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We previously demonstrated that rice (Oryza sativa) SECRETORY CARRIER MEMBRANE PROTEIN1 (OsSCAMP1)-yellow
fluorescent protein in transgenic tobacco (Nicotiana tabacum) Bright Yellow-2 cells locates to the plasma membrane and to motile
punctate structures, which represent the trans-Golgi network/early endosome and are tubular-vesicular in nature. Here, we
now show that SCAMPs are diverted to the cell plate during cytokinesis dividing Bright Yellow-2 cells. As cells progress from
metaphase to cytokinesis, punctate OsSCAMP1-labeled structures begin to collect in the future division plane. Together with the
internalized endosomal marker FM4-64, they then become incorporated into the cell plate as it forms and expands. This was
confirmed by immunogold electron microscopy. We also monitored for the Golgi apparatus and the prevacuolar compartment
(PVC)/multivesicular body. Golgi stacks tend to accumulate in the vicinity of the division plane, but the signals are clearly
separate to the cell plate. The situation with the PVC (labeled by green fluorescent protein-BP-80) is not so clear. Punctate BP-80
signals are seen at the advancing periphery of the cell plate, which was confirmed by immunogold electron microscopy. Specific
but weak labeling was observed in the cell plate, but no evidence for a fusion of the PVC/multivesicular body with the cell plate
could be obtained. Our data, therefore, support the notion that cell plate formation is mainly a secretory process involving mass
incorporation of domains of the trans-Golgi network/early endosome membrane. We regard the involvement of multivesicular
late endosomes in this process to be equivocal.

Cytokinesis normally takes place immediately after
the separation of daughter nuclei, except in special
cases like the endosperm, where cellularization follows
numerous nuclear divisions (Brown and Lemmon,
2007). In higher plants, cytokinesis involves the forma-
tion of a cell plate through the fusion of vesicles at
its centrifugally expanding periphery (Jürgens, 2005;
Hong and Verma, 2008). It is generally considered to be
a different cell cycle event from that occurring in
mammals, although this notion has recently been chal-
lenged (Dhonukshe et al., 2007). Cytokinesis is a com-
plex of several interconnecting processes, including a
positioning machinery that determines the plane of

division, regulatory factors involved in the formation
and movement of the phragmoplast, and membrane
trafficking events bringing membrane to and from the
developing cell plate (Reichardt et al., 2007; Walker
et al., 2007). In tobacco (Nicotiana tabacum) Bright
Yellow-2 (BY-2) cells, over 20 genes are switched on
during cytokinesis (Yu et al., 2007), including those
encoding kinesins (Lee et al., 2007), dynamin-type
GTPases (Konopka et al., 2006), and a number of
specific SNARE molecules such as KNOLLE, KEULE,
and SNAP33 (Waizenegger et al., 2000; Assaad et al.,
2001; Heese et al., 2001).

A current debate exists regarding the relative con-
tributions of the endocytic and secretory pathways to
cell plate formation. The conventional view was that
the cell plate arose as a consequence of anterograde
post-Golgi vesicle transport (Bednarek and Falbel,
2002; Jürgens, 2005). However, a number of observa-
tions suggest that there might also be a significant
contribution from endosomal compartments. The evi-
dence for this is both direct and indirect in nature. First,
the endocytosis tracer FM4-64 accumulates in the cell
plate, as do cell wall polysaccharides that are appar-
ently internalized and recycled (Baluska et al., 2005;
Dhonukshe et al., 2006). Second, the Rab GTPase RAB-
F2b (Ara7), which is a prevacuolar compartment (PVC)
marker (Lee et al., 2004; Ueda et al., 2004; Otegui et al.,
2006), has been shown to be present at the cell plate
during cytokinesis (Dhonukshe et al., 2006). Third,
Arabidopsis (Arabidopsis thaliana) elch mutants are de-
fective in cytokinesis, and the ELCH gene encodes
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VPS23, a component of the ESCRTI complex, which is
supposed to locate to multivesicular bodies (MVBs;
Spitzer et al., 2006). Thus, it has been proposed that cell
plate growth is achieved by the fusion of MVB and PVC
(Baluska et al., 2006). Two recent studies, however,
have challenged this idea. Reichardt et al. (2007) have
shown that wortmannin, which targets the MVB/PVC
(Tse et al., 2004; Lam et al., 2007a, 2007b), does not
inhibit cytokinesis, whereas the V-ATPase inhibitor
concanamycin A, which blocks trafficking at the trans-
Golgi network (TGN), severely impairs cell plate for-
mation. In addition, both Reichardt et al. (2007) and
Chow et al. (2008) were unable to detect PVC markers
(BP-80 and RAB-F2A/2B) at the cell plate; on the other
hand, Rab-A2/A3, which in interphase cells normally
locates to a TGN-early endosomal compartment, was
detected at the cell plate. Interestingly, this contrasts
with the V-ATPase subunit (VHA-1a), which also locates
to the TGN-early endosomal compartment (Dettmer
et al., 2006) but is not incorporated into the cell plate
(Reichardt et al., 2007).

