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Vacuoles are essential pleomorphic organelles that undergo dynamic changes during cell growth and differentiation in
plants. How developmental signals are linked to vacuole biogenesis and development is poorly understood. In this report,
we show that a Rop GTPase is localized to developing vacuoles in pea (Pisum sativum cv Extra Early Alaska). Rop belongs
to the RHO family of Ras-related small GTP-binding proteins that are key molecular switches in a wide variety of eukaryotic
signal transduction pathways. Using indirect immunofluorescence and an anti-Rop antibody, we showed that Rop proteins
accumulate to high levels in rapidly growing tapetal cells of pea anthers. In these cells, Rop is localized to an endomembrane
system that exists as dynamic pleomorphic networks: a perinuclear fine network decorated with punctate dots, a network
composed of small spheres and tubules, and interconnected chambers. Colocalization with a tonoplast annexin VCaB42
shows that these dynamic networks represent the tonoplast. Our results suggest that the dynamic Rop-containing tonoplast
networks represent a unique stage of vacuole development. The specific localization of Rop to developing vacuoles supports

a role for Rop in signal transduction that mediates vacuole development in plants.

Plant vacuoles are multifunctional post-Golgi or-
ganelles critical for cell growth, ion homeostasis, sig-
nal transduction, and storage of nutrients, defense
compounds, and other metabolites. The development
and dynamic morphogenesis of vacuoles are usually
associated with rapid cell growth and differentiation
in plants. Vacuole biogenesis is thought to occur
through one of or a combination of the following
pathways: fusion of post-Golgi vesicles to prevacu-
oles, enlargement of endoplasmic reticulum (ER) tu-
bules, fusion of young vacuoles (for review, see Okita
and Rogers, 1996; Marty, 1999). These pathways most
likely account for the occurrence of different types of
vacuoles within a given cell and of specialized vacu-
oles in specific tissues and cell types. As a conse-
quence, the molecular machinery for vacuole biogen-
esis must be coupled to the mechanism that controls
plant cell growth and development. Many plant ho-
mologs of the yeast molecules that modulate mem-
brane trafficking to vacuoles, e.g. the phosphotidyli-
nositol 3-kinase VPS34p, the syntaxin AtPEP12p, the
SNARE AtVTI1, AtVPS45p, have recently been iden-
tified and implicated in vacuole biogenesis in plants
(Welters et al., 1994; da Silva Conceicao et al., 1997;
Bassham and Raikhel, 1998; Sanderfoot et al., 1998;
Sanderfoot and Raikhel, 1999; Zheng et al., 1999).
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However, the molecular machinery for vacuole bio-
genesis remain poorly characterized, and it is un-
known how the machinery is linked to developmen-
tal signals that control vacuole biogenesis and
development.

Studies in mammalian cells suggest that the bio-
genesis and dynamics of endosomes and lysosomes,
which share some functional and biogenetic similar-
ities to plant vacuoles, involves RHO GTPase-
dependent signaling pathways (Adamson et al., 1992;
Lamaze et al., 1996; Murphy et al., 1996). The RHO-
family GTPases belong to the RAS superfamily of
small GTP-binding proteins (Chardin, 1993; Yang,
1996). RHO GTPases have emerged as one of the
most important and versatile groups of signaling
proteins (Ridley, 1996; Mackay and Hall, 1998). In
animals and yeast, RHO signaling controls a large
variety of key cellular processes, including actin cy-
toskeletal organization, membrane trafficking and
organization (e.g. exocytosis and endocytosis), cell
cycle progression, the activation of MAP kinase cas-
cades, the formation of focal adhesion, the establish-
ment of cell polarity, and the activation of glucan
synthase and NADPH oxidase (Heyworth et al., 1994;
Nobes and Hall, 1994; Vojtek and Cooper, 1995; Arel-
lano et al., 1996; Larochelle et al., 1996, Nagata and
Hall, 1996; Qadota et al., 1996; Tapon and Hall, 1997;
Hall, 1998; Mackay and Hall, 1998). The RHO-family
GTPases from fungi and animals can be categorized
into at least three major subfamilies: Cdc42, Rac, and
Rho, according to sequence similarities (Chardin,
1993). Each subfamily has distinct multiple cellular
functions, e.g. mammalian CDC42 is known to me-
diate cellular polarization and cell cycle progression,
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whereas Rac regulates the activation of NADPH ox-
idase and cell movement (Ridley, 1996; Mackay and
Hall, 1998).

