis. Transformations with 

 

HSp2

 

 yielded 29 inde-
pendent lines, all of which were characterized.

Figures 1A and 1B show protein gel blots from two lines
each expressing either 

 

HSp1

 

 or 

 

HSp2

 

. Primary analysis of
the 

 

Sp1

 

 transgenic lines is summarized elsewhere (Leyman
et al., 2000). The HSp1 product showed an apparent molec-
ular mass of 34 kD on PAGE and comigrated with native
NtSyr1. The anti-Sp2 antibody also detected a second pro-
tein band near 32 kD, evident as a faint band below the ma-
jor band in Figure 1A. Because the 

 

NtSyr1

 

 gene includes a
second, in-frame start codon 25 amino acid residues down-
stream, this protein could be the alternative translation

product (predicted molecular mass, 33.8 kD). However, we
cannot exclude partial degradation of HSp1. In all 20 lines,
HSp1 was uniformly abundant, estimated to be 

 

�

 

20-fold
the level of NtSyr1 in wild-type (nontransformed) tobacco
and tobacco transformed with the empty vector cassette
only (data not shown). Similar results were obtained from
the 

 

Sp1

 

 transgenic lines (data not shown; see Leyman et al.,
2000). The HSp1 protein also was detected when reprobed
with a His

 

6

 

 monoclonal antibody, confirming the identity of
the protein band (Figure 1A). In contrast, tobacco trans-
formed with the 

 

HSp2

 

 construct was not uniform in its ex-
pression. The predicted HSp2 peptide is 21 amino acid
residues shorter than Sp1 and, on SDS-PAGE, migrated to-
gether with Sp2 purified from recombinant 

 

Escherichia coli

 

cultures (Figure 1B). However, only eight of the 29 

 

HSp2

 

-
transformed lines showed a measurable product on protein
gel blot analysis (Figure 1B). The expression level of the na-
tive NtSyr1 protein was unaffected by the expression of
HSp2 (Figure 1B and data not shown).

The low levels of protein recovered from these plants and,
generally, the difficulty in recovering the 

 

HSp2

 

-transformed
plants led us to suspect that expression of the truncated
NtSyr1 fragment had adverse effects on tissue viability. With
the possibility of toxic effects of the Sp2 peptide in mind, we
also subcloned the 

 

Sp2

 

 construct to bring its expression un-
der the control of the pTA7002 dexamethasone-inducible
promoter (Aoyama and Chua, 1997). Thirteen independent
lines were recovered for analysis after transformations with
this 

 

dexSp2

 

 construct. Five lines were isolated after trans-
formation with the empty pTA7002 vector alone (

 

dexC

 

). Of
the 

 

dexSp2

 

 lines, five expressed the Sp2 peptide strongly in
the presence of dexamethasone, four lines showed an inter-
mediate level of expression, and four showed weak expres-
sion of the peptide (Figure 1C; see also Figure 5). In each
case, protein gel blots with the anti-Sp2 antibody detected
two protein bands at 28 and 30 kD. These molecular
masses closely match those of the translation products
(28.8 and 31.5 kD) predicted from the two start codons that
yield alternative Sp2 polypeptides of 254 and 278 amino ac-
ids (see above). For the sake of simplicity, we refer to both
peptides as Sp2 throughout this article. As expected, the
Sp2 product was soluble. NtSyr1, like other syntaxins, in-
cludes a single membrane-spanning domain at its C termi-
nus and was found previously to copurify with the plasma
membrane from tobacco leaves (Leyman et al., 2000). The
Sp2 product lacks this domain, and its expression resulted
in the anti-Sp2 epitope appearing in the supernatant after
ultracentrifugation (Leyman et al., 1999, 2000).

Induction of the 

 

dexSp2

 

 transgene was characterized in
seedlings grown in liquid cultures. Measurable Sp2 product
was found 1 hr after adding 10 

 

�

 

M dexamethasone, and a
steady state was achieved within 12 hr of the addition (Fig-
ure 2A). Sp2 protein levels remained stationary thereafter in
the presence of dexamethasone. Concentrations of dexa-
methasone as low as 0.1 

 

�

 

M were sufficient to induce Sp2
production at near maximal levels (Figure 2B). Higher

Figure 1. Expression of NtSyr1 and Related Peptide Constructs in
Transformed Tobacco.

Protein gel blot analysis of SDS-PAGE with total protein extracts
from 14-day-old seedlings grown on MS medium. Lanes loaded with
10 �g of total protein and probed with anti-Sp2 antibody (Leyman et
al., 1999) or RGS-His6 monoclonal antibody (see Methods).
(A) Protein from HSp1-3 and HSp1-4 transgenic lines and wild-type
(wt) tobacco probed first with anti-Sp2 and subsequently with RGS-
His6 antibody.
(B) Protein from HSp2-17 and HSp2-18 transgenic lines, wild-type
(wt) tobacco, and HSp2 protein purified from E. coli (Leyman et al.,
1999) probed with anti-Sp2 antibody.
(C) Protein from wild-type (wt) tobacco and transgenic tobacco lines
dexC2 (empty vector control), dexSp2-2, dexSp2-16, and dexSp2-14
grown either in the absence (�) or presence (�) of 1 �M dexametha-
sone (Dex) and probed with anti-Sp2 antibody. The far right lane
was loaded with purified HSp2.
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concentrations did not accelerate the time course for induc-
tion, and virtually identical kinetics were observed in the
strong, intermediate, and weak expressing lines (data not
shown). In the absence of dexamethasone, Sp2 remained
undetected (Figures 1B and 2). Similar kinetics of gene ex-
pression have been observed in Arabidopsis transformed
with the 

 

avRpt2

 

 gene under the control of the same pro-
moter cassette (McNellis et al., 1998).

 

Sp2, but Not Sp1, Expression Alters Leaf Development

 

Sp1

 

 and 

 

HSp1

 

 transgenic tobacco showed vigorous growth
in the glasshouse, with leaf and floral morphologies indistin-
guishable from those of the wild type and vector controls.
Indeed, germinating 

 

Sp1

 

- and 

 

HSp1

 

-transgenic tobacco
showed a significant growth advantage over the controls
(see below). In contrast, 6 of the 29 transgenic lines carrying
the 

 

Sp2

 

 construct under the control of the 35S promoter
showed some alterations in leaf development compared
with controls grown side by side in the glasshouse. In each
case, young leaves were chlorotic, greening late and only as
the blade expanded fully (Figure 3). The leaf edges curled
toward the adaxial side and along the axis of the central vein
and, when fully expanded, retained a wrinkled edge with ar-
eas of small depressions and irregular deformations over
the surface of the blade. Morphometric analysis indicated a
reduced expansion of the mature leaf blade in these 

 

Sp2

 

transgenic plants to give a lanceolate form. The mean ratio

of leaf width to length in the fully expanded leaves was 0.65 

 

�

 

0.03 (

 

n

 

 

 

�

 

 10 plants) for the wild type and 0.44 

 

�

 

 0.05 (

 

n

 

 

 

�

 

12, pooled 2 from each line) for the 

 

Sp2

 

 transgenic plants,
although the overall length of the leaves was not signifi-
cantly different. Protein gel blot analysis (data not shown)
confirmed that Sp2 expression was highest in the most af-
fected leaves and plants.

Plants with approximately five- to 10-fold higher levels of
Sp2 expression were recovered among the 

 

dexSp2

 

 trans-
genic plants compared with 

 

Sp2

 

 transgenic plants (Figures
1 and 2). In the absence of dexamethasone, all 

 

dexSp2

 

transgenic plants were indistinguishable from the wild type.
Spraying daily with 20 

 

�

 

M dexamethasone led to alterations
in leaf morphology similar to those of the 

 

Sp2

 

 transgenic
plants, albeit of greater severity (Figure 3). A paling and
chlorosis was evident, even in young mature leaves, and es-
pecially in areas removed from vascular tissue and with
longer exposures of 5 to 7 days, distortions in leaf shape
were evident. The edges of the leaves curled, and the lam-
ina bulged irregularly in and out of the surface of the blade.
These leaves were unusually turgid and thus particularly
sensitive to mechanical damage. Wild-type and vector con-
trol plants and 

 

Sp1

 

 transgenic lines also were treated with
dexamethasone in parallel, but they showed normal leaf
morphology and development similar to that observed for
wild-type plants without dexamethasone (Figure 3). In
cross-section, mature leaves of dexamethasone-treated

 

dexSp2

 

 transgenic plants showed an irregular mosaic of hy-
pertrophic cells, a much-expanded thickness to the lami-
nae, and irregular loss of organization between palisade and
spongy mesophyll (Figure 4). Such characteristics were
never observed in 

 

Sp1

 

 transgenic, vector control, or wild-
type plants, either with or without dexamethasone.

