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Abstract
In yeast and animal cells, members of the superfamily of N-
ethylmaleimide-sensitive factor adaptor protein receptor (SNARE)-
domain-containing proteins are key players in vesicle-associated
membrane fusion events during transport processes between individ-
ual compartments of the endomembrane system, including exocyto-
sis and endocytosis. Compared with genomes of other eukaryotes,
genomes of monocotyledonous and dicotyledonous plants encode a
surprisingly high number of SNARE proteins, suggesting vital roles
for this protein class in higher plant species. Although to date it
remains elusive whether plant SNARE proteins function like their
yeast and animal counterparts, genetic screens have recently begun
to unravel the variety of biological tasks in which plant SNAREs are
involved. These duties involve fundamental processes such as cytoki-
nesis, shoot gravitropism, pathogen defense, symbiosis, and abiotic
stress responses, suggesting that SNAREs contribute essentially to
many facets of plant biology.
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PM: plasma
membrane

SNARE:
N-ethylmaleimide-
sensitive factor
adaptor protein
receptor
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INTRODUCTION

Cellular compartmentalization is a hallmark
of eukaryotic cells. Compartmentalization al-
lows functional and spatial partitioning into
self-contained reaction chambers, each with
its own characteristic ambience, such as
organelle-specific biomolecule (e.g., polypep-
tide, carbohydrate, lipid, ion, etc.) compo-

sition. The establishment and maintenance
of complex eukaryotic compartmentaliza-
tion require comprehensive transport activ-
ities between the various locations within
the endomembrane system. Eukaryotes have
evolved a sophisticated system to ensure
the shipping of cargo within the secretory
pathway, a major transport route within the
endomembrane system, leading from the
endoplasmic reticulum via the Golgi appa-
ratus to the extracellular space (Hanton &
Brandizzi 2006, Sanderfoot & Raikhel 2003).
Small, spherical, membrane-coated transport
units called vesicles shuttle and carry loads
(e.g., polypeptides and small compounds) be-
tween the compartments of the secretory
pathway. These include the above-mentioned
organelles, the plasma membrane (PM), and
the vacuole, another membrane-enclosed or-
ganelle. Plant vacuoles are particularly elab-
orate and can serve diverse purposes, includ-
ing storage, digestion, and recycling (Bassham
& Raikhel 2000). Unlike in yeast, the pres-
ence of a functional vacuole is essential for
plant cells (Rojo et al. 2001). In addition to
facilitating transport toward the outside of
the cell (anterograde transport) and extrusion
of cargo (exocytosis), vesicles also contribute
to the uptake of loading from the extracellu-
lar space (endocytosis) and backward (retro-
grade) transport processes. Several classes of
polypeptides contribute to the targeting and
fusion of acceptor and target membranes dur-
ing these shuttling activities.

In terms of energy, the fusion of a
membrane-coated vesicle with a target lipid
bilayer is a rather unfavorable process. Eu-
karyotes have evolved a specialized class
of proteins, the soluble N-ethylmaleimide-
sensitive factor adaptor protein receptors
(SNAREs), that function as mediators of fu-
sion between vesicular and target membranes.
These adaptor polypeptides spontaneously
form highly stable protein-protein interac-
tions that help to overcome the energy barrier
required for membrane fusion. Members of
the superfamily of SNARE proteins are found
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in all eukaryotes, including plants. Notably,
plants have a somewhat distinct and consid-
erably expanded repertoire of SNAREs com-
pared with that of animals and fungi: In
contrast to members of the latter kingdoms,
plants lack particular SNARE protein subfam-
ilies but have also evolved few novel types of
SNAREs (see below). During the past decade,
comprehensive cell biological and biochem-
ical studies as well as both forward and re-
verse genetic screens have begun to shed light
on the roles of SNARE proteins in plant
biology. This review focuses on the deter-
mined functions of SNAREs in the context
of plant biological processes and discusses
essential future questions in this research
area.

SNARE PROTEINS

SNARE-domain proteins comprise a super-
family of comparatively small (∼200–400-
amino-acid) polypeptides that are character-
ized by the presence of a particular peptide
domain, the SNARE motif ( Jahn & Scheller
2006). The SNARE domain is a stretch of
60–70 amino acids consisting of heptad re-
peats that can form a coiled-coil structure. Via
hetero-oligomeric interactions, SNAREs me-
diate fusion events between membranes in the
course of intracellular vesicle-associated traf-
fic and therefore occur on vesicles, organelles
of the endomembrane system, and the PM.
The association of SNAREs with lipid bilay-
ers is usually conferred by C-terminal trans-
membrane (TM) domains (Figure 1a). Some
SNAREs, however, are attached to mem-
branes via lipid anchors. With the exception of
SNAP-25-like SNARE proteins, which har-
bor two SNARE domains separated by a
flexible linker, the vast majority of SNAREs
possess one SNARE motif (Figure 1a). In
addition to the SNARE domain and the C-
terminal TM domain, many SNAREs con-
tain N-terminal regulatory sequence motifs
that control in vivo SNARE protein activity
in concert with a range of accessory polypep-

Heptad repeats: a
structural motif
consisting of a
repeated
seven-amino-acid
pattern

Coiled coil: a stable
linear protein
domain consisting of
two or more
α-helices that are
intertwined in a
superhelix

TM:
transmembrane

Homotypic vesicle
fusion: fusion
between identical
types of vesicles
rather than between
a vesicle with a larger
organelle

tides (Figure 1a). SNAREs mediate mem-
brane fusion by intermolecular interactions
among complementary vesicle- and target
membrane–associated SNAREs. Upon con-
tact, matching types of SNAREs form a highly
stable protein association called the SNARE
complex. A typical SNARE complex involves
three distinct types of SNARE proteins resid-
ing on the target membrane and one SNARE
polypeptide located on the vesicle that to-
gether contribute to a four-helix bundle of
intertwined SNARE domains (for recent re-
views, see Brunger 2006, Hong 2005, Jahn
& Scheller 2006). Complex formation is as-
sociated with conformational and free-energy
changes that are commonly believed to drive
the membrane fusion process (Figure 1b).
On the basis of (a) sequence conservation be-
tween animal and plant SNAREs, (b) comple-
mentation of yeast mutants by plant SNAREs
(Bassham & Raikhel 1998, Bassham et al.
1995, Sato et al. 1997, Tai & Banfield 2001,
Zheng et al. 1999b), (c) accumulating protein-
protein interaction data (Bassham & Raikhel
1999, Chen et al. 2005, Heese et al. 2001,
Rancour et al. 2002, Sanderfoot et al. 2001a,
Zheng et al. 2002), and (d ) evidence from
in vitro liposome fusion studies (Chen et al.
2005), the in planta formation of ternary
SNARE complexes and their contribution to
membrane fusion events appear very likely.
However, direct experimental proof of this is
still lacking to date.

SNAREs can be classified either on the
basis of their subcellular localization (func-
tional classification) or according to the oc-
currence of invariant amino acid residues
in the center of the SNARE motif (struc-
tural classification). Functional classification
divides SNAREs into vesicle-associated and
target membrane–associated SNAREs (v- and
t-SNAREs, respectively) (Söllner et al. 1993),
a categorization that can become problem-
atic in the context of homotypic vesicle fusion
events and anterograde trafficking routes. Al-
ternatively, under the structural classification,
SNAREs can be grouped as Q- and

www.annualreviews.org • SNARE Proteins in Plant Biology 149

A
nn

u.
 R

ev
. C

el
l D

ev
. B

io
l. 

20
07

.2
3:

14
7-

17
4.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 W
IB

61
51

 -
 D

eu
ts

ch
e 

Fo
rs

ch
un

gs
ge

m
ei

ns
ch

af
t o

n 
05

/2
2/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV324-CB23-07 ARI 24 August 2007 14:3

R
Ha

Hb

Hc

R
Ha

Hb
Hc

R
Ha

Hb

Hc

R

Ha
Hb

Hc

Qc
Qb

R

H
c

Ha

Hb
Hc

Qc

R
LD

Qc

Qb

Qa
Hb HcHa

Qb

QaQ
a

Qa Qa

QaQa

C

T C

T C

Disassembly and
component recycling

Free SNAREs

T

T

T

T

trans complex

T

T

T

T

Fusion, cis complex,
and cargo release

T

T

OpenClosed

Donor
compartment

N

T

N

C

N

N

T

N

C Qa-SNARE (t-SNARE, syntaxin)

Qb-SNARE (t-SNARE)

Qc-SNARE (t-SNARE)

Qb+Qc-SNARE (t-SNARE, SNAP-25-like)

R-SNARE (v-SNARE, VAMP)

a

b

T

150 Lipka · Kwon · Panstruga

A
nn

u.
 R

ev
. C

el
l D

ev
. B

io
l. 