Plants possess a unique subfamily of RHO
GTPases, termed Rop, that is specific to plants (Yang
et al., 1993; Delmer et al., 1995; Winge et al., 1997; Li
et al., 1998; Zheng and Yang, 2000b). Rop is also
emerging as an important signaling switch in plants
(Zheng and Yang, 2000b). Several studies indicate
that Rop GTPases are localized to the apical region of
the pollen tube plasma membrane and play a pivotal
role in the control of polar growth in pea (Pisum
sativum cv Extra Early Alaska) and Arabidopsis
pollen tubes by regulating the tip-localized Ca®" sig-
naling (Lin et al., 1996; Lin and Yang, 1997; Yang,
1998; Kost et al., 1999; Li et al., 1999; Zheng and Yang,
2000a). Rop is also involved in the activation of active

Figure 1. Localization of Rop GTPase to an en-
domembrane system in pea tapetal cells. Pea
anthers prior to anthesis were collected and
squashed as described in text. Squashed anthers
were stained with affinity-purified anti-Rop1Ps
antibodies (A, C, E, F, and G) or anti-BiP anti-
bodies (1) and an anti-rabbit secondary antibody
conjugated with fluorescein. Cells shown in A,
C, and | were counterstained with DAPI to re-
veal the localization of the nucleus (B, D, and )),
respectively. Arrow in B indicates the location
of the nucleus in tapetal cells, whereas arrow-
head indicates the nucleus of microspore mother
cells. Negative control is shown in H, in which
the primary anti-Rop1Ps antibody was replaced
with a pre-immune serum. Bar = 25 um.

oxygen production, leading to cell death in rice
leaves (Kawasaki et al., 1999) and possibly the initi-
ation of cellulose synthesis in cotton fibers (Potikha
et al., 1999). Evidence suggests that Rops are in-
volved in the regulation of many other processes, e.g.
actin organization and cell morphogenesis (Li and
Yang, 2000a; Zheng and Yang, 2000b).

In this study, we demonstrate that one or more Rop
proteins are localized to the tonoplast of developing
vacuoles. The tonoplast localization and accumula-
tion of Rop undergo dynamic changes that are cor-
related with coalescence of early pleomorphic vacu-
oles to become large central vacuoles during rapid
cell expansion in the pea tapetum. This novel local-
ization suggests that Rop GTPases may participate in
a signaling pathway that regulates the development
of vacuoles or the function of young vacuoles.
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RESULTS

Rop GTPases Are Localized to a Dynamic
Endomembrane System in Tapetal Cells

We previously showed that Rop GTPases are most
abundant in the anther among various pea tissues
(Lin et al., 1996). To begin assessing potential roles
for Rop in the anther, we determined its cellular and
subcellular localization using anti-Rop1Ps antibody
and immunocytochemical techniques. We have
shown that this antibody reacts with all Rop isoforms
from Arabidopsis (Li et al., unpublished data). Thus,
pea proteins detected by this antibody can be any
members of the pea Rop family. Using frozen thin
sections stained with the primary antibody and alka-
line phosphatase-conjugated second antibodies, we
found that Rop is preferentially localized to tapetal
cells, microsporogenic cells, and microspores in the
anther (see below). To analyze the subcellular local-
ization of Rop GTPases, squashed anthers were
stained with the affinity-purified primary antibody
and fluorescein-conjugated second antibodies. Two
types of cells were readily released from squashed
young anthers: tapetal cells and microspore mother
cells. They are easily distinguished by cellular and
chromatin morphology. Microspore mother cells are
oval or spindle-shaped and contain condensed chro-
matin, whereas tapetal cells are irregular-shaped and
contain interphase chromatin (Fig. 1).