 

Sp2 Expression Suppresses Root Growth

 

Growing roots are heavily engaged in cellular division and
elongation, and they present a much simpler tissue struc-
ture than leaves for analysis of these events (Dolan and
Roberts, 1995). In fact, NtSyr1 is most abundant in roots
(Leyman et al., 2000), making this an appropriate tissue in
which to examine the effects of Sp2 expression. Therefore,
we measured root growth post-germination after placing
seed on Murashige and Skoog (1962) (MS) medium with
0.7% Phytagel in Petri dishes placed vertically on end.
Compared with the wild type and the 35S vector controls,

 

Sp1

 

 transgenic plants showed a significantly enhanced rate
of root growth during the first 14 days after germination (Fig-
ure 5A). 

 

Sp2

 

 transgenic plants showed a slight, but not sig-
nificant, reduction in root growth during this period, and
corresponding results were obtained with the 

 

HSp1

 

 and

 

HSp2

 

 transgenic lines (data not shown).
We performed similar measurements with 

 

dexSp2

 

 and

 

dexC

 

 (empty vector) transgenic plants, including 1 

 

�

 

M
dexamethasone in the Phytagel medium. Dexamethasone at

Figure 2. Kinetics of Sp2 Peptide Accumulation on Induction by
Dexamethasone.

Protein gel blot analysis of total protein (10 �g/lane) from seedlings
of dexSp2-14 transgenic tobacco. Blots were probed with anti-Sp2
antiserum.
(A) Time course of Sp2 induction after treatment with 10 �M dexa-
methasone.
(B) Dependence of expression on dexamethasone (Dex) concentra-
tion. Plants were harvested 12 hr after dexamethasone treatment.
The native NtSyr1 and the Sp2 doublet are indicated at left.
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concentrations as high as 30 

 

�

 

M had no adverse effects on
initial germination, and similar results were obtained when
plants germinated first on medium without dexamethasone
and were transferred to dexamethasone-containing medium
after germination (data not shown). Figure 5A includes mea-
surements of root elongation after germination for 

 

dexC2

 

and three 

 

dexSp2

 

 transgenic lines. Figure 5B summarizes
the relative extent of growth inhibition on 1 

 

�

 

M dexametha-
sone for each of the transgenic lines together with protein
gel blot analyses of Sp2 and RNA gel blot analyses of the
GVG transcriptional regulator in each line taken from the
germinated plants at the end of the experiment. Significant
suppression of root growth was correlated with the level of
Sp2, and not with the level of GVG expression (cf. lines

 

dexC1

 

, dexSp2-11, and dexSp2-17). Transgenic lines show-
ing a low level of Sp2 expression also showed little reduc-
tion in the rate of root growth (Figure 5B, dexSp2-3,
dexSp2-4, dexSp2-12, and dexSp2-15), and a moderate
level of Sp2 expression also showed a partial suppression
of root growth (Figures 5A and 5B, dexSp2-10 and dexSp2-

16), whereas lines with high levels of Sp2 expression
showed virtually complete inhibition of growth once the
roots reached a length of 3 to 5 mm (Figures 5A and 5B,
dexSp2-1 and dexSp2-14). Of the dexC transgenic lines
carrying the empty vector, none showed any significant
suppression of root growth on dexamethasone. Root
growth in dexSp2 transgenic plants in every case was fully
reversible when plants were transferred to dexametha-
sone-free medium (data not shown). In the most strongly
expressing lines, growth did not resume at the original root
tip. Instead, these plants developed laterals, often close to
the hypocotyl-root junction.

In agreement with these observations, longitudinal sec-
tions of root tips from dexSp2 transgenic plants uncovered
profound alterations in cell division and cellular morphology
after treatments with dexamethasone. Figure 6 shows sec-
tions taken from seedlings of the dexSp2-14 line and of the
vector control line dexC2 germinated on liquid MS medium
and transferred at the start of the experiment to medium
containing 1 �M dexamethasone. Again, transfer to the

Figure 3. Sp2 Expression Alters Aerial Growth Characteristics and Leaf Morphology.

Full view (top row) and third expanded leaves (bottom row) from 7- to 8-week-old tobacco as labeled: wt (wild type), Hsp2 (Hsp2-18), dexSp2
(dexSp2-14), and dexC (dexC2). dexSp2-14 and dexC2 transgenic plants were treated with (�) and without (�) 10 �M dexamethasone (dex) at
24-hr intervals for 4 days before photographing.
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steroid led to a complete suppression of root growth in the
dexSp2 transgenic plants within 48 hr (data not shown). The
most noticeable features associated with the dexSp2 trans-
genic plants in this case was a disruption of the radial sym-
metry, irregular expansion of cells at the tip, and an
expansion and vacuolization of cells in the meristematic re-

gion of the tip. After 96 hr in dexamethasone, cells in the
meristematic regions of these root tips contained a single
large vacuole and commonly showed the nucleus to be po-
sitioned at the cell periphery rather than centrally. We
counted the number of dividing cells within medial sections
through tips of these plants and wild-type tobacco (Table 1).
In the absence of dexamethasone, dexSp2-14, dexC2 trans-
genic, and wild-type plants typically showed three or four
dividing structures per section. Similar results were ob-
tained for dexC2 transgenic and wild-type plants exposed
to dexamethasone. However, no dividing structures were
found in root tips from dexSp2-14 transgenic plants after 96
hr of exposure to 1 �M dexamethasone.

Sp2 Action on Growth Is Suppressed by Elevating 
NtSyr1 Expression

It is likely that Sp2 action in vivo is the consequence of its
competition for protein partners that normally would interact
with NtSyr1. This simple explanation accounts for the ability
of Sp2 to interfere with abscisic acid–mediated control of
guard cell ion channels (Leyman et al., 1999) and for the re-
sults of its expression on leaf and root morphology (see
above). It also accords with the mechanics of SNARE func-
tion during vesicle fusion, which relies on intermolecular in-
teractions between the cytosolic coiled-coil regions of the
several SNARE proteins (Sutton et al., 1998; Jahn and
Sudhof, 1999). These domains are cytosolic and therefore are
potential targets for competition by soluble SNARE fragments.
The Sp2 protein fragment lacks the C-terminal membrane
anchor of NtSyr1 and would not be expected to substitute
fully in the functioning of the intact syntaxin; instead, it
might titrate out NtSyr1 partners and thereby reduce the for-
mation of functional SNARE complexes (O’Connor et al.,
1997). One prediction of this hypothesis is that the effects of
Sp2 expression in planta should be suppressed when ex-
pression of the intact NtSyr1 protein is enhanced.

To test this idea directly, we crossed Sp1 and HSp1
transgenic plants with plants from the intermediately and
strongly expressing dexSp2 transgenic lines dexSp2-10 and
dexSp2-14, respectively (Figure 5). Plants carrying both
transgenes were selected for growth on hygromycin and
PPT. We found that the Sp1:dexSp2 transgenic plants
grown in the glasshouse were indistinguishable from wild-
type plants. In contrast with the dexSp2 parent lines (Figure
3), however, spraying with 20 �M dexamethasone had little
effect on leaf development or aerial growth of progeny from
either of the crosses, even after 10 days of repeated treat-
ments (data not shown). To quantify the effects of enhanced
NtSyr1 expression, we examined root growth of seedlings
germinated in the presence and absence of 1 �M dexa-
methasone. Figure 7 shows that Sp1 overexpression was
associated with nearly normal growth, as before (cf. Figure
5). However, unlike the Sp2 transgenic plants, in the pres-
ence of dexamethasone root growth of the Sp1:dexSp2,

Figure 4. Sp2 Expression Alters the Cellular Morphology of the
Leaf.

Cross-sections of third expanded leaves from 7- to 8-week-old to-
bacco: wt (wild type), Sp1 (HSp1-4), and dexSp2 (dexSp2-14) with
(�) or without (�) 10 �M dexamethasone (dex) treatment (4 days at
24-hr intervals before harvesting). Sections were stained with tolui-
dine blue. Vector controls (dexC2 with or without dexamethasone
and pCAMBIA1380; data not shown) were indistinguishable from the
wild type and HSp1. Bar � 100 �m.
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seedlings continued at nearly normal rates. Protein gel blot
analysis of the seedlings (Figure 7B) confirmed that this res-
cue of growth was associated with constitutively high levels
of NtSyr1: overexpression of NtSyr1 corresponded to that of
the Sp1 transgenic plants, but in this case it was seen to-
gether with the background of dexamethasone-inducible
expression of Sp2 similar to that in each of the parent
dexSp2 transgenic lines. Even 8 to 10 days after germina-
tion on dexamethasone, these seedlings were indistinguish-
able from the wild-type and Sp1 transgenic seedlings
(Figure 7A).