We previously used the rice (Oryza sativa) SECRETORY
CARRIER MEMBRANE PROTEIN1 (OsSCAMP1) as
a probe to study plant endocytosis (Lam et al., 2007a).
In interphase transgenic tobacco BY-2 cells expressing
the OsSCAMP1-yellow fluorescent protein (YFP) fu-
sion construct, the fluorescent OsSCAMP1 was found
to locate to the plasma membrane (PM) and a punctate
cytosolic organelle. This was subsequently identified
by immunogold electron microscopy (EM) with SCAMP1
and GFP antibodies as a tubular-vesicular structure re-
sembling the TGN or a partially coated reticulum (Lam

et al., 2007a). These TGN structures may also serve as
an early endosome, because the internalized endo-
somal marker FM4-64 reached these SCAMP1-positive
TGN organelles prior to PVC/MVB in uptake studies
in BY-2 cells (Lam et al., 2007a), a result supporting
similar findings in Arabidopsis root cells (Dettmer
et al., 2006).

Here, we have continued our studies on the expres-
sion of OsSCAMP1-YFP in tobacco BY-2 cells. We
show that during cytokinesis, SCAMP1 is dramatically
concentrated at the cell plate. In contrast, the situation
with the PVC markers BP-80 or vacuolar sorting
receptors (VSRs) is ambiguous: although VSRs were
detected at low levels in the cell plate by immunogold
EM, a clear-cut labeling of the cell plate by immuno-
fluorescence was not achieved. This indicates that
during cytokinesis, the normal PM recycling function
of the TGN is altered to channel biosynthetic cargo as
well as cycling molecules such as OsSCAMP1 to the
developing cell plate. Since SCAMPs are highly con-
served among various plants (Lam et al., 2007a), this
conclusion may represent a general mechanism for cell
plate formation in plants.

RESULTS

Rice SCAMP1 Accumulates in the Developing Cell Plate

In addition to PM and TGN localization, we also
noted that OsSCAMP1-YFP fluorescent signals were
highly concentrated on the cell plate of dividing trans-

Figure 1. Dynamics of OsSCAMP1-
YFP in cell plate formation during
cytokinesis in transgenic BY-2 cells.
Shown is a continuous series of time-
lapse confocal images of OsSCAMP1-
YFP signals collected from a single
transgenic tobacco BY-2 cell during
cell plate formation. Bar 5 50 mm.
[See online article for color version
of this figure.]
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genic BY-2 cells. To study the dynamics of OsSCAMP1
during cytokinesis, therefore, we followed the distri-
bution of fluorescent signals in a single dividing BY-2
cell expressing OsSCAMP1-YFP. Figure 1 depicts such
a cell expressing OsSCAMP1-YFP as it progresses
through mitosis and into cytokinesis. It clearly dem-
onstrates the gradual collection of OsSCAMP1-YFP
punctate structures into the region between the two
nuclei (Fig. 1, panels 1–7). The signal then coalesces
into a single thick line corresponding to the cell plate
(Fig. 1, panels 8–10). These results indicated that
OsSCAMP1-YFP highlights the cell plate formation
during cytokinesis in transgenic BY-2 cells.