In tapetal cells, Rop is localized to an endomem-
brane system composed of several types of dynamic
structures (Fig. 1). First, fluorescence forms a circle
aligning just outside of the nucleus. Under an epifluo-
rescence microscope, the circle consists of dots that
seem to be linked by thin threads (Fig. 1A). Dotted
fluorescence is much stronger than thin lines. Upon
careful examination under confocal microscope, the
network appears to be composed of spheres and
small tubules that are connected to one another (Fig.
2). Second, tubules and spheres enlarge but remain
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Figure 2. AtPEP12 is localized to organelles dis-
tinct from Rop-containing organelles. Squashed
anthers were stained with anti-AtPEP12 anti-
serum (A) and counterstained with DAPI (B) as
described in Figure 1. Bar = 10 um.

interconnected and can be easily visualized under
epifluorescence microscope (Fig. 1, C through F).
Third, each tapetal cell contains several chamber-like
structures that are stained with Rop antibodies, some
chambers are bigger than the others (Fig. 1G). Certain
chambers remain connected to neighboring cham-
bers. The fluorescence is not evenly distributed
throughout the endomembrane system. Certain re-
gions are much brighter than others. In most cases,
small spheres or tubules have strong fluorescence,
whereas larger chambers contain weaker fluorescence.
Fluorescence on chambers is frequently discontinuous
and punctated. The punctates line up to form inter-
connected chambers. A small number of punctates
are particularly bright. Pre-immune control or anti-
Rop1Ps premixed with GST-Rop1Ps fusion proteins
did not stain these cells, demonstrating that the stain-
ing pattern was specific to Rop GTPases (Fig. 1H).

The endomembrane localization of Rop GTPases
appears to be developmentally regulated. In micro-
spore mother cells and microspores, only diffuse cy-
toplasmic staining was found. In anther primordia in
which tapetal cells have not been differentiated or are
being differentiated, Rop is also diffuse throughout
the cytoplasm. The perinuclear dense network-like
staining becomes obvious as soon as tapetal cells are
distinguishable from microsporogenic cells. How-
ever, we cannot exclude the possibility that lack of
network-like staining in other cell types was due to
the inability of the primary antibodies to penetrate
these cells as these cells contain thicker cell walls
compared with tapetal cells.

Rop Is Not Localized to ER, Golgi
Complex, or Prevacuoles

To determine whether Rop is localized to the ER,
squashed anthers were stained with antibodies
against BiP, an ER lumen protein. As shown in Figure
11, anti-BiP staining gave a completely different pat-
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Figure 3. Colocalization of Rop with the vacuolar annexin VCaB42.
Squashed anthers were co-incubated with the rabbit anti-Rop1Ps
antibody and mouse anti-VCaB42 antibody. The reaction was first
treated with FITC-conjugated anti-rabbit 1gG secondary antibodies
and then with the Texas Red-conjugated anti-mouse IgG sheep F(ab),
fragment. After washes, the samples were observed under a laser
scanning confocal microscope as described in text. A, Localization of
Rop as revealed by FITC fluorescence. B, Localization of VCaB42 as
revealed by Texas Red fluorescence. C, Overlay between A and B.

tern from Rop localization. In contrast to the dense
network that is outside of the nucleus, anti-Bip
stained nuclear envelopes and network-like struc-
tures typical of ER networks that are scattered
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throughout the cytoplasm. Costaining with the fluo-
rescent ceramide analog BODIPY FL Cs-ceramide,
which presumably stains both ER and Golgi (Kawazu
et al.,, 1995), show that Rop is not localized to the
Golgi complex either (data not shown). In addition,
Rop is not colocalized with AtPEP12p, an Arabidop-
sis syntaxin; AtPEP12p is localized to a novel post-
Golgi structure called prevacuolar compartment (da
Silva Conceicao et al., 1997). Indirect immunofluores-
cence studies show that in pea tapetal cells AtPEP12p
is localized to various sizes of spherical or patchy
structures, presumably representing the prevacuolar
compartment (Fig. 2). Unlike Rop-containing or-
ganelles, AtPEP12p-containing organelles do not
form networks and are not restricted to the perinu-
clear region. Instead, they are distributed throughout
the cytoplasm, although more concentrated in the
perinuclear region. Pre-immune serum did not stain
these organelles, indicating that AtPEP12 staining is
specific (data not shown).

Rop Is Colocalized with a Vacuolar Annexin

The above results led us to suspect that Rop is
localized to vacoules. To test this notion, pea tapetal
cells were costained with anti-Rop1Ps and a mouse
polyclonal antibody raised against the celery
VCaB42. VCaB42 is an annexin that displays Ca**-
dependent localization to vacuolar membranes (Seals
et al., 1994; Seals and Randall, 1997). As shown in
Figure 3, Rop and VCaB42 stained identical patterns.
Similar patterns were obtained when tapetal cells
were separately stained with Rop and VcaB42 anti-
bodies. These results suggest that Rop GTPases and
VCab42 are precisely colocalized. Because VCaB42
has been localized to vacuolar membranes in several
tissues and cells from different plant species (Seals et
al., 1994; Seals and Randall, 1997), our results clearly
indicate that Rop is localized to the tonoplast in
tapetal cells.