20
07

.2
3:

14
7-

17
4.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 W
IB

61
51

 -
 D

eu
ts

ch
e 

Fo
rs

ch
un

gs
ge

m
ei

ns
ch

af
t o

n 
05

/2
2/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV324-CB23-07 ARI 24 August 2007 14:3

R-SNAREs owing to the occurrence of either
a conserved glutamine or arginine residue in
the center of the SNARE domain (Fasshauer
et al. 1998). Generally, t-SNAREs correspond
to Q-SNAREs, and v-SNAREs correspond
to R-SNAREs. The three types of target
membrane–localized Q-SNAREs that con-
tribute to the formation of a SNARE com-
plex can be further subdivided into Qa-, Qb-,
and Qc-SNAREs (Bock et al. 2001). SNAP-
25-like proteins constitute a special case be-
cause they comprise a Qb- and a Qc-SNARE
motif within a single polypeptide chain, pos-
sibly as a result of an ancient gene fusion
event. For historical reasons, on the basis of
their role in synaptic exocytosis, Qa-SNAREs
are also frequently referred to as syntax-
ins (Bennett et al. 1992). Likewise, vesicle-
resident R-SNAREs are often designated as
VAMPs (vesicle-associated membrane pro-
teins). R-SNAREs can have either a short
or long N-terminal regulatory region, fur-
ther subdividing them into brevins (lat. brevis,
short) and longins (lat. longus, long). Again on
the basis of their role in synaptic exocytosis, R-
SNAREs with a short N-terminal domain are
also frequently referred to as synaptobrevins
(Baumert et al. 1989). In plants, however,
this evolutionary young class of R-SNAREs
is absent; all known plant R-SNAREs be-
long to the longin category (Uemura et al.
2005).

PLANT SNARE GENOMICS

The genomes of all higher plant species in-
vestigated so far code for a large repertoire
of SNAREs: 60 in the dicotyledonous model
species Arabidopsis thaliana (a weed growing in
temperate zones) (The Arabidopsis Genome
Initiative 2000), 57 in monocotyledonous rice
(Oryza sativa, a grass species of subtropi-
cal and tropical regions) (International Rice
Genome Sequencing Project 2005), and 69 in
black cottonwood (Populus trichocarpa, a de-
ciduous dicytyledonous tree endemic to moist
woods, ravines, shores, and prairies of western
North America) (Tuskan et al. 2006; Table 1).
Likewise, comparable numbers of subfamily
members are encoded by the various plant
genomes (Table 1), suggesting that the en-
larged SNARE complement is not related to a
particular plant lifestyle and/or biogeographic
habitat. Baker’s yeast (Saccharomyces cerevisiae)
and humans (Homo sapiens) are thought to en-
code a total of 21–25 and 35–36 members, re-
spectively ( Jahn & Scheller 2006, Sutter et al.
2006a). The higher number of SNAREs in
plant species compared with yeast and hu-
mans is due predominantly to the enormous
expansion of member quantities in conserved
SNARE subfamilies and not the evolution
of novel SNARE isoforms. In fact, only two
subfamilies appear to be plant specific: the
NPSN (novel plant-specific SNARE) Qb-
and the SYP7 Qc-SNAREs (Sanderfoot et al.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1
Domain architecture of major plant SNARE subfamilies and molecular mechanics of SNARE complex
formation and vesicle fusion. (a) Scheme of the general domain organization of plant SNARE proteins.
Shown are Qa-, Qb-, and Qc-SNARE motifs, the R-SNARE domain (R), regulatory N-terminal regions
of Q-SNAREs, the longin domain (LD) of R-SNAREs, and the C-terminal TM helices (T) present in
most SNARE proteins. N and C denote the N- and C-terminal ends of the polypeptides, respectively.
(b) Scheme of the principle of binary and ternary SNARE complex formation. Vesicle fusion is initiated
by regulatory protein–mediated opening of the closed conformation of a target membrane–anchored
Qa-SNARE. The resulting exposition of the Qa helix allows association with helices provided by a
membrane-associated Qb+Qc-SNARE and an R-SNARE. The latter resides in a vesicle, which buds
from a donor compartment after cargo loading and is transported to the acceptor compartment.
Association in a trans complex is accompanied by an increase in core α-helical structure density that
drives transition to the cis complex, membrane fusion, and the release of vesicle cargo into the acceptor
compartment. After energy-dependent disassembly and recycling of the individual complex units, the
cycle can restart (for more details, see Jahn & Scheller 2006). For simplicity, the N-terminal longin
domain of the R-SNARE is omitted in this scheme.
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Table 1 Number of SNARE type and SNARE subfamily members encoded by the genomes
of the dicotyledonous weed Arabidopsis thaliana, the monocot Oryza sativa (rice), and the
dicotyledonous tree species Populus trichocarpa (black cottonwood)

SNARE type
SNARE

subfamily A. thaliana O. sativa P. trichocarpa

Qa 18 14 22

SYP1 9 7 11

SYP2 3 3 3

SYP3 2 1 3

SYP4 3 1 3

SYP8 1 2 2

Qb 12 11 12

MEMB 2 1 1

GOS1 2 3 3

VTI1 4 3 4

NPSN1 3 3 3

SEC20 1 1 1
Qc 12 16 13

BET1 2 2 3

SFT1 2 2 1

USE1 2 4 1

SYP5 2 3 3

SYP6 1 3 2

SYP7 3 2 3
Qb+Qc SNAP 3 3 4
R 15 13 18

VAMP71 4 3 5

VAMP72 7 5 8

YKT6 2 2 2

SEC22 2 3 3

Cytokinesis: the
division of the
cytoplasm to form
two separate
daughter cells
immediately after
mitosis

2000). The presence of respective genes in the
moss Physcomitrella patens and even green al-
gae such as Chlamydomonas reinhardtii suggests
that they evolved early in plant evolution. The
greater diversification of SNARE isoforms in
plants presumably reflects the necessity for
some SNAREs to be devoted to plant-specific
biological processes such as the plant-specific
type of cytokinesis, gravitropic responses, and
the transport of phytohormones [e.g., abscisic
acid (ABA) and auxin; see below]. Consistent
with the role of SNAREs in other eukaryotes,
many of these functions appear to be related
to the establishment and/or maintenance of
polarity at the (sub)cellular level (Surpin &
Raikhel 2004).

PLANT Q-SNARES

Plant genomes encode multiple syntaxin-like
Qa isoforms belonging to five distinct SYP
(syntaxin of plants) subfamilies (Supplemen-
tal Figure 1; for all supplemental items follow
the Supplemental Material link from the
Annual Reviews home page at http://www.
annualreviews.org). SYP5, 6, and 7, which
were initially grouped as syntaxins, are now
regarded as Qc-SNAREs (Pratelli et al. 2004,
Sutter et al. 2006a; http://www.cbs.umn.
edu/∼sande099/atsnare.htm); however,
they have retained their original designation.
As in yeast and mammals, syntaxins are also
the best-studied SNARE proteins in plants.
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The overall structure of the syntaxins consists
of an N-terminal autoregulatory domain, a
linker, the SNARE domain, and a TM region
(Figure 1a). Interestingly, owing to a natural
genetic polymorphism, AtSYP23 lacks the
C-terminal TM domain in the Arabidopsis
reference ecotype Col-0 (Ohtomo et al. 2005,
Zheng et al. 1999a). The N-terminal autoin-
hibitory domain is composed of three helices
that are also called the Habc motif. The
Habc domain of neuronal syntaxins is folded
into three helical bundles that can interact
with the SNARE domain, mimicking the
parallel four-α-helix bundle of the SNARE
complex. The intramolecular interaction of
the Habc stretch with the SNARE domain,
which is also called a closed conformation
(Figure 1b), prevents interaction of the
syntaxin with other SNAREs (Fernandez
et al. 1998, Lerman et al. 2000, Munson et al.
2000). Genetic screens have revealed the
contribution of individual syntaxin isoforms
to various biological processes such as cytoki-
nesis, pathogen defense, and ABA signaling
(see below).

In association with syntaxin-like Qa-
SNAREs, individual Qb- and Qc- (or
Qb+Qc-) SNAREs are thought to comple-
ment the SNARE complex at the target mem-
brane (Figure 1b). Like Qa-SNAREs, Ara-
bidopsis Qb-SNAREs have been implicated
in a range of biological processes, including
cytokinesis (AtNPSN11), shoot gravitropism
(AtVti11), and autophagy (AtVti12) (see be-
low). Remarkably, genetic screens have so far
revealed no phenotype for a Qc-SNARE, sug-
gesting at least partial functional redundancy.
Qb- and Qc-SNAREs generally also possess
an extended N-terminal domain, which, in the
case of some animal isoforms, may adopt a
coiled-coil structure related to the syntaxin
Habc motif (Hong 2005).