In addition, we performed root growth measurements of
the dexSp2-10, dexSp2-14, and dexC2 transgenic lines un-
der salt stress, conditions that normally enhance NtSyr1 ex-
pression in tobacco (Leyman et al., 2000). Because high-
osmotic-strength solutions inhibit germination, root growth
was examined from seedlings grown for 7 days on standard
MS medium and transferred subsequently to medium con-
taining either 1 �M dexamethasone alone or in combination
with NaCl (100 mM) or sorbitol (200 mM). Salt stress, like
treatment with abscisic acid, induces NtSyr1 expression
transiently over a period of �24 hr. Therefore, roots were
measured 3 days after transfer, and new growth was calcu-
lated from the time of transfer from standard MS medium.
As expected, expression of Sp2 induced by 1 �M dexa-
methasone suppressed root growth in the dexSp2-10 and
dexSp2-14 transgenic lines. However, the effect of Sp2 ex-
pression was relaxed partially in dexSp2-14 transgenic
plants and to a greater extent in dexSp2-10 transgenic
plants after transfer to medium containing 100 mM NaCl or
200 mM sorbitol (Figure 8). Thus, genetic and environmental
manipulation of NtSyr1 expression is sufficient to counter
the effects of Sp2 expression on tobacco growth and mor-
phology.

Expression of Sp2 Blocks Transport of a Secreted 
Yellow Fluorescent Protein/GFP Marker to the Apoplast

Expansive cell growth is tied closely to vesicular traffic and
secretion (Blatt et al., 1999) and the effects of Sp2, and their
titration against NtSyr1 expression thus also supports an
immediate role for the syntaxin in secretory transport. To ex-
amine directly the action of Sp2 on membrane traffic to the

Figure 5. Root Growth of Seedlings Is Accelerated by Overexpres-
sion of NtSyr1 and Suppressed by the Sp2 Peptide.

Tobacco seed were germinated on solid MS medium, and root
length was recorded at 24-hr intervals over 10 days after germina-
tion (see Methods).
(A) Time course of growth for wild-type (wt) tobacco and represen-
tative transgenic lines. Sp1-3, Sp1-13, and V2 (empty 355-vector)
lines were grown on standard MS medium. dexC2 (vector), dexSp2-16
(weak expressor), dexSp2-10 (moderate expressor), and dexSp2-14
(strong expressor) were grown in the presence of 1 �M dexametha-
sone. Growth of all dexSp2 lines was indistinguishable from that of
the vector control in the absence of dexamethasone (data not shown).
Data are means �SE of four independent experiments, each with 20
seed.
(B) Correlation of root growth with Sp2 expression under dexa-
methasone control. Top, growth expressed as the relative (rel)
growth rate with or without 1 �M dexamethasone 10 to 12 days after
germination. Bottom, analysis of protein and total RNA (10 �g/lane)

extracts from seedlings of each line. Protein gel blot analysis of Sp2
expression using anti-Sp2 antibody as a probe (top row) and RNA
gel blot analysis of dexamethasone transactivator expression using
radiolabeled GVG DNA as a probe (middle row) are shown. rRNA
was visualized by ethidium bromide staining as a control for loading
(bottom row). Positions of NtSyr1 and Sp2 peptide bands are indi-
cated.
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apoplast, we used an assay based on intracellular accumu-
lation of a GFP variant, secGFP, that normally is secreted to
the apoplast (Batoko et al., 2000). When secreted, secGFP
fails to build up in a fluorescent form, but it accumulates and
is visualized readily in the endomembrane organelles when
transport to the apoplast is inhibited. A. tumefaciens–medi-
ated transfection by infiltration was used to transiently coex-
press secGFP with Sp1 or Sp2 in leaves of tobacco, and
secGFP accumulation was monitored by confocal laser
scanning microscopy of the lower epidermal cells. Sp1 and
Sp2 expression was confirmed by protein gel blot analysis
of the transfected leaves (data not shown).

Figure 9 shows results from one set of experiments, with
similar results obtained in each of four additional sets of ex-
periments. Expression of secGFP alone (data not shown) or
together with the full-length NtSyr1 protein (Figure 9A) re-
sulted in no intracellular accumulation and a weak apoplastic

fluorescence that was detected only at high magnification
when the laser excitation was attenuated weakly or not at
all. Coexpression of secGFP with Sp2, however, led to a
large increase in secGFP fluorescence that was visible
clearly within the epidermal cells (Figure 9B).

We also examined the effects on secGFP transport of
dexamethasone-mediated Sp2 expression. In this case, A.
tumefaciens carrying the secGFP expression plasmid was
infiltrated with or without 10 �M dexamethasone in leaves of
dexSp2-14 and, as a control, dexC2 transgenic tobacco. In
separate experiments, dexamethasone was applied by
spraying as described above, with similar results (data not
shown). As expected, no accumulation of secGFP fluores-
cence was observed after transfection without dexamethasone
in leaves of dexSp2-14 transgenic plants (Figure 9C) or in
dexC2 transgenic tobacco, either with or without the inclusion
of dexamethasone (data not shown). At high magnification,
cytosolic streaming was observed and the cells excluded
propidium iodide fluorescence used as an extracellular
marker (Figure 9C, inset), confirming viability. With dexameth-
asone, secGFP accumulation was visible in dexSp2-14 trans-
genic plants (Figures 9D and 9E). Significantly, the effects of
Sp2 expression on secGFP accumulation were evident
within 24 to 48 hr, well before any visible phenotype associ-
ated with Sp2 induction. Cells that accumulated secGFP also
excluded propidium iodide over 5 to 7 days (Figure 9D,
inset) while maintaining apparently normal cytoplasmic stream-
ing, endoplasmic reticulum (ER), and Golgi dynamics. Fur-
thermore, no secGFP fluorescence was observed in the
presence of dexamethasone in parallel experiments with
Sp1:dexSp2-14 transgenic plants (data not shown). These
observations make it unlikely that blocking of secGFP se-
cretion was the consequence of a loss in cell viability or of
nonspecific effects of Sp2 expression. Instead, they support
the conclusion that dexamethasone-mediated expression of
Sp2 was sufficient to disrupt membrane traffic to the plasma
membrane and secretion to the apoplast.

At higher resolution, secGFP was seen to accumulate
principally within the nuclear envelope and a dynamic retic-
ulate organelle typical of the ER (Figure 9D). In many cells,
secGFP also was observed in punctate structures that

Figure 6. Sp2 Expression Disrupts the Apical Organization of the
Root Tip.

Longitudinal sections through root tips of tobacco dexC2 and
dexSp2-14 transgenic lines in the absence of dexamethasone and at
36 and 96 hr after transfer to MS medium containing 1 �M dexa-
methasone.

Table 1. Dexamethasone-Induced Expression of the Sp2 Fragment 
Halts Cell Division at the Root Tip

Without Dexamethasone With Dexamethasone

Wild type 3.6 � 0.6 (5) 3.3 � 0.7 (4)
dexC2 3.2 � 0.2 (4) 3.4 � 0.9 (3)
dexSp2-14 3.0 � 0.7 (4) 0.0 � 0.0 (5)

Dividing initial cells expressed as means �SE of cells observed late
in division (anaphase and telophase) per section for (n) root tips after
96 hr with or without 1 �M dexamethasone.
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moved over the ER network. These structures usually were
dim relative to the network and, because of their high mobility,
often were indistinct in static images (see below). Given the
proposed role of NtSyr1 at the plasma membrane (Leyman
et al., 1999, 2000), the accumulation of secGFP principally
in the ER and nuclear envelope rather than in the Golgi or
post-Golgi structures was not expected. One possible ex-
planation was that Sp2 action caused secGFP to accumu-
late in the Golgi apparatus as well as in the ER and that the
mobile punctate structures represented the Golgi stacks
(Boevink et al., 1998). Alternatively, Sp2 expression might
have disrupted the Golgi, resulting in secGFP accumulation
in the upstream ER compartment.