Ultrastructural Evidence for Perinuclear Vacuolar
Network and Dynamic Vacuole Biogenesis in Pea
Tapetal Cells

To demonstrate whether or not pea tapetal cells
contain a vacuolar network as suggested by the Rop
immunofluorescence staining, we investigated the
ultrastructure of these cells using transmission elec-
tron microscopy (TEM). As shown in Figure 4, TEM
analyses revealed a highly dynamic vacuolar system
in young tapetal cells. Small vacuoles apparently line
up outside of the nucleus. They seem to fuse with
each other as well as with larger vacuoles. In addition
to coalescence of vacuolar membranes, the develop-
ment of vacuoles also appears to involve endosomal
activity-like events as revealed by the presence of
multivesicular structures and apparent engulfment
of smaller vacuoles by larger vacuoles. These ultra-
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Figure 4. Ultrastructural analyses show a dy-
namic vacuolar network surrounding the nu-
cleus in pea tapetal cells. Ultra-thin sections of
chemically fixed pea anthers were prepared and
examined under a transmission microscope as
described in text. A, Tapetum initial cells shows
no sign of vacuole development, consistent with
lack of Rop staining in these cells. B, A few small
vacuole-like structures start to fuse with each
other. C, Developing tapetal cells show an ex-
tensive vacuolar network and numerous small
vacuole-like compartments. D, An enlarged sec-
tion of C, showing small vacuole-like structures
fuse with each other and with vacuoles or are
being engulfed by vacuoles (D). Magnification,
X8,000 (A, B, and C), X14,000 (D).

structural results conform to the dynamic changes in
the localization of Rop shown by indirect immuno-
fluorescence. Rop antigenicity seems to be extremely
labile because treatment of tissues with buffer or
fixatives used for TEM sections resulted in the loss of
antigenicity. For this reason, we failed to detect any
Rop labeling by EM immunocytochemistry.

The Relationship of Subcellular Rop Localization with
Vacuole Development

Our TEM analyses also suggest that active vacuole
development in tapetal cells occurs during the mei-
otic stage of microsporogenesis. We suspected that
various patterns of Rop subcellular localization de-
scribed above represent different stages of vacuole
development in pea tapetal cells. To confirm this,
anthers at various stages of microsporogenesis were
stained (Fig. 5). Stages of microsporogenesis were
determined by costaining cells with 4',6-diamino-
phenylindole (DAPI) for the visualization of chromo-
some morphology. Prior to meiosis (at the stage of
microsporogenic cells), Rop exhibits diffuse cytoplas-
mic localization in tapetum initial cells. As soon as
meiosis (of microspore mother cells) begins, Rop be-
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comes concentrated on the perinuclear network. In-
terconnecting tubules and spheres appear during an-
aphase 1. Large chamber-like staining was observed
near the end of meiosis. At tetrad stage, endomem-
brane Rop staining completely disappears. It is inter-
esting that VCaB42 showed identical localization pat-
terns except that its appearance on the early
perinuclear network is later than Rop (Fig. 5) and
that it remains on the mature vacuoles (data not
shown) as seen in other tissues and cell types (Seals
et al., 1994; Seals and Randall, 1997).

Dynamic Localization of Rop Proteins to the Tonoplast
Is Correlated with Their Accumulation in Tapetal Cells