Unlike other SNAREs, SNAP-25s con-
tain two SNARE motifs and are classified as
a Qb+Qc-SNARE because the N-terminal
half is equivalent to Qb-SNAREs and the
C-terminal half is similar to Qc-SNAREs
(Bock et al. 2001, Fasshauer et al. 1998).

Autophagy: a
catabolic process to
survive extreme
environmental
conditions; involves
the degradation of
cellular components
in lysosomes

Like their mammalian counterpart, SNAP-
25, Arabidopsis SNAP-25-like proteins also
lack a TM domain. Mammalian SNAP-25 is
attached to the PM by palmitoylation of con-
served cysteines located in the linker region
(Gonzalo et al. 1999, Koticha et al. 1999,
Veit et al. 1996). Arabidopsis SNAP-25s, how-
ever, have no conserved cysteine(s). Neverthe-
less, AtSNAP33 localizes to the PM (Heese
et al. 2001), suggesting that different post-
translational lipid addition(s) may target it to
the PM.

PLANT R-SNARES

The R-SNAREs encoded by plant genomes
can be grouped into three major subfami-
lies, the VAMPs, YKT6s, and SEC22s (Sup-
plemental Figure 1). Most R-SNAREs are
located on trafficking vesicles, anchored by
a C-terminal TM domain. A few members,
such as AtYKT61 and AtYKT62, are thought
to be attached to the vesicular membrane by
posttranslational addition of lipid anchors, as
in the case of their yeast and mammalian
counterparts (McNew et al. 1997). All plant
R-SNAREs are so-called longins, compris-
ing an extended N-terminal stretch (the lon-
gin domain; see Figure 1a) that, on the ba-
sis of data from human R-SNAREs, may
be involved in subcellular localization and
SNARE complex formation, e.g., by interac-
tion with regulatory polypeptides (Martinez-
Arca et al. 2003, Uemura et al. 2005). Com-
pared with Q-SNAREs, little is known about
the biological roles of plant R-SNAREs.
AtVAMP711 suppresses Bax-triggered pro-
grammed cell death in yeast, suggesting
that intracellular vesicle traffic can regulate
the execution of apoptosis (Levine et al.
2001). With the exception of a recently dis-
covered salt resistance phenotype (Leshem
et al. 2006, see below), no further pheno-
type has been found in any Arabidopsis R-
SNARE mutant, suggesting that most R-
SNAREs act at least partially redundantly,
rendering it difficult to infer their function
in plants.
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IN SILICO EXPRESSION AND
SUBCELLULAR LOCALIZATION
ANALYSES OF ARABIDOPSIS
SNARE GENES AND GENE
PRODUCTS

The availability of comprehensive mi-
croarray data (Zimmermann et al. 2004;
https://www.genevestigator.ethz.ch) en-
ables a synopsis of the expression profile of
SNARE isoforms in various organs, tissue,
and cell types of Arabidopsis. Many SNARE
genes appear to be expressed in a range of
plant tissues. The Qa-SNAREs—in partic-
ular SYP22 and SYP32; VTI11 and GOS12
(Qb-SNAREs); BET11, SYP71, SFT11, and
USE11 (Qc-SNAREs); SNAP33 (Qb+Qc-
SNARE); and VAMP713, VAMP714,
VAMP721, and VAMP722 (R-SNAREs)—all
exhibit a ubiquitous expression pattern
(Figure 2). Interestingly, many SNARE-
encoding genes reveal an apparent relative
maximum of transcript accumulation in
pollen (Figure 2), consistent with the notion
that pollen development and function require
comprehensive vesicle-associated transport
processes, e.g., during the establishment of
cell polarity and tip growth of the pollen tube
(Hepler et al. 2001).

Recently, Uemura et al. (2004) sys-
tematically examined the localization of
fluorophore-tagged versions of all Arabidop-
sis SNARE proteins by transient overex-
pression in protoplasts. These studies re-
vealed that most SNAREs are associated with
specific intracellular compartments, whereas
some localize to two or more distinct or-
ganelles, possibly owing to shuttling be-
tween subcellular compartments. Despite the

inherent caveats typically associated with
cauliflower mosaic virus 35S promoter–driven
mis-/overexpression, these and similar exper-
iments by other groups (e.g., Chatre et al.
2005, Latijnhouwers et al. 2005, Takeuchi
et al. 2002) suggest at least preferential associ-
ation of individual SNARE proteins with par-
ticular organelles. Likewise, overexpression of
full-size SNAREs or cytoplasmic SNARE do-
mains has provided insights into the potential
role of these isoforms in subcellular vesicle
trafficking (e.g., Chatre et al. 2005, Foresti
et al. 2006, Geelen et al. 2002, Sutter et al.
2006b). Together with the above-mentioned
gene expression metadata and combined with
the results obtained from immunolocalization
(e.g., Bassham et al. 2000, Conceicao et al.
1997, Müller et al. 2003, Rancour et al. 2002,
Sanderfoot et al. 2001a, Sato et al. 1997) and
proteomic studies (e.g., Carter et al. 2004,
Marmagne et al. 2004, Mongrand et al. 2004,
Morel et al. 2006, Nühse et al. 2003), these ex-
periments provide a preliminary localization
and activity atlas for the Arabidopsis SNARE
inventory. Supplemental Table 1 summa-
rizes these results.

SNARE REGULATORS AND
SNARE COMPLEX–ASSOCIATED
PROTEINS

Although SNARE proteins themselves are
able to drive vesicle fusions in vitro, they
are not the sole determinants of vesicle fu-
sion and targeting specificity. Beyond in vivo
SNARE gene expression, posttranslational
modifications, protein turnover and local-
ization patterns, regulatory factors such as

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
In silico expression analysis of plant SNAREs. The graphic meta-analysis contains microarray-derived
expression data of Arabidopsis SNARE protein–encoding genes adapted from the Genevestigator Web site
(https://www.genevestigator.ethz.ch). Relative expression levels of the genes in selected tissues/organs
are color coded in relation to the tissue/organ with the maximal expression level. For an estimate of
absolute expression levels, the respective maximal value (arbitrary microarray value) is indicated for each
gene. Data are compiled from independent experiments and sources; absolute values therefore provide
only a rough estimate and are not directly comparable. Expression data for SEC222 (At5g52270), BET12
(At4g14455), and VAMP723 (At2g33110) were not available from the Genevestigator Web site.
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YKT61 AT5G58060 7939
YKT62 AT5G58180 257

SEC221 AT1G11890 9592

AGISNARE

>90%

>80%

>75%

>55%

>40%

>10%

<10%

Qa

SYP111 AT1G08560 8198
SYP112 AT2G18260 407
SYP121 AT3G11820 8057
SYP122 AT3G52400 6120
SYP123 AT4G03330 1172
SYP124 AT1G61290 50002
SYP125 AT1G11250 25022
SYP131 AT3G03800 119243
SYP132 AT5G08080 5599
SYP21 AT5G16830 9006
SYP22 AT5G46860 3828
SYP23 AT4G17730 7122
SYP31 AT5G05760 735
SYP32 AT3G24350 2812
SYP41 AT5G26980 614
SYP42 AT4G02195 3221
SYP43 AT3G05710 1910
SYP81 AT1G51740 1538

VTI11 AT5G39510 5152
VTI12 AT1G26670 10904
VTI13 AT3G29100 708
VTI14 AT5G39630 239

GOS11 AT1G15880 23879
GOS12 AT2G45200 2923

MEMB11 AT2G36900 12772
MEMB12 AT5G50440 1989
NPSN11 AT2G35190 8519
NPSN12 AT1G48240 2950
NPSN13 AT3G17440 4364
SEC20 AT3G24315 4961

BET11 AT3G58170 3479
SYP51 AT1G16240 19872
SYP52 AT1G79590 10023
SYP61 AT1G28490 3687
SYP71 AT3G09740 4347
SYP72 AT3G45280 51688
SYP73 AT3G61450 822
SFT11 AT4G14600 519
SFT12 AT1G29060 808
USE11 AT1G54110 692
USE12 AT3G55600 1744

SNAP29 AT5G07880 329
SNAP30 AT1G13890 26934
SNAP33 AT5G61210 7079

VAMP711 AT4G32150 15904
VAMP712 AT2G25340 1244
VAMP713 AT5G11150 1681
VAMP714 AT5G22360 2866
VAMP721 AT1G04750 8545
VAMP722 AT2G33120 4519
VAMP724 AT4G15780 6776
VAMP725 AT2G32670 1951
VAMP726 AT1G04760 2721
VAMP727 AT3G54300 5225
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Sec1/Munc18 (SM) proteins are also impor-
tant (Gerst 2003). SM proteins interact with
nonconserved SNARE residues and regulate
conformational changes of syntaxins (from
closed to open), thereby controlling SNARE
complex formation capacity and vesicle fusion
(Dulubova et al. 1999, Misura et al. 2000,
Yang et al. 2000). The Arabidopsis genome
contains six members of the Sec1 family
(Sanderfoot & Raikhel 2003), of which one,
KEULE (KEU), has been reported to be in-
volved in cytokinesis (Assaad et al. 2001; see
below).