To monitor Sp2-mediated secretory block while visualiz-
ing the Golgi, we developed a new glycosylated secretory
marker, N-secYFP�C, by exchanging the GFP coding se-
quence of secGFP (Batoko et al., 2000) for that of yellow flu-
orescent protein (YFP). We used the GFP-based Golgi
marker N-ST-GFP (Boevink et al., 1998; Batoko et al., 2000)
to monitor the structure and position of the Golgi stacks.
The YFP spectral variant of GFP thus enabled double label-
ing of the Golgi stacks (using N-ST-GFP) and of secretory
block by Sp2 (using N-secYFP�C) after selecting appropri-
ate imaging parameters to discriminate GFP and YFP fluo-
rescence. Figures 10A to 10F show that, expressed on its own,
N-secYFP�C, like secGFP, accumulated poorly and was
difficult to visualize (Figures 10A and 10D), but when coex-
pressed with the dominant negative mutant AtRab1b(N121I)
that inhibits ER-to-Golgi transport (Batoko et al., 2000), it
accumulated strongly within the ER network (Figures 10C
and 10F). Coexpression with Sp2 also resulted in the accu-
mulation of YFP fluorescence (Figures 10B and 10E), al-
though the effect was weaker than with AtRab1b(N121I).
When N-secYFP�C was coexpressed with N-ST-GFP in
double-labeling experiments, the GFP-labeled Golgi stacks
appeared similar in size, number, and mobility in both the
absence and presence of Sp2 expression, even in cells that
showed strong accumulation of N-secYFP�C (cf. Figures
10G and 10H with 10I and 10J). We also were unable to
identify any effect of Sp2 in the redistribution of N-ST-GFP
from the Golgi to the ER, in contrast to AtRab1b (Batoko et
al., 2000). These observations show that Sp2-induced accu-
mulation of N-secYFP�C and secGFP in the ER cannot be
explained by a loss or gross disorganization of the Golgi ap-
paratus.

Although Sp2 expression led to N-secYFP�C accumula-
tion primarily in the ER, as with secGFP, mobile punctate
structures often were visible in high resolution images (Fig-
ure 10E, arrows). Strikingly, in some cells, we observed
N-secYFP�C to accumulate primarily in these structures,
where it colocalized with N-ST-GFP in both images (Figures
10K to 10M) and transect profiles (Figure 10N), indicating
that the punctate structures probably represent Golgi
stacks. Such cells were not observed when secGFP or
N-secYFP�C were coexpressed with the dominant inhibi-
tory At-Rab1b(N121I). The image shown in Figures 10K to

Figure 7. Enhancing the Expression of NtSyr1 Suppresses the Ef-
fects of the Sp2 Peptide on Root Growth.

(A) Seed of wild type and crosses between transgenic tobacco lines
were germinated on solid MS medium with 1 �M dexamethasone,
and root length was recorded at 24-hr intervals over 10 days after ger-
mination (see Figure 5). Top, images from day 14 after sowing; bot-
tom, time course of root growth as a function of days after sowing.
Data are means of 20 seedlings in each case. Crosses were of the
35S-driven NtSyr1 transgenic line Sp1-3 (similar results with HSp1-10
are not shown) to the moderately expressing dexSp2-10 and the
strongly expressing dexSp2-14 dexamethasone-inducible lines.
(B) Analysis of protein (12 �g/lane) extracts from seedlings of each
line. Protein gel blot analysis of Sp2 expression using anti-Sp2 anti-
body as a probe. NtSyr1 (Sp1) and Sp2 peptide bands are indicated.
wt, wild type.
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10M includes one cell in which N-secYFP�C labeled punc-
tate structures (Figures 10K and 10M, arrows) in association
with a relatively dim ER network and a second cell in which
N-secYFP�C accumulation is visible only in punctate struc-
tures (Figures 10K and 10M, arrowheads). Although the YFP
signal in these cells is relatively weak, when control samples
coexpressing N-ST-GFP and N-secYFP�C (Figures 10O to
10Q) or an ER-targeted GFP alone (Figures 10R to 10T)
were imaged under identical conditions, there was virtually
no GFP signal in the YFP image (Figures 10O to 10T), ex-
cluding the possibility that these punctate structures re-
sulted from bleed-through from GFP to the YFP channel of
the microscope. The profiles of the GFP and YFP signals
along the transects (see images) show quantitatively the ex-
tent of bleed-through under these conditions (Figures 10N,
10Q, and 10T), confirming a peak in the YFP signal corre-
sponding to the position of the Golgi in cells expressing Sp2
(Figure 10N).

In contrast, when coexpressed with the mutant
AtRab1b(N121I), both N-ST-GFP and N-secYFP�C accu-
mulated in the ER, but N-secYFP�C label was not found in
the Golgi (Figures 10U to 10W). When the profiles of the
N-ST-GFP and N-secYFP�C signals were analyzed along a
stand of ER, we did not find peaks in the YFP signal coincid-
ing with the positions of the N-ST-GFP–labeled Golgi stacks,
although the GFP and YFP profiles were very similar elsewhere

along the stand (Figure 10W). These observations are con-
sistent with the previous conclusion that AtRab1b(N121I)
does not cause accumulation of secGFP in the Golgi appa-
ratus (Batoko et al., 2000), and they show that Sp2 and
AtRab1b(N121I) exert distinct effects on trafficking of
secGFP and N-secYFP�C to the apoplast.

DISCUSSION

It is the cytosolic domains of each of the several SNARE
proteins that interact to form a stable complex when a vesi-
cle docks at its target site (Jahn and Sudhof, 1999). In neu-
rons, these interactions are a prelude to vesicle fusion and
are essential for exocytosis and neurotransmitter release
(Hanson et al., 1997; Wu et al., 1999). Eliminating the coiled-
coil domains of SNAP-25 or syntaxin 1A (e.g., by cleavage
with Botulinum toxins) prevents fusion, and a similar block
of exocytosis results in the introduction of peptides corre-
sponding to key interacting domains of these SNARE pro-
teins (Hayashi et al., 1995; O’Connor et al., 1997; Ferrer
Montiel et al., 1998; O’Sullivan et al., 1999; Scales et al.,
2000). In the latter case, the peptides compete effectively
for protein partners and titrate away these elements essen-
tial for fusion. Furthermore, the effects of disrupting SNARE
partner interactions can extend to other events of neu-
rotransmitter release and vesicle recycling, including the
regulation of ion channels at the plasma membrane (Degtiar
et al., 2000).

It is almost certain that similar interactions between
SNARE proteins and related secretory elements contribute
to vesicle trafficking and fusion in plants. Representatives of
each of the protein partners are known to occur in vegeta-
tive tissues (Blatt et al., 1999; Sanderfoot and Raikhel,
1999), secretion through the endomembrane system is sen-
sitive to common secretory antagonists such as brefeldin A
(Kunze et al., 1995; Satiat Jeunemaitre et al., 1996; Boevink
et al., 1998; Steinmann et al., 1999), and a 20S protein com-
plex of SNARE proteins was demonstrated recently in Ara-
bidopsis (Bassham and Raikhel, 1999). Previously, we
identified a syntaxin from tobacco, NtSyr1, that is associ-
ated with cellular signal transduction in response to abscisic
acid, drought, and salt stress and that is expressed through-
out the plant (Leyman et al., 1999, 2000). When injected in
guard cells, the cytosolic domain of NtSyr1, the so-called
Sp2 peptide, interfered with the regulation of K� and Cl�

channels by abscisic acid (Leyman et al., 1999). The data
presented above now demonstrate that expression of this
same peptide domain affects the cellular growth and devel-
opment of aerial and root tissues and that it interferes with
secretion in stably transformed tobacco in a manner that is
specific to the NtSyr1 protein. These results support a role
for NtSyr1 in vesicle traffic at the plasma membrane and are
consistent with a general requirement for the protein in cel-
lular growth and homeostasis.

Figure 8. Enhancing the Expression of NtSyr1 under High Salt and
Osmotic Stress Suppresses the Effects of the Sp2 Peptide on Root
Growth.

Growth is expressed as the increment 3 days after transfer to MS
medium alone (�dex) or with additions of 1 �M dexamethasone,
100 mM NaCl, and 200 mM sorbitol. Data in each case are means �SE

for 10 plants each of the dexC2 (vector control), dexSp2-10, and
dexSp2-14 transgenic lines.
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Sp2 Action Is Specific to NtSyr1 Function

Three major lines of evidence point to a toxicity of the Sp2
peptide and indicate that it interferes specifically with the
normal functioning of NtSyr1. The first, albeit indirect, hint of
such toxicity comes from the success of recovery for each
of the transformations. Large numbers of independent
NtSyr1- (Sp1-) and HSp1-transformed lines were obtained
with constructs driven by the 35S promoter, and without ex-
ception, these lines gave reproducibly high levels of NtSyr1
protein, estimated to be �20-fold the normal levels of the
endogenous protein. In contrast, a relatively small number
of lines were recovered from transformations with the HSp2
construct driven by the 35S promoter in the same cassette,
and of these, fewer than one-quarter showed any measur-
able expression of the Sp2 peptide. Much higher levels of
Sp2 expression could be obtained, but only when transfor-
mations were performed with the dexSp2 construct and Sp2
expression was induced in the presence of dexamethasone.
Thus, despite the strong 35S promoter used in each case
for NtSyr1, HSp1, and HSp2 expression, there appeared a
counter-selection against plants carrying the HSp2 gene.