To assess whether the changes in subcellular local-
ization patterns are the result of developmental reg-
ulation of Rop accumulation, we analyzed the kinet-
ics of Rop accumulation in the tapetum during
microsporogenesis. Cross-sections of pea flowers at
various stages were stained with the anti-Rop1Ps
antibodies. As shown in Figure 6, Rop proteins are
primarily localized to a microsporogenic cells, micro-
spores of various developmental stages, the tapetum,
and vascular tissues. The accumulation of Rop in the
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tapetum showed dynamic changes. In the tapetum
initial cells, moderate levels of Rop proteins are
found (data not shown). Rop proteins accumulate to
the highest level in the tapetal cells at the stages of
micorspore mother cells and their meiosis (Fig. 6, A
and C). At the tetrad stage, the tapetal accumulation
of Rop proteins declined to a low level (Fig. 6D). By
the time when young microspores are released from
the tetrad, Rop completely disappears from the tape-
tum (data not shown). Sections stained with a pre-
immune serum did not show any signals (Fig. 5B).
Therefore, the abundant accumulation of Rop pro-
teins in the tapetum coincides with the localization to
developing vacuoles, demonstrating a tight link be-
tween vacuole biogenesis and Rop accumulation in
the tapetum.
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Figure 5. The dynamic localization of Rop to
the tonoplast is correlated with vacuole devel-
opment in pea tapetal cells. Pea anthers from
different developmental stages were squashed
and co-stained with anti-Rop1Ps (A, C, E, G, and
1) and anti-VCaB42 (D, F, and H) antibodies as
described in Figure 3. Stained cells were exam-
ined under an epifluorescence microscope. At
the stage of microsporogenic cells (giving rise to
microspore mother cells) and parietal cells (giv-
ing rise to the tapetum), only diffuse cytoplasmic
staining (A) for Rop is found. At this stage, it is
difficult to distinguish the two cell types either
by cell shape (A) or nuclear morphology (B).
Localization to the tonoplast of tapetal cells (C)
appears at the stage of microspore mother cells,
whereas little tonoplast localization is observed
for VCaB42 (D) at this stage. The tonoplast lo-
calization of Rop persists through the early and
late meiosis | (E and G, respectively), during
which VCaB42 is colocalized with Rop (F and
H). By early tetrad stage, Rop staining () com-
pletely disappears from the tonoplast of the
large mature vacuole (see differential interfer-
ence contrast image in J), whereas VCaB42
staining in the tonoplast remains (data not
shown).

DISCUSSION

The current data provide convincing evidence for
novel subcellular localization of a Rho-type GTPase
(Rop) to the tonoplast in pea tapetal cells. To our
knowledge, this is the only signaling GTPase known
to be localized to plant vacuoles. Importantly, Rop is
specifically found on the membrane of developing
vacuoles but not that of mature vacuoles. This find-
ing may be especially significant in the light of the
coupling of vacuole development to the control of
plant cell growth and differentiation. Hence, the
tonoplast-localized Rop GTPase may provide an im-
portant marker to investigate how growth and devel-
opmental signals regulate the development of vacu-
oles in plants.
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Figure 6. Accumulation of Rop protein in tapetal cells is associated with their development. Cross-sections of pea anthers
at different developmental stages were stained with anti-Rop1Ps antibody as described in text. Immediately before meiosis
(A) high levels of Rop accumulate, correlated with the appearance of Rop localization to the tonoplast (Fig. 5C). Rop
accumulation in the tapetum persists throughout meiosis (C), during which tapetal cells rapidly expand (Fig. 5, E and G),
prior to its disappearance at the tetrad stage (D). Staining with pre-immune serum did not detect any signals (B). TP, Tapetum;
MMC, microspore mother cells; TD, tetrads.

Vacuole development in plants is a highly regu-
lated process that most likely involves multiple mor-
phological pathways, complex molecular machinery,
and signaling events (Marty, 1999). Ultrastructural
and biochemical analyses suggest the existence of
both ER-origin and Golgi-origin biogenetic pathways
(Palevitz and O’Kane, 1981; Palevitz et al., 1981; Her-
man et al., 1994; Okita and Rogers, 1996; Marty,
1999). Recent work also reveals a novel subcellular
compartment, i.e. prevacuole, that may function as
an intermediate between post-Golgi vesicles and
vacuoles. Furthermore, the development of mature
central vacuoles involves coalescence of dynamic ple-
omorphic vacuolar networks, as found in several cell
types in different plant species (for review, see Okita
and Rogers, 1996; Marty, 1999). Our TEM analyses
also reveal the presence of various shapes of inter-
connected vacuolar compartments in pea tapetal
cells, which evidently coalescence to become central
vacuoles.