In addition to SM proteins, Ras-related
GTPases of the Rab family control multiple
steps of eukaryotic vesicle transport such as
budding, cargo selection, movement, tether-
ing, and docking (Deneka et al. 2003). Ara-
bidopsis is equipped with 57 potential Rab
GTPases that are categorized into eight
subfamilies (RabA to RabH) (Sanderfoot &
Raikhel 2003). Although the exact biological
functions of most plant Rabs are still elusive,
investigators have recently shown that Rha1
and Rab-E1 play crucial roles in vacuolar
trafficking and exocytosis, respectively (Sohn
et al. 2003, Zheng et al. 2005). In yeast and
mammal cells, both Rab and Rho GTPases
potentially interact with a multisubunit pro-
tein assembly, the so-called exocyst (Sec6/8)
complex. This complex may be critical for
site specification of vesicle docking and fu-
sion by its actions as a tethering complex be-
fore SNAREs and associated proteins mediate
the actual fusion event (Elias et al. 2003 and
references therein). Bioinformatic analyses of
the Arabidopsis genome have identified plant
homologs of all known exocyst subunits, sug-
gesting a possibly conserved function in plants
(Elias et al. 2003).

Intriguingly, SNARE proteins may fine-
tune membrane fusion specificity by acting in
part as inhibitory SNAREs (i-SNAREs) via
substituting for or binding to a subunit of a
fusogenic SNARE protein to form a nonfuso-
genic complex (Varlamov et al. 2004). These
findings highlight the importance of in vivo
SNARE stoichiometry and call for a careful

interpretation of transgenic (over)expression
data.

To maintain a stable cellular architecture
and continuous vesicle trafficking, it is im-
portant for eukaryotic cells to recycle pro-
teins and lipids used for vesicle fusion. This
recycling process is usually performed by
the cooperation of soluble accessory proteins
termed α-SNAP and NSF (an ATPase). NSF
interacts with the SNARE complex via α-
SNAP and, by ATP hydrolysis, dissociates
the complex into compartments (May et al.
2001). Although Arabidopsis has three genes
encoding α-SNAP and one gene encoding
NSF (Sanderfoot et al. 2000), no evidence on
the biological role of these genes has been
reported.

THE ROLE OF SNARE
PROTEINS IN CYTOKINESIS

Cytokinesis partitions the cytosol and or-
ganelles of a dividing cell following separa-
tion of the daughter chromosomes (Mayer &
Jürgens 2004, Seguı́-Simarro et al. 2004). In
somatic plant cells this process is initiated in
the center of the division plane by the forma-
tion of a transient membrane compartment
called the cell plate. Electron microscopic
analyses, in vivo imaging, and electron to-
mographic studies indicate that cell plate for-
mation is the result of Golgi-derived vesicle
fusions that give rise to a tubular membrane
network at the cell equator (Nebenführ et al.
2000, Samuels et al. 1995, Seguı́-Simarro et al.
2004). Recent data suggest that distinct mem-
brane fusion pathways, including endocytotic
transport of cell-surface material (Dhonukshe
et al. 2006), may also be involved (Rancour
et al. 2002).

A genetic screen for Arabidopsis mutants
with aberrant seedling body organization al-
lowed the isolation of seedling-lethal knolle
(kn) mutants (Lukowitz et al. 1996). kn em-
bryos are characterized by incomplete and
disoriented cell divisions resulting in multi-
nucleate and enlarged cells, which defines the
mutant as cytokinesis defective and suggests
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an important function for the KN protein
in cell plate formation. Moreover, membrane
vesicles accumulate at the plane of cell division
but apparently do not fuse normally (Lauber
et al. 1997). The mutated gene was identi-
fied as the Qa-SNARE AtSYP111 (Lukowitz
et al. 1996), which led to the conclusion that
KN may be involved in homotypic fusions
of Golgi-derived vesicles. Consistent with a
role as a cytokinesis-specific Qa-SNARE, the
KN gene is tightly cell-cycle regulated. Its
mRNA accumulates transiently in actively
dividing tissues of developing flowers and
siliques (Lukowitz et al. 1996), and meta-
analysis of publicly available microarray data
shows high expression levels in the shoot apex
and the root tip (Figure 2). Immunofluores-
cence microscopy revealed that the KN pro-
tein accumulates during M phase, relocates to
the cell division plane during telophase, and
disappears at the end of cytokinesis (Lauber
et al. 1997). Most importantly, Lauber et al.
(1997) noticed that KN is tightly associated
with membranes and postulated a specific as-
sociation with post-Golgi vesicles destined to
the cell plate. Recently, however, a series of
colocalization experiments showed that KN
is at least partially localized in endosomes
(Dhonukshe et al. 2006). Dhonukshe et al.
(2006) suggest that both Golgi-derived and
endocytotic trafficking pathways are involved
in cell plate formation and that KN may be
required for homotypic fusion of endosomes.

Interestingly, ectopic expression of KN
by the strong constitutive cauliflower mosaic
virus 35S promoter leads to PM mislocal-
ization in nonproliferating cells but has no
phenotypic effect, whereas comparatively low
35S promoter–driven expression in proliferat-
ing cells is insufficient to rescue cytokinesis-
defective kn-mutant embryos (Völker et al.
2001). Thus, high transcription rates during
M phase appear essential for KN function
in cytokinesis. Conversely, KN cis-regulatory
sequence–driven expression of Arabidopsis Qa-
SNAREs is not generally sufficient to comple-
ment kn-mutant cytokinesis defects (Müller
et al. 2003). Only one out of three tested Qa-

SNAREs with no cytokinesis-related func-
tion, AtSYP112, was targeted to the cell plate
and sufficiently related to KN to perform its
function. Intrinsic protein sequence informa-
tion determining target membrane identity or
functional specificity was considered respon-
sible for complementation failure of two other
tested Qa-SNAREs, the pathogen defense–
associated and PM-localized AtSYP121 (see
below) and the male gametophyte–related
and prevacuolar compartment–localized At-
SYP21. These intrinsic features may deter-
mine interaction capabilities with regulatory
proteins and/or cognate SNARE complex
partners.

The mutated gene in another cytokinesis-
defective Arabidopsis mutant encodes the
Sec1 protein KEU (Assaad et al. 2001;
Figure 3a). Sec1 proteins are known regu-
lators of SNARE-mediated vesicle tethering
and fusion (see above; Gerst 2003). In vitro
protein binding studies and gene interaction
analyses suggest that KN and KEU interact
in vivo to promote vesicle fusion in the cell di-
vision plane (Assaad et al. 2001, Waizenegger
et al. 2000). Because there are only 6 Sec1 pro-
tein family members but 18 Qa-SNAREs en-
coded by the Arabidopsis genome (see above),
it is likely that KEU also regulates other Qa-
SNAREs; that keu, but not kn, mutants ex-
hibit aberrant root hair morphogenesis cor-
roborates this idea (Söllner et al. 2002).

The Arabidopsis genome harbors three
genes encoding putative KN Qb+Qc-
SNARE complex partners, AtSNAP29, 30,
and 33 (see above). SNAP30 appears to be
expressed exclusively in pollen. In contrast,
SNAP29 and 33 are both expressed in a va-
riety of different tissues; the latter has sig-
nificantly higher expression levels (Figure 2).
The derived proteins can all interact with KN
in yeast two-hybrid experiments, suggesting
functional redundancy (Heese et al. 2001). In
addition to its KN-binding capacity, the ubiq-
uitously expressed SNAP33 is localized pre-
dominantly to the PM and colocalizes with
KN at the cell plate of dividing cells (Heese
et al. 2001). Consistent with a role in cell plate
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vesicle fusion processes, snap33-knockout mu-
tants show cytokinetic defects such as incom-
plete cell walls. Remarkably, they also develop
aberrant callose deposits and large necrotic le-
sions on cotyledons and rosette leaves that are
reminiscent of pathogen-induced responses

(Figure 3a). Thus, AtSNAP33 appears to be
functionally involved not only in cytokinesis
but also in other processes (Heese et al. 2001).
Indeed, recent findings suggest an interaction
of a tobacco homolog of AtSNAP33 with the
tobacco Qa-SNARE NtSYP121 (Kargul et al.

keuWT

snap33 WT pen1-1

WT pen1-1

WT

osm1

WT

WT

zig-1

zig-1

a

b
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d
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2001) as well as recruitment of AtSNAP33 and
its presumptive barley ortholog HvSNAP34
for defense mechanisms executed at the cell
periphery (see below).