Consistent with these observations, the second line of ev-
idence lies in the phenotypes recovered in each case. Plants
overexpressing the full-length NtSyr1 and HSp1 proteins
were largely indistinguishable from the wild type and vector
controls, apart from an increase in the rates of root growth
of seedlings. In contrast, even moderate expression of the
Sp2 peptide was associated with a disturbance of aerial tis-
sue morphology. High levels of Sp2 expression were ac-
companied by a complete cessation of aerial and root
growth and a loss of meristematic structure in the root tip.
At first glance, the relatively mild effects on growth of
NtSyr1 and HSp1 is surprising, given the �20-fold increase
in expression over that of the wild type (Figure 1). However,
when overexpressed, much of the additional protein is as-
sociated with intracellular membranes rather than the
plasma membrane, where it might otherwise have a physio-
logical impact (Leyman et al., 2000).

Finally, we demonstrated that increasing the levels of
NtSyr1 in the plant alleviated the effects of Sp2 expression
on growth and tissue morphology. Dexamethasone-induced

Figure 9. Expression of Sp2 Blocks Secretion and Leads to the Ac-
cumulation of secGFP within a Cytosolic Reticulum.

Confocal images at low magnification of wild-type tobacco leaf epi-

dermis transfected to express secGFP together with Sp1 (A) and
with Sp2 (B) and of dexSp2-14 transgenic tobacco leaf epidermis
transfected to express secGFP in the absence (C) and presence ([D]
and [E]) of 1 �M dexamethasone. (E) shows a high magnification
confocal image of a dexSp2-14 transgenic tobacco leaf epidermis
transfected with secGFP in the presence of 1 �M dexamethasone.
Insets show the same tissue after infiltration with propidium iodide
as a marker for extracellular space and testing for cell viability by
dye exclusion.
Bars in (A) to (D) � 100 �m; bar in (E) � 10 �m.
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Figure 10. Sp2-Mediated Accumulation of Secreted N-secYFP�C Differs from That Observed with the Dominant Negative Mutant
AtRab1b(N121I) and Colocalizes with Golgi-Targeted N-ST-GFP.
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expression of the Sp2 peptide had no effect on plants that
also constitutively expressed high levels of the full-length
NtSyr1 protein under the control of the 35S promoter (Figure
7), and the effect of Sp2 in suppressing root growth was re-
duced when NtSyr1 expression was enhanced in wild-type
tobacco by salt and osmotic stress (Figure 8). Furthermore,
we found no evidence of an increase in initial or multinucleate
cells within the root meristem that might indicate cells
“trapped” late in division. Such trapping is characteristic of
the knolle syntaxin mutant of Arabidopsis, which shows some
similarity with NtSyr1 and its Arabidopsis homolog AtSyr1
(Leyman et al., 1999). Indeed, to the contrary, we found no di-
viding initial cells in the roots of Sp2-expressing plants.

The latter observations are especially significant, because
they imply that Sp2 action is targeted specifically to NtSyr1
in vivo. At least in vitro, the interactions between mamma-
lian SNARE proteins often are promiscuous (Pfeffer, 1996;
Avery et al., 1999; Fasshauer et al., 1999; Yang et al., 1999),
an observation that has increased speculation that these in-
teractions might not contribute to the specificity of vesicle
trafficking (Hanson et al., 1997; Nichols and Pelham, 1998;
Jahn and Sudhof, 1999). In yeast, genetic deletion of several
SNARE proteins has been possible without significant phys-
iological consequences, and in other cases, overexpression
of distantly related SNARE proteins was found to be suffi-
cient to rescue the loss of some trafficking functions (Aalto
et al., 1993; Holthuis et al., 1998; Nichols and Pelham, 1998;
von Mollard and Stevens, 1999). By the same arguments,
we could imagine that the Sp2 peptide might interfere with
SNARE interactions other than those associated with
NtSyr1 and thus generate a set of phenotypes unrelated to

the normal functioning of the wild-type protein. This inter-
pretation is not reconciled easily with our data. The fact that
normal growth was rescued, even in the presence of the
Sp2 peptide, indicates an action specific to NtSyr1 that was
overcome simply by increasing the “dosage” of wild-type
protein. In fact, Scales et al. (2000) came to a very similar
conclusion. Their experiments have shown that block and
rescue of norepinephrine secretion in vivo is specific to a sub-
set of plasma membrane SNARE proteins. A recent in vitro
analysis of SNARE interactions contributing to yeast endo-
membrane trafficking supports this interpretation (Fukuda et
al., 2000; Mcnew et al., 2000; Parlati et al., 2000).

Rescue of the Sp2 phenotype by overexpressing NtSyr1
also discounts the argument that the effects of the peptide
were associated with the dexamethasone GVG activator
and not with the syntaxin per se. Recently, Kang et al. (1999)
reported growth defects in Arabidopsis transformed with the
empty pTA7002 dexamethasone expression vector used in
this study. The growth impairment was correlated with RNA
levels of the GVG transcription factor used to drive dexa-
methasone-stimulated expression. Analysis of our trans-
genic lines did not reveal a strong correlation with the GVG
transcript (Figure 5). The fact that growth could be rescued,
even in lines that strongly expressed the transcription factor,
supports this conclusion.

NtSyr1 Is Essential for Traffic to the Plasma Membrane

Our data now provide concrete evidence of a role for NtSyr1
in vesicle trafficking. Previous experiments had failed to

Figure 10. (continued).

(A) to (F) Confocal images at low ([A] to [C]) and high ([D] to [F]) magnification of tobacco leaf epidermis transfected to express N-secYFP�C
only ([A] and [D]), N-secYFP�C with Sp2 ([B] and [E]), and N-secYFP�C with AtRab1b(N121I) ([C] and [F]). Arrows in (E) identify mobile punc-
tate structures observed in the presence of Sp2. Bars in (A) to (C) � 50 �m; bars in (D) to (F) � 5 �m.
(G) to (J) Cotransfection for expression of N-secYFP�C and N-ST-GFP shows similar characteristics of Golgi labeling with (optical section im-
age pairs in [G] and [H]) and without (optical section image pairs in [I] and [J]) Sp2. GFP ([G] and [I]) fluorescence uncovers punctate structures
in either case; YFP fluorescence is evident when coexpressed with Sp2 (H) but not in its absence (J). Note the cell central to the image pair in
(G) and (H) shows particularly strong accumulation of N-secYFP�C without any apparent alteration in N-ST-GFP Golgi labeling. Compare this
with the cell (top right) that shows little or no N-secYFP�C accumulation. Bars � 5 �m.
(K) to (W) Cotransfection for expression of N-secYFP�C and N-ST-GFP with Sp2 (optical section image pairs in [L] and [M]; merged image in
[K]; transect pixel intensities [see (K)] in [N]) demonstrates colocalization of fluorescence signals in cells with moderate to weak N-secYFP�C
accumulation. In one cell (lower left), N-secYFP�C accumulation is visible only in the punctate structures ([K] and [M], arrowheads). Similar
structures are visible in the second cell ([K] and [M], arrows) against the weak background of N-secYFP�C fluorescence in the reticulate net-
work. Compare the locations with that of N-ST-GFP labeling of the Golgi (L). (N) shows pixel intensities (from the transect shown in [K]) for GFP
(green trace) and YFP (red trace) showing coalignment of intensity peaks. Image pairs on expression of N-secYFP�C and N-ST-GFP without
Sp2 (optical section image pairs in [O] and [P]; transect pixel intensities [see (O)] in [Q]) obtained under identical conditions (see Methods) show
the absence of N-secYFP�C accumulation. N-ST-GFP fluorescence ([O], green trace in [Q]) and N-secYFP�C signal ([P], red trace in [Q]). Im-
age pairs ([R] and [S]; transect pixel intensities [see (R)] in [T]) on expression of ER-targeted GFP-HDEL are controls to show the extent of fluo-
rescence bleed-through from GFP ([R], green trace in [T]) into the YFP acquisition channel ([S], red trace in [T]). Image pairs ([U] and [V];
transect pixel intensities [see (U)] in [W]) on expression of N-secYFP�C and N-ST-GFP with AtRab1b(N121I) shows the accumulation of both
fluorescent labels in the reticulum but of N-ST-GFP only in the punctate structures. N-ST-GFP ([U], green trace in [W]) and N-secYFP�C ([V],
red trace in [W]) fluorescence images. Note the coincidence of pixel intensities (W) across the transect, except where it crosses over the two
punctate structures. Bars in (L) to (V) � 5 �m.