We have demonstrated that Rop proteins are local-
ized to a pleomorphic dynamic endomembrane net-
work in pea tapetal cells by using a unique indirect
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immunofluorescence method. The unique feature of
this method is that no cell wall degrading enzymes
was necessary to allow the penetration of antibodies
into the tapetal cells, because these cells only contain
a thin and incomplete cell wall. This was an impor-
tant distinction from the conventional immunofluo-
rescence techniques involving cell wall digestion,
which frequently leads to the distortion of cellular
structures and the loss of antigenicity. We found that
anti-Rop1Ps antibodies gave a staining pattern in
tapetal cells that resembles the vacuolar network ob-
served in living stomatal cells (Palevitz and O’Kane,
1981; Palevitz et al., 1981). The Rop-associated net-
work is clearly not ER, Golgi apparatus, as markers
for these organelles do not colocalize with Rop. How-
ever, the appearance of the Rop-associated network
and its morphological dynamics during tapetal cell
development parallel those of the vacuolar network
revealed by TEM. The tonoplastic nature of this net-
work was further confirmed by the precise colocaliza-
tion of Rop with the vacuolar annexin VCab42 (Seals
et al., 1994; Seals and Randall, 1997) revealed by both
epifluorescent and laser confocal microscopy.
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RHO-family GTPases are believed to be synthesized
on cytosolic ribosomes and are targeted to membranes
as a result of attachment of an isoprenyl group to the
C terminus-a post-translational process called protein
isoprenylation. Targeting to specific membrane sys-
tems requires additional internal amino acid se-
quences, especially the variable region proximal to the
isoprenylation site. In mammalian cells, a polybasic
domain in this region targets Rho-type GTPases to the
plasma membrane. It is interesting that different sub-
groups of Rop GTPases have distinct sequences in this
region and show differential subcellular localization
(Li et al., 1998; Bischoff et al., 2000; Y. Lin, H. Li, Z.
Yang, unpublished data; J. Fowler, personal commu-
nication). Arabidopsis Rop1At and Rop6At and maize
Rop1 and Ropé6 are localized to the plasma membrane
in tobacco suspension cultures and maize leaves, re-
spectively; whereas Rop2At and Rop4At are preferen-
tially localized to a perinuclear region in suspension-
cultured tobacco cells. It is unknown whether the
perinuclear Rop proteins are localized to small vacu-
oles similar to those in pea tapetal cells. Nonetheless,
it is important to determine which Rop GTPases are
localized to the tonoplast. Identification of such Rop
GTPases will provide necessary tools for the elucida-
tion of the mechanism for the tonoplast localization
and the function of these Rop GTPases.

The association of Rop with vacuoles presents a
tantalizing model by which Rop may function in the
early signaling events of vacuole development. This
is supported by the changes in the accumulation of
Rop proteins and their localization to the tonoplast
during the development of tapetal cells in pea. Ki-
netic analyses reveal that the subcellular localization
of both Rop and VCab42 to the tonoplast is remark-
ably dynamic during the early stage of rapid expan-
sion of tapetal cells. Rop is first seen on a network-
like vacuoles composed of dense globular cisternae
and small tubules and then remains on intercon-
nected chamber-like vacuoles. It is interesting that
these dynamic Rop localization patterns are consis-
tent with the various developmental states of dy-
namic vacuoles in differentiating stomatal cells, root
tip cells, and trichome cells (Palevitz and O’Kane,
1981; Palevitz et al., 1981; for reviews, see Okita and
Rogers, 1996; Marty, 1999). However, Rop is absent
from both central vacuoles with which VCab42 re-
mains to be associated, and the AtPEP12p-localized
prevacuolar compartment (da Silva Conceicao et al.,
1997; Sanderfoot et al., 1998). Thus, we conclude that
the Rop-associated vacuolar networks appear to rep-
resent a biochemically and structurally distinct de-
velopmental stage of vacuoles that is different from
prevacuoles and mature central vacuoles.

The exact role of Rop during these early stages of
development is currently unknown, but its unique
association with vacuoles is consistent with a role as
a signal transducer in vacuole biogenesis. Rop might
modulate coalescence of young vacuoles, the dy-
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namic spatial organization of these vacuoles, or
endocytosis-associated vacuole development. The
development of vacuoles in tapetal cells may involve
endocytic events, as suggested by the presence of
multivesicular structures associated with the vacu-
oles of the pea tapetum. In mammalian cells, Rho
GTPases have been localized to endosomes and are
implicated in the control of endocytosis (Adamson et
al., 1992; Lamaze et al., 1996). By analogy, the puta-
tive Rop-dependent pathway might be involved in
the vacuole development by regulating late endo-
cytic events. Rop alternatively could regulate the spa-
tial organization of developing vacuoles in the pe-
rinuclear region. Such a spatial distribution of young
vacuoles may facilitate their rapid fusion. It is inter-
esting that a novel Rho member RhoD has been
shown to modulate the organization of endosomes in
mammalian cells (Murphy et al., 1996). Evidence sug-
gests that the dynamics of vacuoles in Allium stoma-
tal cells requires the actin cytoskeleton (Palevitz and
O’Kane, 1981). Because Rho GTPases are conserved
regulators of the actin cytoskeleton, Rop could be a
signaling molecule that controls the vacuole-
associated actin cytoskeleton.