With KN and SNAP33 as likely part-
ners of a cytokinesis-specific SNARE com-
plex, the only component missing for an au-
thentic SNARE complex until recently was a
specific R-SNARE contributing the required
fourth helix. That one of the three NPSN
genes in the Arabidopsis genome, NPSN11,
is highly expressed in actively dividing cells
prompted Zheng et al. (2002) to study its
gene product in more detail. Immunofluo-
rescence microscopy showed that KN and
NPSN11 colocalize at the cell plate and in
punctate subcellular organelles, which do not
correspond to Golgi stacks. The latter find-
ing reinforces the notion that non-Golgi-
derived membrane fusions may contribute
to cell plate formation. Coimmunoprecip-
itation experiments demonstrated that KN
specifically interacts with NPSN11, suggest-
ing that the latter may contribute the fourth
helix to a cytokinesis-specific SNARE com-
plex driving homotypic fusions of a mem-
brane compartment that still remains to be
unequivocally identified. Intriguingly, how-
ever, npsn11-knockout mutants did not show

any obvious phenotype, suggesting that other
members of the NPSN family can function-
ally substitute for NPSN11.

Experiments with AtCDC48, an AAA-type
ATPase whose yeast and mammal homologs
regulate SNARE complex assembly and in-
tegrity during cell division, further support
the idea that cell plate formation depends on
several different membrane fusion pathways
that may involve distinct SNARE complexes
(Rancour et al. 2002). In Arabidopsis, CDC48
colocalizes at the cell division plane with KN
and another Qa-SNARE, SYP31 (Rancour
et al. 2002). In vitro, CDC48 appears to inter-
act specifically in an ATP-dependent manner
with SYP31 but not with KN, which assem-
bles into a large 20S complex with the adap-
tor proteins Sec18/NSF and α-SNAP. Inter-
estingly, immunolocalization analyses showed
that SYP31 is present throughout the cell cy-
cle, associates with both large and small punc-
tate membrane structures of unknown iden-
tity during interphase, and marks the division
plane during cytokinesis (Rancour et al. 2002).
Thus, potentially distinct SNARE complexes
seem to mediate a variety of different (homo-
typic and heterotypic?) subcellular membrane
compartment fusions at the forming cell plate
during cytokinesis.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3
Selected phenotypes of Arabidopsis mutants defective in SNARE protein–mediated biological processes.
(a) Seedling phenotypes of five-day-old wild-type (WT) Arabidopsis (upper panel, left);
cytokinesis-defective, dwarfish keu mutant (upper panel, right); and spontaneous brownish lesion
development on a snap33-mutant plant (lower panel ). Adapted from Heese et al. (2001). Copyright 2001
by The Rockefeller University Press. (b) WT (upper panel, left) and abnormal inflorescence stem
morphology of zig-1 mutant (upper panel, right). WT plants (lower panel, left) show a normal gravitropic
response after 90 min horizontal gravity stimulation, whereas zig-1 mutants (lower panel, right) show little
or no response. Reprinted with permission from Niihama et al. (2005), pp. 555–60. Copyright 2005,
Elsevier. (c) Five days postinoculation, low-magnification fluorescence microscopy reveals an enhanced
incidence of autofluorescent areas on barley powdery mildew–inoculated pen1-1-mutant leaves (upper
panel, right) when compared with WT (upper panel, left). Fixation of leaf tissue, callose staining, and
subsequent fluorescence microscopy at higher magnification demonstrate efficient deposition of callosic
plugs at sites of attempted fungal penetration (red arrowheads) on wild-type plants (lower panel, left). In
marked contrast, pen1-1 mutants (lower panel, right) allow fungal invasion (encased and fluorescent fungal
feeding structure; red arrowhead ), which coincides with local plant-cell-death execution accompanied by
whole-cell fluorescence. (d ) Phenotypes of one-month-old WT (upper panel ) or salt-sensitive
osm1-mutant plants (lower panel ) watered with different concentrations of NaCl (from left to right: 0 mM,
200 mM, 300 mM, 400 mM) every three days for three additional weeks. Reproduced with permission
from Zhu et al. (2002). Copyright by the American Society of Plant Biologists.
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THE ROLE OF SNARE
PROTEINS IN GRAVITROPISM,
TISSUE IDENTITY, AND
AUTOPHAGY

Most higher plants are sessile organisms
that show a bidirectional growth orienta-
tion: Shoots grow upward to maximize light-
harvesting capabilities, and roots grow down-
ward to anchor the plant in the ground and
to ensure sufficient uptake of water and nutri-
ents. The term gravitropism refers to a plant’s
ability to control organ growth at a specified
angle from the gravity vector. The molecular
mechanisms that govern gravitropic responses
are complex and involve signal perception,
transduction, and subsequent adaptive growth
adjustments (Blancaflor & Masson 2003).
Changes in sedimentation of starch-filled or-
ganelles, called amyloplasts, are believed to
constitute one of the initial events in gravity
perception (Sack 1991). In shoots these spe-
cialized organelles occur in the endodermis
(statocytes), and in roots they occur in the col-
umella cells of the root cap (statocytes). Ulti-
mately, signal transduction cascades that me-
diate the relocalization of auxin transporters
and thus alter auxin flux cause compensatory
asymmetric growth responses.

Several agravitropic mutants that are af-
fected in various aspects of this complex pro-
cess have been isolated (Masson et al. 2002).
These include Arabidopsis plants with mu-
tations in two different SNARE-encoding
genes. In the corresponding mutants, sgr3
and sgr4 (the latter is also known as zig or
zigzag) (Figure 3b), shoot endodermal sta-
tocytes do not sediment according to the
gravity vector, whereas root cap statocytes
behave normally (Kato et al. 2002, Morita
et al. 2002, Saito et al. 2005, Yano et al.
2003). Consistent with these results, both mu-
tants show abnormal inflorescence stem grav-
itropic responses (Figure 3b). Interestingly,
however, hypocotyl gravitropism is abnor-
mal in sgr4, but not in sgr3, mutants, doc-
umenting tissue-specific differences (Fukaki
et al. 1996, Yamauchi et al. 1997). Pro-

nounced morphological defects such as zigzag
growth of the inflorescence stem, small size,
and wrinkled leaves are additional phenotypic
characteristics of sgr4 mutants, whereas sgr3-
1-mutant plants exhibit no general growth de-
fects (Yano et al. 2003). SGR3 encodes the Qa-
SNARE AtVAM3/SYP22 (Yano et al. 2003),
and ZIG/SGR4 codes for the Qb-SNARE
AtVTI11 (Kato et al. 2002). Of the three de-
scribed sgr4 mutant alleles, one (zig-2) com-
pletely lacks the coding region for AtVAM3,
whereas zig-3, whose gravitropic response is
the most weakly affected, shows a substitu-
tion in a conserved amino acid of the coiled-
coil domain (Kato et al. 2002). In the original
sgr3-1 mutant, a single amino acid substitu-
tion adjacent to the SNARE motif appears
to reduce the protein’s affinity for putative
gravitropism-specific SNARE complex part-
ners (Yano et al. 2003). However, this partic-
ular mutation may not be deleterious enough
to cause other morphological phenotypes.
Indeed, a novel semidwarf mutant with re-
duced elongation of inflorescence stems and
leaves has been recently identified. This mu-
tant harbors a 34-bp deletion in the sixth in-
tron of AtVAM3/SYP22, probably preventing
proper mRNA splicing and protein synthe-
sis (Ohtomo et al. 2005). Remarkably, this
mutant also exhibits abnormal development
of idioblasts, specialized leaf cells accumu-
lating thioglucoside glucohydrolases (myrosi-
nases) that are involved in the release of toxic
compounds to repel phytophagous insects or
phytopathogenic microorganisms (Ueda et al.
2006). These findings reinforce the notion
that AtVAM3/SYP22 is required for various
aspects of plant development.

Both AtVTI11 and AtVAM3/SYP22 are
localized to prevacuolar or vacuolar compart-
ments (Sato et al. 1997, Zheng et al. 1999b),
and together with SYP51 they may form a
SNARE complex that contributes to vesicu-
lar trafficking to these organelles (Sanderfoot
et al. 2001a, Yano et al. 2003). On the subcel-
lular level, sgr3 and sgr4 mutants have abnor-
mally structured vacuoles that do not flexibly
surround the statocysts, as do wild-type plants
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(Morita et al. 2002, Yano et al. 2003). There-
fore, the mutations may affect proper vacuole
biogenesis, which may in turn mechanically
constrain the movement of amyloplasts and
thus affect gravitropism. Alternatively, ow-
ing to inefficient transport or missorting as
a consequence of mutations in AtVTI11 or
AtVAM3/SYP22, lack of regulatory proteins
like mechanosensitive ion channels or proton
pumps in vacuole membranes may impair the
signal transduction cascades required to exe-
cute gravitropic responses.