400 The Plant Cell

demonstrate NtSyr1-mediated rescue of growth in mutant
yeast carrying a double deletion of the Sso1/Sso2 plasma
membrane syntaxins (Leyman et al., 1999). These results left
open the question of functional conservation between the
yeast and plant syntaxins. Using the apoplastic marker
secGFP (Boevink et al., 1999) and a new variant N-secYF-
P�C, we now show that expression of the Sp2 peptide, but
not of the full-length syntaxin, interfered with secretion,
leading to an accumulation of these markers within the en-
domembrane system (Figures 9 and 10). Similar results were
obtained in dexSp2 transgenic plants transiently expressing
secGFP in the presence of dexamethasone, and overex-
pression of Sp1 also suppressed the accumulation of GFP
in plants expressing Sp2, indicating that the effect is spe-
cific to NtSyr1-mediated secretion.

We found that N-secYFP�C and secGFP each accumu-
lated in the ER and Golgi when coexpressed with Sp2.
NtSyr1 normally is localized to the plasma membrane
(Leyman et al., 2000), and the Sp2 fragment has been
shown to affect the activities of several ion channels at this
membrane (Leyman et al., 1999). So a role for NtSyr1 in ves-
icle traffic at the plasma membrane might be anticipated.
This conclusion would be consistent with the observed ac-
cumulation of N-secYFP�C in the Golgi and ER if Sp2 ac-
tion led secondarily to an accumulation of secreted markers
in upstream compartments. However, our data do not dis-
tinguish between several possible mechanisms that could
underlie such action. For example, the inhibition of fusion at
the plasma membrane might suppress vesicle formation at
the Golgi. It also is plausible that Sp2 might contribute to in-
tra-Golgi transport in addition to functioning in post-Golgi
transport. Nor can we exclude the possibility that NtSyr1 and
Sp2 influence a recycling pathway from the plasma mem-
brane to the Golgi and that the inhibition of forward traffic we
observed was a secondary consequence of the failure to re-
cycle a membrane component essential for its maintenance.
These same explanations apply equally to Sp2-induced ac-
cumulation of the secreted markers in the ER. Until now,
studies of traffic to the plasma membrane using secGFP and
related markers have dealt almost exclusively with trafficking
events between the Golgi and the ER (Batoko et al., 2000;
Takeuchi et al., 2000; but also see Jin et al., 2001). It remains
to be established whether, in general, these markers accu-
mulate only in the organelle immediately upstream of a given
trafficking step when this step is blocked or whether or-
ganelles farther upstream also accumulate label.

We suspect that the Sp2 fragment affects some aspect of
post-Golgi transport. The pattern of labeling in the presence
of Sp2 contrasted with the effects of the inhibitory (domi-
nant negative) mutant AtRab1b(N121I) that leads to accu-
mulation of these fluorescent markers exclusively in the ER
(Figures 10U to 10W) (Batoko et al., 2000). It also differs
from the ER localization of secGFP observed in the pres-
ence of brefeldin A (Boevink et al., 1999). Sp2 failed to in-
duce an accumulation of N-ST-GFP in the ER, in contrast to
the mutant AtRab1b(N121I). Furthermore, we found cells

that accumulated N-secYFP�C poorly and primarily in the
Golgi in the presence of Sp2 (Figures 10K and 10N). We in-
terpret the latter to be cells showing the weakest Sp2 phe-
notype, probably the result of low Sp2 expression, and
therefore to reflect the primary stages of marker accumula-
tion in contrast to cells that showed higher levels of accu-
mulation, and then in both the Golgi and the ER (see above).

These arguments aside, we cannot wholly exclude a non-
specific, if partial, inhibition of secGFP transport from the
ER to the Golgi apparatus. At least in vitro SNARE interac-
tions can be highly promiscuous (Avery et al., 1999;
Fasshauer et al., 1999), although the same is probably not
true in vivo (Mcnew et al., 2000; Scales et al., 2000; and
above). Furthermore, this interpretation is not reconciled
easily with the rescue of secretion by the overexpression of
NtSyr1 in Sp1:dexSp2-14 transgenic plants. Nonetheless, if
NtSyr1 were to interact directly with Sp2 in vivo, it might ti-
trate its activity directly and independent of Sp2 specificity.
Resolving these issues will depend on the analysis of simple
loss-of-function mutants and on the development of trans-
port assays with greater temporal resolution.

Is Sp2 Action on Growth and Development a 
Consequence of Secretory Block?

At present, there is little functional detail that can be brought
to bear on SNARE proteins in plants, although there is good
reason to expect a high degree of specialization in their
roles within the cell (Conceicao et al., 1997; Sato et al.,
1997; Sanderfoot et al., 2001) (see Introduction). Only for the
Arabidopsis knolle mutant has a specific activity in vivo been
linked unambiguously to a SNARE protein. The KNOLLE
gene encodes a syntaxin homolog that contributes exclu-
sively to the formation of the cell plate during division
(Lukowitz et al., 1996; Lauber et al., 1997). Mutant embryos
show abnormal radial growth, and because cell wall deposi-
tion is incomplete, daughter cells fail to separate, become
multinucleate, and are “locked” in the formation of the cell
plate (Lauber et al., 1997).

SNARE proteins aside, interfering with secretory process-
ing can have profound effects on cellular development and
tissue organization. The vcl1 mutant of Arabidopsis, an
ortholog of the yeast Vps16p, fails to develop vacuoles and
leads to embryo lethality (Rojo et al., 2001). A second Arabi-
dopsis mutant, gnom (emb30), disrupts apical–basal polar-
ity and loss of some organ structures (Mayer and Marshall,
1993; Shevell et al., 1994). The GNOM gene encodes an
ADP-ribosylation factor (ARF) GTPase nucleotide exchange
factor, and its mutation leads to a loss of the polar distribu-
tion of the Pin-1 protein, a putative auxin efflux carrier at the
plasma membrane, similar to the effect of treatments with
the ARF GTPase antagonist brefeldin A (Steinmann et al.,
1999). Brefeldin A itself inhibits root growth and promotes
radial expansion at low doses, consistent with its action on
secretion (Baskin and Bivens, 1995).
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Given the importance of secretory trafficking to the
plasma membrane, it is not surprising that its disruption
should have effects on cellular and tissue morphology. The
plant cell must incorporate new cell wall material and mem-
brane to accommodate the increase in cell surface area that
accompanies an increase in cell volume. Indeed, even with-
out growth, the flux of membrane material and protein
through vesicle trafficking is essential for cellular homeosta-
sis (Thiel and Battey, 1998). Disturbing membrane traffic to
(and from) the plasma membrane might be expected to alter
cell form through effects on the cell wall, ion transport, and
osmotic balance (Morris and Robinson, 1998; Thiel and
Battey, 1998; Battey et al., 1999) and to influence patterns
of cell expansion and maturation (Blatt et al., 1999). So the
effects of expressing the Sp2 peptide on aerial and root
morphology and growth are broadly consistent with its ac-
tion on secretion.

Indeed, we found that tobacco expressing the Sp2 pep-
tide showed alterations in leaf form and a slowing of root
growth in seedlings. With high levels of Sp2 expression,
growth ceased altogether and the leaves developed an ir-
regular and mottled surface associated with hypertrophy
and disturbed patterns of cellular expansion within the lam-
ina (Figures 3 and 4). Although we cannot say at present
whether Sp2 expression also affected cell division in the
leaves, in the roots it is clear that patterns of both cell divi-
sion and expansion were perturbed. Normally, anticlinal cell
division in the root tip gives rise to meristematic cells that
contribute to files of differentiating cells behind the root tip
(Dolan and Okada, 1999; Scheres and Heidstra, 1999). In
plants expressing the Sp2 peptide, however, cell division
appeared to cease, the organization of the cell files was dis-
turbed, and cells of the meristematic zone—although they
failed to expand appreciably—developed characteristics of
the cortex, including a central vacuole and a peripheral nu-
clear position (Figures 5 and 6). These characteristics differ
qualitatively from the effects of both the knolle mutation and
brefeldin A (see above). Thus, it appears that Sp2 expres-
sion not only affected cell expansion but also overruled the
mechanism(s) holding the cells in an undifferentiated state,
which permitted cell division to continue down the cell files.