The most attractive model for the role of Rop is its
participation in a signaling pathway that controls the
fusion of the early pleiomorphic vacuoles to form the
mature central vacuoles. Our finding that Rop is
colocalized with the vacuole annexin VCaB42 and the
appearance of Rop on the tonoplast in the tapetum
precedes that of VCaB42 provides some support for
this hypothesis. Annexins belong to a large family of
Ca**-dependent phospholipid-binding proteins that
potentially play a key role in the process of mem-
brane fusion during endocytosis and exocytosis in
animal cells (Moss, 1997). In plant cells, there is also
evidence that annexins are involved in Ca**-
dependent membrane fusion and annexins are pro-
posed to control both vacuole biogenesis and exocy-
tosis (Blackbourn and Battey, 1993; Battey et al., 1996;
Seals and Randall, 1997). We have previously shown
Rop regulates tip growth of pollen tubes (i.e. fusion
of post-Golgi to the apical plasma membrane)
through the tip-localized Ca”" activities (Lin and
Yang, 1997; Li et al., 1999). Thus, it is reasonable to
speculate that an early Rop-dependent pathway reg-
ulates late-step, Ca®*- and VCaB42-dependent, and
membrane fusion during the formation of large vacu-
oles. Analyses of transgenic dominant mutants and
knockout mutants for the tonoplast-localized Rop
should shed light on the function of Rop in the reg-
ulation of vacuole development.

MATERIALS AND METHODS
Plant Materials

Pea flower buds were harvested from pea (Pisum sativum
cv Extra Early Alaska) plants grown in a growth chamber
at 22°C with a 16-h-light and 8-h-dark regime.
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Antibodies

Production and purification of anti-Rop1Ps polyclonal
antibodies were described previously (Lin et al., 1996; Lin
and Yang, 1997) Mouse VCaB42 antisera were prepared as
described (Seals et al., 1994; Seals and Randall, 1997). Anti-
AtPEP12p and anti-BiP polyclonal antibodies were pro-
vided by Drs. Natasha Raikhel and Maarten Chrispeels,
respectively.

Indirect Immunofluorescence Microscopy

For subcellular immunolocalization, pea anthers at the
stage of meiosis were dissected from young flower buds
and fixed in 4% (v/v) paraformaldehyde, 50 mm PIPES
(1,4-piperazinediethanesulfonic acid) buffer, pH 6.9, 2 mm
MgSO, at room temperature for 2 h. After washing with
PBS (10 mm phosphate-buffered saline, pH 7.4, 138 mm
NaCl, 2.7 mm KCl), fixed anthers were placed on a micro-
scope slide coated with poly-Lys and sandwiched with a
second slide. The anthers were then gently squashed with
a thumb to release meiocytes and tapetal cells. The slides
were separated and immediately immersed in PBS for 2 to
5 min. The squashed anther cells were then blocked with
3% (v/v) non-fat dry milk in PBS at room temperature for
1 h. The cells were then reacted with purified anti-Rop1Ps
antibodies (1:40 dilution), anti-BiP sera (1:200 dilution), or
anti-VCaB42 sera (1:40 dilution) at 30°C for 1 to 2 h. The
primary antibodies were diluted in a PBS buffer containing
1% (v/v) non-fat dry milk. After three 10-min washes in
PBST (PBS containing 0.05% [v/v] Triton X-100), the slides
were incubated with a secondary antibody (fluorescein
isothiocyanate [FITC]-conjugated affinity-purified anti-
rabbit IgG or Texas-Red-conjugated sheep F(ab), fragment
against mouse IgG, Chappel Organon Teknika) at 30°C for
1 h. The secondary antibodies were diluted 1:100 in PBS
containing 1% (v/v) non-fat milk. The slides were then
washed as described above.