Interestingly, endodermis-specific expres-
sion of both AtVTI11 and AtVAM3/SYP22
complements gravitropic defects in the cor-
responding mutants, whereas additional sgr4-
specific defects such as zigzag stems and mal-
formed leaf morphology are retained (Morita
et al. 2002). This suggests important tissue-
specific roles for the v-SNARE VTI11 in bi-
ological processes other than gravitropism.
In Arabidopsis, the VTI1 family is composed
of four closely related members, VTI11, 12,
13, and 14, the first two of which are ex-
pressed at reasonable levels in a variety of
organs and tissues (Figure 2; Surpin et al.
2003). VTI12 forms SNARE complexes at the
trans-Golgi network with the Sec1 family pro-
tein VPS45 and members of the SYP4 and
SYP6 t-SNARE families (Bassham et al. 2000,
Sanderfoot et al. 2001a), reflecting marked
differences with VTI11 with respect to local-
ization and putative SNARE complex part-
ners. Recent analyses suggest, however, that
the gene products of VTI11 and VTI12 are at
least partially functionally redundant. Surpin
et al. (2003) found that homozygous dou-
ble mutants are embryo lethal, suggesting vi-
tal functional overlap between the two genes.
Moreover, vti11/vti11 VTI12/vti12 plants ex-
hibit an enhanced zigzag stem morphology
when compared with vti11 (sgr4) single mu-
tants, suggesting that VTI12 can at least par-
tially substitute for VTI11. Plants with an en-
hanced zig phenotype are characterized by a
loss of discernible tissue types. This demon-
strates a significant role for VTI11 in the es-
tablishment and maintenance of tissue orga-

nization and identity in addition to its role in
plant gravitropism. Conversely, VTI11/vti11
vti12/vti12–mutant plants are indistinguish-
able from their vti12 parents and exhibit
no abnormal developmental phenotype under
normal growth conditions. However, under
nutrient-poor conditions and in assays with
detached leaves, vti12 mutants exhibit acceler-
ated senescence phenotypes similar to previ-
ously characterized Arabidopsis autophagy mu-
tants (Surpin et al. 2003). This suggests that,
analogous to yeast autophagy, VTI12 may be
involved in autophagosome traffic to the vac-
uole, where cytosolic contents or organelles
are degraded and reallocated for essential
processes.

A recent screen for suppressors of the zig1
(vti11; sgr4-1) mutation yielded one domi-
nant mutant, zip1 (zig suppressor 1), which fully
restored wild-type morphology and gravi-
tropism (Niihama et al. 2005; Figure 3b). A
map-based cloning strategy revealed a point
mutation in the closest homolog of VTI11,
VTI12, which at the protein level converts a
glutamate to a lysine. Surprisingly, this partic-
ular amino acid exchange appears to convert
both SNARE complex formation specificity
and subcellular localization, allowing ZIP1 to
function as VTI11.

In summary, plant SNAREs appear to play
essential roles in plant development, a state-
ment already expressed by Sanderfoot et al.
(2001b), who found that disruption of indi-
vidual members of the SYP2 and SYP4 fam-
ilies is embryonic lethal. However, grow-
ing evidence suggests the potential for at
least partial functional redundancy, whereas
the above-mentioned ZIP1/VTI11 example
of specificity conversion (Niihama et al. 2005)
demonstrates how easily subtle mutations can
affect functional specialization. Evolutionary
selection for such modifications may have
had (and possibly still has) a significant im-
pact on functional diversification, resulting
in the recruitment of SNARE variants for
different biological processes. Notably, Qa-
SNAREs SYP121 and 122 are closely re-
lated to the cytokinesis-specific Qa-SNARE
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Symbiosis: the
relation between two
different species of
organisms (e.g., plant
and microbe) that
are interdependent;
each gains benefits
from the other

Paramural bodies:
membranous
vesicle-like
structures located
between the cell wall
and the plasma
membrane

Multivesicular
bodies:
lipid-bilayer-covered
vesicle-like
cytoplasmic
structures that
contain a number of
small vesicles

SYP111 (the above-mentioned KN; Supple-
mental Figure 1). Both SYP121 and SYP122
are involved in plant defense (see below).
Interestingly, single-knockout mutations do
not show any obvious developmental phe-
notypes. Double mutants, however, exhibit
a severely stunted and necrotic growth phe-
notype, demonstrating functional redundancy
between them during development (Assaad
et al. 2004). These findings also suggest
a functional recruitment shift of the lat-
ter two SNARE proteins for plant-pathogen
interaction–triggered secretory processes; po-
tentially evolutionarily older developmental
functions might still be immanent but no
longer at the fore.

THE ROLE OF SNARE
PROTEINS IN PLANT-MICROBE
INTERACTIONS

Interactions between plants and microbes can
be broadly grouped into two categories. On
the one hand, there are encounters with po-
tentially pathogenic microorganisms that may
ultimately result in disease. On the other
hand, most plants have also coevolved a mu-
tually beneficial coexistence with some bac-
terial and fungal species, a condition that is
referred to as symbiosis. There is accumu-
lating evidence that plant endo- and exocy-
totic processes play crucial roles in the course
of both types of plant-microbe interactions.
Along these lines, recent reports indicate that
SNAREs represent key factors of plant de-
fense and that the expression of some iso-
forms is tightly associated with the establish-
ment of symbiotic relationships. Functions of
SNARE proteins in plant-microbe interac-
tions may relate to the uptake of microbial
effector molecules, to vesicle-associated de-
fense responses, and to the accommodation
of microbial infection structures.

Plant-Pathogen Interactions

Researchers have thought for a long time
that secretory processes are likely to con-

tribute to defense responses in plant-microbe
interactions. For example, site-specific, local-
ized accumulation of antimicrobial secondary
metabolites (so-called phytoalexins) was ob-
served in the apoplast of Sorghum bicolor cells
attacked by the fungal pathogen Colletotrichum
graminicola (Snyder & Nicholson 1990). In
this study, the deposition of the phytoalexin
initiated with the occurrence of spherical cy-
toplasmic inclusions of approximately 1 μm
diameter that subsequently coalesced to larger
entities of ∼20 μm diameter. Likewise, in bar-
ley powdery mildew interactions, the accu-
mulation of H2O2-containing vesicular struc-
tures of 2–3 μm diameter has been reported
(Collins et al. 2003, Hückelhoven et al. 1999).
Ultrastructural analysis revealed that these
vesicle-like bodies consist of a range of cellular
structures, including miniature cell wall ap-
positions, paramural bodies, and multivesic-
ular bodies. This situation possibly reflects
the specialized transport of different antimi-
crobial proteins, regulatory polypeptides, cell
wall components, and other defense-related
cargo (An et al. 2006). Besides the extru-
sion of phytoalexins, the exocytosis of a bou-
quet of defense-associated polypeptides, so-
called pathogenesis-related proteins, into the
apoplastic space is a common response to mi-
crobial attack that has been observed in nu-
merous pathosystems (for example, see Carr
et al. 1987).

Despite the longstanding, well-
acknowledged role of secreted antimicrobial
compounds and polypeptides at the cell
periphery, transport routes from the site of
synthesis to the site of action have remained
largely unknown. Recently, Collins et al.
(2003) demonstrated a fundamental role for
a SNARE-domain protein in plant defense.
Loss-of-function alleles of AtSYP121 (PEN1;
encoding a Qa-SNARE) and its barley
ortholog, HvROR2, enable elevated levels of
host cell entry either by nonadapted fungal
species (on Arabidopsis; Figure 3c) or in highly
resistant barley mlo mutant alleles. Lack of
AtSYP121 results in a delay in the formation
of localized cell wall appositions (so-called
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papillae) at attack sites of nonadapted pow-
dery mildews, suggesting that AtSYP121
contributes to the timely establishment of
pathogen-triggered cell wall reinforcements
(Assaad et al. 2004). Recent findings, however,
indicate that the roles of AtSYP121 and the
closely-sequence-related AtSYP122 extend
beyond limiting fungal penetration and
possibly also include the regulation of postin-
vasive defense layers (Zhang et al. 2007).
Genetic studies involving triple mutants
defective in AtSYP121 and AtSYP122 and the
salicylic acid signaling pathway revealed that
the two t-SNAREs may represent negative
regulators of salicylic acid–, jasmonic acid–,
and ethylene-dependent defense pathways
(Zhang et al. 2007).