How might the Sp2 peptide effect a block of secretion?
The N-terminal region of t-SNAREs, such as syntaxin 1A
and the yeast plasma membrane syntaxins Sso1 and Sso2,
is now recognized to form an independently folded regula-
tory domain that includes the first three coiled-coil se-
quences (Jahn and Sudhof, 1999). This regulatory domain
interacts with the syntaxin signature sequence to form a
“closed state” (Fiebig et al., 1999; Misura et al., 2000) and
probably contributes to controlled activation of the syntaxin
(Misura et al., 2000). Computer-assisted analysis has pre-
dicted a similar folding for the N terminus for NtSyr1 (Blatt et
al., 1999). Therefore, it is conceivable that, by introducing an
excess of Sp2 (which includes this domain), NtSyr1 could
be trapped in an equivalent closed conformation through di-
rect binding with Sp2, preventing further SNARE interac-

tions. The Sp2 peptide also contains the syntaxin signature
sequence, which, in neuronal cells, interacts with domains
of SNAP-25 and synaptobrevin to form the ternary SNARE
complex. Thus, another explanation is that Sp2 interacts
with the partners of NtSyr1, preventing them from building a
functional SNARE complex (Hayashi et al., 1995; O’Connor
et al., 1997; Ferrer Montiel et al., 1998; O’Sullivan et al.,
1999; Scales et al., 2000). At present, our data do not allow
us to discriminate between these alternatives. However,
both explanations predict a dependence on the relative
abundance of NtSyr1 and competing Sp2 peptide, a predic-
tion that finds support in both the correlations between Sp2
expression and transgenic phenotype and the fact that Sp2
action could be overcome by increasing the level of NtSyr1
expression.

Relating NtSyr1 Actions in Membrane Traffic and 
Abscisic Acid–Mediated Ion Channel Control

The actions of the Sp2 peptide and of NtSyr1 overexpres-
sion on growth and secretion raise questions about their re-
lationship to abscisic acid and the control of K� and Cl�

channels at the plasma membrane. Previously, we found
that the Sp2 peptide and Clostridium BotN/C neurotoxin,
which cleaves NtSyr1, each suppressed abscisic acid–
evoked changes in the activities of three distinct ion chan-
nels in guard cells, and we suggested a role for NtSyr1 in
their control on the basis of these observations (Leyman et
al., 1999). Could the effects of Sp2 on control of the channels
be explained as a consequence of its inhibition of vesicle
(and membrane protein) traffic at the plasma membrane? Is
the action of NtSyr1 in guard cells different from its activity
in other cell types? And what is the relationship between
traffic directed toward the plasma membrane, its block by
Sp2, and the action of abscisic acid in guard cells, which ul-
timately must promote endocytosis, and a net loss in
plasma membrane surface area?

A definitive answer to the first question requires direct
monitoring of the K� and Cl� channel protein traffic. In prin-
ciple, the effects of abscisic acid on these channels, and its
inhibition by the Sp2 peptide, could be brought about
through changes in vesicle traffic at the guard cell plasma
membrane. This explanation would accord with evidence
linking trafficking and activity of mammalian epithelial Na�

channels (Qi et al., 1999) and H�-ATPase (Banerjee et al.,
1999). Alternatively, NtSyr1 might play a more intimate role
in abscisic acid signaling beyond the mechanics of vesicle
trafficking, either through direct interactions with these
channels (Stanley and Mirotznik, 1997; Naren et al., 1997,
1998; Bezprozvanny et al., 2000; Fili et al., 2001) or in scaf-
folding and nucleation of receptor-effector protein com-
plexes (Fujita et al., 1998; Nishimune et al., 1998; Springer
and Schekman, 1998; Hibino et al., 2000) that are essential
features of many signaling cascades.

In fact, it is difficult to reconcile a single mechanism of
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action for abscisic acid mediated by vesicle traffic with the
body of evidence for channel control mediated separately
for each channel type by changes in [Ca2�]i, pH, and/or pro-
tein (de-)phosphorylation (MacRobbie, 1983; Ward et al.,
1995; Thiel and Wolf, 1997; Blatt, 2000). An additional com-
plication is that abscisic acid triggers opposing changes in
the activity of two different classes of K� channels as well as
activating Cl� channels, and the effects of abscisic acid on
the channel currents include changes in channel-gating
properties that would imply selective addition and removal
of subsets of channel proteins within each of these classes.
Furthermore, the responses of at least two of these chan-
nels are complete within 1 to 2 min of exposure to abscisic
acid, an order of magnitude faster than the onset for
changes in cell volume, surface area, and stomatal closure.
Consequently, it would be intriguing if the effects of Sp2 and
Clostridium BotN/C neurotoxin on abscisic acid signaling in
guard cells were mediated solely by the effects on mem-
brane traffic, because this would suggest processes of
membrane protein traffic that are rapid, highly targeted, and
separate from the bulk flux of membrane that must accom-
pany the changes in cell volume and surface area during
stomatal closure. It also would imply that at least one mem-
brane-trafficking step is a prerequisite for all of the other
signaling pathways that may modulate ion channel activity
at the plasma membrane. If NtSyr1 carries out additional
functions specific to guard cells and associated aerial or-
gans—a possibility given the differences in NtSyr1 expres-
sion patterns within the plant (Leyman et al., 2000)—the
effect of abscisic acid might be to affect ion channel activity
in part through changes in specialized trafficking pathways,
perhaps altering the rate of recruitment of particular chan-
nels in guard cells.

Of the final question, the juxtaposed roles for NtSyr1 in
traffic at the plasma membrane and in abscisic acid action
that leads to a net reduction in plasma membrane surface
area, presumably via endocytosis, we have noted already
that the effects of Sp2 and NtSyr1 on secGFP and N-sec-
YFP�C secretion could be mediated at steps either in trans-
port from the Golgi to the plasma membrane or in recycling
and recovery of an essential membrane component (see
above). The tools available simply cannot distinguish be-
tween these two mechanisms of action. It is possible that
the bulk reduction in plasma membrane surface area during
stomatal closure is mediated by trafficking events that use
other SNARE molecules. However, if NtSyr1 contributed di-
rectly to endocytosis, and its block led to a subsequent re-
duction in forward traffic to the plasma membrane, it would
resolve the apparent paradox of the requirement for NtSyr1
in normal secGFP export while still linking its role in abscisic
acid–mediated stomatal closure with net endocytosis. The
different time scales of the ion channel activity assays
(Leyman et al., 1999) and the secGFP accumulation assays
used here are consistent with this interpretation. Alterna-
tively, it also is plausible that the SNARE protein could be an
integral part of the mechanisms for both vesicle fusion at the

final stages of trafficking to the plasma membrane and as a
target element or regulator of nucleation as vesicles form at
the onset of endocytosis from the plasma membrane
(Jarousse and Kelly, 2001). Again, an answer requires direct,
unidirectional monitoring of protein traffic at the cell surface.

METHODS

Plant Growth and Protocols

Tobacco (Nicotiana tabacum cv SR1) transformed with Agrobacte-
rium tumefaciens LBA4404 carrying various constructs (see below)
was grown in a greenhouse at 25	C and scored for Sp1 and Sp2
expression by immunochemical analysis. T-DNA insertions were ver-
ified by DNA gel blot analysis (Sambrook et al., 1989) using radiola-
beled NtSyr1 cDNA as a probe. Positive lines were crossed with
themselves, and seed of the T1 and later generations were used for
experimental analysis.

For experiments with mature dexSp2 transgenic tobacco, the
plants were sprayed and watered as indicated in text with a solution
of 20 �M dexamethasone (cyclodextrin encapsulated; Sigma, Poole,
UK). The expression of Sp2 was characterized in detail in three lines,
dexSp2-10, dexSp2-16, and dexSp2-14, that gave moderate, low,
and high levels of Sp2 expression, respectively. For these experi-
ments, 100 seed were sterilized by treating them with a 10 to 13%
NaClO3 solution for 10 min, rinsed five times in sterile, distilled water,
and stored overnight at 4	C. The seed then were incubated in 100 mL
of sterile Murashige and Skoog (1962) (MS) medium with 10 mM Mes
buffer, pH 5.7, on a rotary shaker (120 rpm) under 60 �mol · m�2 · sec�1

fluorescent light at 25	C. For growth in dexamethasone, the steroid
was added to give a final concentration of 20 �M stock solution.