For colocalization of Rop and VCaB42, slides containing
squashed anthers were reacted with 200 wL of a PBS buffer
containing 1% (v/v) non-fat milk and 5 uL of purified
anti-Rop1Ps antibodies and 1 uL of Vcab42 antisera. The
slides were covered with a parafilm and incubated at 30°C
for 1 to 2 h. After washing as described above, the slides
were first incubated with the FITC-conjugated anti-rabbit
IgG secondary antibodies and then with the Texas Red-
conjugated anti-mouse IgG sheep F(ab), fragment at 30°C
for 1 h each. Following each incubation with the secondary
antibodies, the slides were washed with PBST as described
above. The slides were mounted in a PBS solution contain-
ing 0.1% (v/v) p-phenylenediamine and 50% (v/v) glyc-
erol. The samples were observed under an Axiovert 100
microscope (Zeiss, Jena, Germany) equipped with epifluo-
rescence optics or a confocal microscope (MRC-1024, Bio-
Rad Laboratories, Hercules, CA). For confocal observation,
2-um sections of laser scanning were taken. As control,
pre-immune sera were used instead of the primary
antibodies.
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Cryosection and Cellular Immunolocalization

For cellular immunolocalization, pea flower buds were
fixed in 50 mm PIPES buffer (pH 6.9) containing 4% (v/v)
paraformaldehyde and 2 mm MgSO, at room temperature
for 4 h. After washing with PBS (10 mm phosphate-
buffered saline, pH 7.4, 138 mm NaCl, 2.7 mm KCl), fixed
flower buds were embedded in Tissue-Tek OCT compound
(Miles, Elkhart, IN) and frozen on a dry ice block. Embed-
ded frozen tissues were sectioned to approximately 10-um
thickness using a cryostat microtome (Reichert HistoStat).
The sections were collected on the poly-Lys-coated micro-
scope slides, immersed in PBS for 10 min to remove OCT,
and then blocked with 3% (v/v) non-fat dry milk in PBS at
room temperature for 1 h. The slides were incubated with
the purified anti-Rop1Ps polyclonal antibodies (1:40 dilu-
tion with 1% [v/v] non-fat dry milk in PBS) at room
temperature for 1 to 2 h. After three 10-min washes in
PBST (0.05% [v/v] Tween 20 in PBS) and 10 min in TBS (50
mwM Tris, 138 mm NaCl, 2.7 mm KCI, pH 7.4), the slides
were incubated with a secondary antibody (alkaline phos-
phatase-conjugated, affinity-purified goat anti-rabbit IgG;
Boehringer Mannheim) at room temperature for 1 to 2 h.
The slides were washed three times (10 min each) in TBST
and incubated in 120 uL of alkaline phosphatase reaction
mixture (0.66 mg/mL nitro blue tetrazolium and 0.12
mg/mL bromochloroindoly phosphate in a buffer con-
taining 100 mm Tris, pH 9.5, 100 mm NaCl, and 5 mm
MgCl,) at room temperature for 30 min. The slides were
washed with TBS for 5 min and mounted with 50% (v/v)
glycerol in PBS. Tissue sections were examined under a
Zeiss Axiophot microscope and photographed using a
35-mm camera.

TEM

Pea anthers were dissected from fresh flower buds in a
Petri dish containing a fixative (2% [v/v] glutaraldehyde in
0.1 m phosphate buffer, pH 7.2). The samples were trans-
ferred into 1.5-mL tube with pipette and fixed in a fresh
fixative at room temperature for 4 h. Following three
washes (15 min each) with 0.1 m phosphate buffer (pH 7.2),
the samples were post-fixed in 1% (v/v) OsO, (Electron
Microscopy Sciences, Fort Washington, PA) at room tem-
perature for 2 h. Fixed tissues were washed with double-
distilled water three times (5 min each) and dehydrated in
a water/ethanol series (30%, 50%, 70%, 90%, 95%, and
100% [v/v] ethanol twice for 10-15 min each step). The
dehydrated samples were infiltrated and embedded with
LR White resin (London Resin Company) in BEEM cap-
sules and curved in a vacuum oven at 55°C for 48 h.
Ultra-thin sections were prepared with an ultramicrotome
(Reichert Ultracut E). The sections were mounted on 100
mesh nickel grids coated with formvar film and stained
with a 1% (v/v) solution of aqueous uranyl acetate for 5 to
10 min in darkness. After a wash in double-distilled water,
the sections were then stained with 0.3% (v/v) lead citrate
(Electron Microscope Sciences) for 5 min and washed in
double-distilled water. Observations and photography
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were conducted using Philips 301 transmission electron
microscope.
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