Silencing of the barley Qa+Qb-SNARE-
encoding gene HvSNAP34, the ortholog of
AtSNAP33, revealed increased fungal entry
rates in the otherwise fully resistant mlo geno-
type, similar to the loss of HvROR2 Qa-
SNARE function (Collins et al. 2003). In ad-
dition to mlo-mediated resistance, HvSNAP34
appears to be required for nonhost immunity
and basal defense but not for isolate-specific
resistance (Douchkov et al. 2005). In yeast
two-hybrid assays, HvSNAP34 interacted
with the PM-resident HvROR2 syntaxin,
suggesting that HvROR2 and HvSNAP34
may represent cognate SNARE partners that
form binary SNARE complexes in planta.
Taken together, these results suggest an es-
sential and evolutionary conserved role for
a PM-localized SNARE complex during de-
fense against fungal pathogens (Collins et al.
2003, Schulze-Lefert 2004). On the basis
of the pathogen-responsive gene expression
(Wick et al. 2003), a contribution of the Ara-
bidopsis ortholog AtSNAP33 in plant defense
also appears likely. Early seedling lethality
of the respective Atsnap33-knockout mutant
(Figure 3a) unfortunately has precluded ex-
perimental assessment of this prediction.

Following challenge by powdery mildew
fungi, fluorophore-tagged variants of barley
and Arabidopsis syntaxins HvROR2 and At-
SYP121 became concentrated at attempted

fungal entry sites (Assaad et al. 2004, Bhat
et al. 2005). In addition to the HvROR2 syn-
taxin, a subset of further PM-resident bar-
ley proteins also accumulates at locations of
fungal challenge (Bhat et al. 2005, Eichmann
et al. 2006), suggesting the formation of
a pathogen-triggered PM microdomain. In-
triguingly, focal accumulation of fluorophore-
tagged AtSYP121 syntaxin was not seen
beneath attempted entry sites of adapted
or nonadapted Colletotrichum species, fungal
pathogens that cause the widespread anthrac-
nose disease (Shimada et al. 2006). How-
ever, as in the case of nonadapted powdery
mildew species (Assaad et al. 2004), Atsyp121
mutants exhibited a delay in the deposition
of callose in papillae, reinforcing the notion
that AtSYP121 function is associated with the
timely formation of cell wall appositions in
response to attack by various fungal pathogen
species. Interestingly, despite delayed papilla
formation there was no increase in the entry
rate of nonadapted anthracnose fungi, sug-
gesting that other defense reactions suffice
to prevent ingress by these fungal pathogens.
These assumed defense reactions possibly in-
volve distinct vesicle populations tagged with
R-SNAREs that interact with cognate Qa-
SNAREs other than AtSYP121.

In a proteomic study aimed at identifying
PM-resident polypeptides that become phos-
phorylated upon treatment with the general
bacterial elicitor flg22, Nühse et al. (2003) dis-
covered that the syntaxin AtSYP122, a close
relative of the above-mentioned AtSYP121,
is rapidly phosphorylated. In vitro phospho-
rylation of AtSYP122 occurs at two serine
residues at the N terminus of the protein in a
calcium-dependent manner, providing a po-
tential link between defense-associated cal-
cium signaling and protein phosphorylation.
Likewise, Heese et al. (2005) have reported
rapid phosphorylation of a tobacco syntaxin
upon triggering a race-specific resistance re-
sponse. These findings suggest that the phos-
phorylation of Qa-SNAREs may be a con-
served early response in various types of plant
defense.
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Although most of the above-mentioned
findings corroborate a role for SNARE pro-
teins in defense-related exocytosis, a recent
report also highlights the crucial role of
host endocytosis in plant-microbe interac-
tions. The Arabidopsis PM-resident receptor
kinase FLS2 serves as a pattern recognition
receptor for flagellin, the main building sub-
unit of the bacterial motility organ (reviewed
in Gómez-Gómez & Boller 2002). Flagellin
represents a widespread pathogen-associated
molecular pattern (PAMP), and its percep-
tion triggers innate immune responses that
ultimately restrict bacterial invasion (Zipfel
et al. 2004). Work by Robatzek et al. (2006)
now shows that a functional GFP-FLS2 fu-
sion protein is internalized into intracellular
mobile vesicles upon activation by the flagellin
epitope flg22. It is, however, currently unclear
whether this ligand-triggered receptor endo-
cytosis plays a role in receptor desensitization
and/or defense signaling.

Finally, in the context of plant-pathogen
interactions, it is not only defense reactions on
the host side for which SNARE proteins are
crucial. A recent study provides evidence that
the t-SNARE Yup1 is essential for endocyto-
sis during the initial steps of development of
the plant-pathogenic corn smut fungus Usti-
lago maydis, highlighting the importance of
SNAREs for both partners of plant-microbe
interactions (Fuchs et al. 2006).

Plant-Symbiont Interactions

In comparison with the continuously grow-
ing knowledge about the function of SNARE
proteins in the context of pathogen defense,
little is known about the role of these polypep-
tides in symbiotic relationships. In the legume
species Lotus japonicus, one of two LjSYP32
isogenes (LjSYP32-1) encoding orthologs of
the AtSYP32 syntaxin appears to function
in the development of root nodules, spe-
cialized organelle-like structures that form
the interaction zone between symbiotic bac-
teria (rhizobia) and the plant’s root tissue
(Mai et al. 2006). Like AtSYP32 (Figure 2),

LjSYP32-1 is ubiquitously expressed, with a
preference for roots. Transgenic Lotus lines
expressing LjSYP32-1 antisense constructs
showed a general growth defect and exhibited
smaller roots and in part irregularly shaped
nodules, suggesting that LjSYP32-1 plays a
role in plant development and root nodule
organogenesis (Mai et al. 2006). Reminiscent
of Atsyp121/Atsyp122 double-mutant studies
(Assaad et al. 2004), these findings in Lotus
reinforce the notion that particular SNAREs
have at least dual roles in developmental pro-
grams and interactions with microorganisms
(Lipka & Panstruga 2005; see above). Sim-
ilar to LjSYP32-1, in Medicago truncatula,
MtSYP132, the ortholog of AtSYP132, was
localized to root nodules (Catalano et al. 2004,
2007). Western blot analysis and immunolo-
calization revealed the presence of MtSYP132
in the specialized symbiosome membranes
of so-called infection threads and infection
droplets (Catalano et al. 2007). Taken to-
gether, these studies provide the first evidence
for a role for plant SNARE isoforms in the
establishment of plant-symbiont interactions,
possibly by their contributions to the delivery
of specialized cargo toward the symbiosome
membrane. However, unequivocal genetic ev-
idence for a function for any SNARE protein–
encoding gene during symbiosis is still lack-
ing. Pleiotropic effects (Mai et al. 2006) or
even lethality associated with respective loss-
of-function mutants may be preventing the
identification of plant SNARE mutants in for-
ward genetic screens for symbiosis-deficient
mutants (Mao et al. 2005; NodMut database,
http://nodmutdb.vbi.vt.edu/).

THE ROLE OF SNARE
PROTEINS IN ABSCISIC ACID
SIGNALING AND ABIOTIC
STRESS RESPONSES

Along with biotic stresses, plants also have
to cope with a range of abiotic stresses,
e.g., drought, heat, cold, and salinity. Stom-
atal closure is a common response in re-
ply to various abiotic stress cues, including
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heat, drought, and salinity. The phytohor-
mone ABA is thought to play a pivotal role in
the regulation of cellular responses upon abi-
otic stresses. A cDNA screen in frog (Xenopous
laevis) oocytes led to the identification of a
tobacco syntaxin, NtSYR1 (the ortholog of
Arabidopsis AtSYP121/AtSYP122), which in-
terferes with ABA-triggered potassium and
chloride ion fluxes in both Xenopous oocytes
and Nictotiana tabacum guard cell protoplasts
(Leyman et al. 1999). Likewise, transient ex-
pression of a truncated version of NtSYR1,
expected to exert a dominant negative ef-
fect, led to a complete loss of ABA-induced
changes in ion fluxes. Because some mam-
malian syntaxin isoforms physically associate
with ion channels (Naren et al. 1997), these
findings have been interpreted as evidence
for a potential additional role for syntax-
ins in the regulation of plant ion channel
activities (Pratelli et al. 2004, Sutter et al.
2006a). NtSYR1 appears to interact with a
tobacco homolog of the Qb+Qc-SNARE
AtSNAP33 (Kargul et al. 2001). Consistent
with a potential role in abiotic stress re-
sponses, NtSYR1 expression is responsive to
ABA, salt stress, and wounding in the leaves
but not roots of tobacco (Leyman et al.
2000). Recent data, however, revealed that the
truncated dominant-negatively-acting vari-
ant of the AtSYP121 syntaxin contributes
to the proper trafficking and localization of
the KAT1 potassium channel rather than to
the regulation of its activity (Sutter et al.
2006b). This suggests that the observed dif-
ferential ion channel responses may be related
to altered channel turnover upon syntaxin
misexpression.