35S-Sp1, 35S-Sp2, and Dex-Sp2 Constructs

Histidine-tagged Sp1 and Sp2 constructs were generated by inser-
tion of polymerase chain reaction–amplified DNA fragments in the
plasmid pQE30 (Qiagen, Crawley, UK). The common forward primer
was 5
-GCGGATCCATGAATGATCTATTTT-3
, and the reverse prim-
ers were 5
-GCCTGCAGTCATTTTTTCCATGGC-3
 for amplification
of the Sp1 DNA fragment and 5
-GCCTGCAGTTAACAAGTC-
CATTTT-3
 for amplification of the Sp2 DNA fragment. A 35S pro-
moter was inserted upstream in each case, using the EcoRI site of
pQE30. DNA fragments comprising the 35S promoter and histidine-
tagged Sp1 or Sp2 were cloned subsequently as a HindIII fragment
in the binary vector pCAMBIA1380. For inducible expression, the
Sp2 gene was cloned into pBSKS (New England Biolabs, Hitchin,
UK) and subsequently as a SpeI–SalI DNA fragment inserted into the
vector pTA7002 containing the two-component glucocorticoid-
inducible system (Aoyama and Chua, 1997). All constructs were
checked by sequencing.

Root Growth Measurements

Plants were grown under sterile conditions in 12-cm2 Petri dishes
with 45 mL of MS medium in 0.7% (w/v) Phytagel (Sigma). Seed were
sown at 1-cm intervals, two rows per plate, and were grown with the
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plates on end under 500 �mol · m�2 · sec�1 PAR light in a 16-hr/8-hr
light/dark cycle at 21	C. For dexSp2 induction, 1 �M dexamethasone
was included in the medium. Plates were photographed at 24-hr in-
tervals for subsequent measurements of root growth. Growth inhibi-
tion was determined either as the difference in mean root length
between plants grown on MS medium compared with plants grown
on MS medium containing 1 �M dexamethasone or as the corre-
sponding ratio of the mean rates of growth 3 days after germination.

Immunodetection of NtSyr1 and Related Constructs

Crude protein was extracted by grinding tissue frozen in liquid nitro-
gen. The powdered material was resuspended 1:1 (w/v) in extraction
buffer containing 100 mM Tris-HCl, pH 8.0, 1% SDS, 1% sodium
deoxycholate, 20 mM EDTA, 1 mM DTT, and 0.2 mM phenylmethyl-
sulfonyl fluoride. Each sample was centrifuged at 10,000g for 10 min
at 4	C, and the supernatant was collected. SDS was removed by
centrifugation at 16,000g for 3 min after mixing with 20 volumes of
100 mM KH2PO4. Protein was quantified by Bradford assay (Bio-
Rad, Hemel Hampstead, UK) and calibrated against BSA.

Membrane proteins were extracted by resuspension of ground tis-
sue in extraction buffer containing 100 mM Tris-Cl, pH 7.5, 300 mM
sucrose, 1 mM EDTA, 2.5 mM DTT, and 0.1 mM phenylmethylsulfo-
nyl fluoride. Each sample was homogenized in a potter and centri-
fuged at 10,000g at 4	C. The supernatant was collected, and the
microsome membrane fraction was pelleted by centrifugation at
50,000g for 35 min at 4	C. Proteins were separated by SDS-PAGE
and transferred to a nitrocellulose membrane using an electro-
phoretic transfer cell (Bio-Rad), according to the manufacturer’s
specifications. NtSyr1 and NtSyr1 peptides were detected with a
rabbit polyclonal antiserum (1:2000 dilution) as described previously
(Leyman et al., 1999, 2000). Histidine tags were detected with a
mouse anti-RGS(H)4 monoclonal antibody (1:1000 dilution; Qiagen)
and a secondary rabbit anti-mouse antibody labeled with alkaline
phosphatase. Substrates were nitroblue tetrazolium and 5-bromo-
4-chloro-3-indolyl phosphate (Sigma).

Histochemistry and Microscopy

Tissues were sectioned after fixing in 50 mM cacodylate buffer, pH
7.2, with 2.5% glutaraldehyde at 4	C. After 24 hr, samples were
washed twice in the same buffer minus glutaraldehyde, postfixed
with 2% OsO4 in the same buffer for 90 min, and finally washed twice
for 10 min in cacodylate buffer and then water. Tissues were dehy-
drated through an acetone/water series followed by three washes
with 100% acetone and were embedded in Epon-araldite resin in
progressive steps of acetone/resin mixture, first 4:1 (4 hr), 2:1 (4 hr),
1:1 (10 hr), 1:2 (10 hr), 1:4 (12 hr), and three subsequent steps in pure
resin (12 hr). Samples were placed in molds with fresh resin and
polymerized at 60	C for 48 hr. Blocks were cut with a glass knife, and
sections were mounted and stained with 0.1% toluene blue.

Transient Expression and Analysis of Green Fluorescent Protein 
and Yellow Fluorescent Protein Secretion with
Nt-Syr1 Constructs

Plasmids pVKH-N-ST-green fluorescent protein (GFP), pVKH-
GFP-HDEL, and pVKH-secGFP encoding the Golgi-targeted N-ST-

GFP, endoplasmic reticulum (ER)–targeted GFP-HDEL, and secreted
secGFP, respectively, are described elsewhere (Batoko et al., 2000).
The yellow fluorescent protein (YFP) variant of N-secGFP was con-
structed by amplifying the chitinase signal peptide and synthetic
N-glycosylated peptide exactly as described for N-secGFP (Batoko
et al., 2000) and inserting it as an XbaI–XhoI fragment into the XbaI
and SalI sites upstream of YFP in the plasmid pVKH-N-ST-YFP (a gift
of Dr. F. Branizzi, Oxford-Brookes University, Oxford, UK) to gener-
ate pVKH-N-secYFP. The primers nsec-YFP�C-5
 (5
-AGCCGT
AGCGCTCGAGCGCGCGTATTTTTACAACAAT-3
) and nsec-YFP�C-3


(5
-AACGATTCAACATCTTTAGGCGGCGGTCACGAACTCC-3
) were
used in conjunction with pVKH-N-secYFP to generate a fragment by
polymerase chain reaction containing the tobacco mosaic virus �

translation initiation enhancer and a YFP coding region in which the
last 11 amino acids were replaced by a stop codon. This fragment
was digested by XhoI and BglII and cloned into XhoI–BamHI down-
stream of the 35S promoter in the expression cassette of pK1102, a
derivative of pRT101 (Topfer et al., 1987). This expression cassette
was subcloned into the binary vector pGREEN (Hellens et al., 2000)
as a HindIII fragment to generate pG-N-secYFP�C, which was intro-
duced by electroporation into A. tumefaciens GV3101::pMP90
(Koncz and Schell, 1986) containing pSoup, which is required for
replication of pGREEN in A. tumefaciens. Transient expression of
these constructs has been described (Batoko et al., 2000).

For experiments with dexSp2 transgenic tobacco, the secGFP-
containing strain (final OD600 � 0.01) was resuspended in the infiltra-
tion buffer with or without dexamethasone to induce expression of
the Sp2 fragment. For coexpression experiments, all strains were in-
oculated at OD600 � 0.1. Expression of fluorescence in epidermal
cells of the lower epidermis was assessed 2 to 3 days after infiltra-
tion. Pieces of leaf were sampled randomly from the infected area
and mounted in water for observation under the microscope. In
experiments with GFP alone (Figure 9), a Zeiss (Jena, Germany)
CLSM410 confocal microscope was used with samples mounted in
water or 30 �M propidium iodide to label the apoplast. Double-label-
ing experiments were performed on a Zeiss CLSM510 confocal mi-
croscope using the 458- and 514-nm lines from a 25-mW argon laser
set at 75% and an HFT 458/514 dichroic mirror. An NFT 515 dichroic
was used to split the emitted light between channels set (1) with a
204-�m pinhole and 475- to 525-nm bandpass filter for GFP detec-
tion, and (2) with a 213-�m pinhole and 535- to 590-nm infrared
bandpass filter to detect YFP. For the images in Figures 10K to 10T,
track 1 was configured with detector gains of 910 and 0 V in the GFP
and YFP channels, respectively, with the 458-nm laser line attenu-
ated to 21% and the 514-nm line attenuated fully; track 2 was con-
figured with detector gains of 0 and 970 V in the GFP and YFP
channels, respectively, with the 458-nm line attenuated fully and the
514-nm line attenuated to 4%.
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