In a genetic screen for altered salt tolerance
in Arabidopsis, a knockout line [osm1 (osmotic
stress-sensitive mutant 1)] of the gene en-
coding the AtSYP61 syntaxin was identified
in a population of T-DNA-tagged mutants
(Zhu et al. 2002). The mutant exhibited in-
creased sensitivity to both ionic and non-
ionic osmotic stresses in a root bending assay.
Additionally, the knockout line was hyper-
sensitive to drought stress (Figure 3d ), and

its stomata were insensitive to ABA-induced
closing and inhibition of opening. Surpris-
ingly, transgenic Arabidopsis lines expressing
an AtVAMP711 antisense fragment as well
as individual AtVAMP711, AtVAMP713, or
AtVAMP714 T-DNA insertion lines exhibited
the opposite phenotype, namely improved salt
tolerance (Leshem et al. 2006). This pheno-
type coincided with a failure of osmotic stress–
induced, reactive oxygen species–containing
endosomal vesicles to fuse with the central
vacuole. Collectively, these data suggest an-
tagonistic functions for individual SNAREs in
abiotic stress responses.

ASSOCIATION OF SNARES
WITH LIPID RAFTS

Lipid rafts represent cholesterol- and
sphingolipid-enriched PM microdomains
that can selectively include or exclude pro-
teins and that supposedly serve as cellular
signaling platforms (Pike 2006). Individual
rafts are thought to be small (10–200 nm)
but able to coalesce into larger entities in a
stimulus-dependent manner (Pike 2006). In
various types of animal cells, several syntaxins
have been reported to reside in lipid raft–like
PM microdomains (e.g., Chamberlain et al.
2001, Lang et al. 2001; reviewed in Salaün
et al. 2004). There is increasing evidence
for the existence of lipid rafts in plants
(Mongrand et al. 2004; reviewed in Bhat
& Panstruga 2005), and proteomic studies
in tobacco recently revealed the potential
presence of several syntaxin isoforms in PM
microdomains (Mongrand et al. 2004, Morel
et al. 2006). Reminiscent of the reported
stimulus-triggered clustering of lipid rafts,
fluorophore-tagged Arabidopsis and barley
syntaxins AtSYP121 and HvROR2 exhibit
focal accumulation beneath attempted fun-
gal attack sites (Assaad et al. 2004, Bhat
et al. 2005). Moreover, staining with the
sterol-specific dye filipin revealed the local
accumulation of sterols around sites of
fungal challenge (Bhat et al. 2005). Studies
in our laboratory have indeed confirmed
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a partial sterol-dependent association of
the cellular AtSYP121 syntaxin pool with
detergent-resistant membranes, a charac-
teristic feature of raft-associated proteins
(N. Zappel & R. Panstruga, unpublished
data). Taken together, the findings in plants
seem to corroborate the data obtained in
animal cells, pointing toward a concentration
of certain SNAREs in PM microdomains,
possibly to govern (polarized) sites of ex-
ocytosis temporally and spatially (Salaün

et al. 2004). Recent experiments employing
a fluorophore-tagged variant of the tobacco
KAT1 potassium channel and dominantly
acting NtSYR1 syntaxin fragments revealed
a potential role for SNARE proteins in the
traffic and distribution of KAT1 in distinct
PM microdomains (Sutter et al. 2006b).
These findings suggest that syntaxins may
not only reside in lipid rafts but also, at least
in part, contribute to the establishment of
these PM microdomains.

SUMMARY POINTS

1. All studied higher plant genomes encode a similar comprehensive set of SNAREs,
including two plant-specific Qb subfamilies (NPSN and SYP7).

2. Many plant SNARE genes exhibit tissue-specific expression patterns as well as a dis-
tinct subcellular localization of the respective gene products.

3. Plant SNAREs contribute to essential developmental processes (cytokinesis, au-
tophagy, idioblast morphogenesis) and physiological responses (gravitropism, abiotic
stress, pathogen defense, symbiosis), many of which at the (sub)cellular level involve
the establishment and/or maintenance of polarity.

4. Some SNAREs appear to fulfill dual roles in development as well as in physiological
response pathways.

5. Like their animal counterparts, some SNARE isoforms seem to be associated with
lipid raft–like plasma membrane microdomains.

FUTURE ISSUES

1. The capability of plant SNAREs to form ternary SNARE complexes and their actual
contribution to in planta vesicle trafficking should be verified.

2. The full set of biologically meaningful binary and ternary SNARE complexes occur-
ring in plants needs to be established.

3. Methods for the isolation of vesicle subpopulations to determine the cargo transported
by individual vesicle types characterized by the presence of distinct SNARE isoforms
need development.

4. The (plant-specific) regulatory proteins of binary/ternary SNARE complex assembly/
disassembly should be uncovered.

5. Future research should determine whether the dual function of some SNARE proteins
in development and physiological responses is due to (a) changes in expression pat-
tern and/or subcellular localization, (b) the presence/absence of particular regulatory
proteins, or (c) changes in vesicle cargo.
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6. Whether the localization of particular SNAREs in lipid raft–like plasma membrane
microdomains is related to the sites of exocytosis/endocytosis needs resolution.

7. Potential functions of SNAREs distinct from vesicle trafficking (e.g., regulation of
ion channels?) should be clarified.

8. Whether—and if so, which—SNAREs contribute to further plant-specific and cell
polarity–related biological processes such as pollen tube expansion, root hair growth,
and trichome development needs to be unraveled.
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Söllner T, Whitehart SW, Brunner M, Erdjumentbromage H, Geromanos S, et al. 1993.
SNAP receptors implicated in vesicle targeting and fusion. Nature 362:318–24

Surpin M, Raikhel N. 2004. Traffic jams affect plant development and signal transduction. Nat.
Rev. Mol. Cell Biol. 5:100–9

Surpin M, Zheng HJ, Morita MT, Saito C, Avila E, et al. 2003. The VTI family of SNARE
proteins is necessary for plant viability and mediates different protein transport pathways.
Plant Cell 15:2885–99

Sutter JU, Campanoni P, Blatt MR, Paneque M. 2006a. Setting SNAREs in a different wood.
Traffic 7:627–38

Sutter JU, Campanoni P, Tyrrell M, Blatt MR. 2006b. Selective mobility and sensitivity to
SNAREs is exhibited by the Arabidopsis KAT1 K+ channel at the plasma membrane. Plant
Cell 18:935–54

Tai WCS, Banfield DK. 2001. AtBS14a and AtBS14b, two Bet1/Sft1-like SNAREs from Ara-
bidopsis thaliana that complement mutations in the yeast SFT1 gene. FEBS Lett. 500:177–
82

Takeuchi M, Ueda T, Yahara N, Nakano A. 2002. Arf1 GTPase plays roles in the protein traffic
between the endoplasmic reticulum and the Golgi apparatus in tobacco and Arabidopsis
cultured cells. Plant J. 31:499–515

The Arabidopsis Genome Initiative. 2000. Analysis of the genome sequence of the flowering
plant Arabidopsis thaliana. Nature 408:796–815

Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, et al. 2006. The genome of black
cottonwood, Populus trichocarpa (Torr. & Gray). Science 313:1596–604

172 Lipka · Kwon · Panstruga

A
nn

u.
 R

ev
. C

el
l D

ev
. B

io
l. 

20
07

.2
3:

14
7-

17
4.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 W
IB

61
51

 -
 D

eu
ts

ch
e 

Fo
rs

ch
un

gs
ge

m
ei

ns
ch

af
t o

n 
05

/2
2/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV324-CB23-07 ARI 24 August 2007 14:3

Ueda H, Nishiyama C, Shimada T, Koumoto Y, Hayashi Y, et al. 2006. AtVAM3 is required
for normal specification of idioblasts, myrosin cells. Plant Cell Physiol. 47:164–75

Uemura T, Sato MH, Takeyasu K. 2005. The longin domain regulates subcellular targeting
of VAMP7 in Arabidopsis thaliana. FEBS Lett. 579:2842–46

Uemura T, Ueda T, Ohniwa RL, Nakano A, Takeyasu K, Sato MH. 2004. Systematic analysis
of SNARE molecules in Arabidopsis: dissection of the post-Golgi network in plant cells.
Cell Struct. Funct. 29:49–65

Varlamov O, Volchuk A, Rahimian V, Doege CA, Paumet F, et al. 2004. i-SNAREs: inhibitory
SNAREs that fine-tune the specificity of membrane fusion. J. Cell Biol. 164:79–88
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Plant SNAREs. Genomic analysis of Arabidopsis, rice, and Chlamydomonas SNAREs:
http://www.cbs.umn.edu/∼sande099/pln snare.htm

Arabidopsis SNAREs. Genomic analysis of SNAREs: http://www.cbs.umn.edu/∼sande099/
atsnare.htm
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