Since the internalized endosomal marker FM4-64
has been shown to accumulate in the cell plate during
cytokinesis of various plant cells (Chow et al., 2008),
we next carried out a FM4-64 uptake to study the
relationship between the internalized FM4-64 and
OsSCAMP1-YFP in transgenic BY-2 cells during cyto-
kinesis. As shown in Figure 2, the accumulation of
OsSCAMP1 fluorescence in the division plane is mir-
rored by internalized FM4-64 (Fig. 2A). This colocal-
ization in the cell plate continues as the cell plate
expands, although outside of the plate there are nu-
merous noncolocalizing punctate FM4-64 structures
(Fig. 2B). We interpret these as being late endosomes/
PVCs, as reported previously (Tse et al., 2004; Lam

et al., 2007a). As cytokinesis proceeds, the non-cell-
plate FM4-64 punctate signals decrease markedly (Fig.
2, compare B with C and D).

Monitoring Golgi Stacks and the PVC during
Cell Plate Formation

The Golgi apparatus in BY-2 cells can be visualized
in a transgenic cell line stably expressing GONST1-
YFP (Tse et al., 2004; Lam et al., 2007a), a nucleotide
sugar transporter present in late Golgi compartments
(Wee et al., 1998). As seen in Figure 3, some Golgi
stacks are still present in the cortical cytoplasm, but the
majority collect at the surface of the phragmoplast and
do not enter it (Fig. 3, A and B). This confirms the
observations of Nebenführ et al. (1999). In BY-2 cells,
the multivesiculate PVC is characterized by high con-
centrations of VSRs (e.g. BP-80; Li et al., 2002; Tse et al.,
2004; Miao et al., 2006). Using a stable transgenic cell
line expressing GFP-BP-80, we visualized the position
of the PVC during cytokinesis. At first glance, it
appeared as if the PVC collects at the growing periph-
ery of the cell plate (Fig. 3, C and D). This gives the
impression that the PVCs are being lined up prior to
fusion. Indeed, there does seem to be a colocalization
with the younger portions of the cell plate (Fig. 3C,
arrowheads). However, a closer examination shows

Figure 2. OsSCAMP1-YFP largely colocalizes
with internalized endosomal marker FM4-64 in
the cell plate during cytokinesis in transgenic
BY-2 cells. Tobacco BY-2 cells expressing
OsSCAMP1-YFP were allowed to take up FM4-
64 for 30 min, followed by confocal image
collection on cells in various stages of cytokine-
sis from A to D. DIC, Differential interference
contrast. Bar 5 50 mm.
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that the fluorescent signals of GFP-BP-80 are still
punctate, which would not be the case if a fusion
had occurred. Therefore, we maintain that, in agree-
ment with the data of Vermeer et al. (2006), who used a
chimeric GFP-2XFYVE construct to label the late en-
dosome/PVC in dividing BY-2 cells, while PVCs are
closely associated with the developing cell plate they
do not fuse with it.

SCAMP Immunogold EM of Cell Plate Formation

To morphologically identify the SCAMP1-positive
cell plates in relation to PVC/MVB during cytokinesis,
using both GFP antibodies and SCAMP1 antibodies
(Lam et al., 2007a), we performed immunogold EM on
ultrathin sections of high-pressure frozen/freeze-
substituted samples of synchronized BY-2 cells express-
ing OsSCAMP1-YFP as well as synchronized wild-type
BY-2 cells. As shown in Figure 4, developing cell plates
labeled positively for SCAMPs in both the transgenic
cells (Fig. 4, A and C, arrows) and wild-type cells (Fig.
4D). Label was also seen over vesicle clusters at and
near the trans face of Golgi stacks (Fig. 4B, arrowheads).
In contrast, the multivesicular PVC that was seen near
the cell plate was not labeled (Fig. 4C, M). Similarly,
Golgi stacks were not labeled (Fig. 4, A and B, G).

To find out whether elements of the PVC/MVB are
incorporated into the cell plate during BY-2 cytokine-

sis, we performed immunogold EM labeling with
VSRat-1 antibodies (Tse et al., 2004) on ultrathin sec-
tions of high-pressure frozen/freeze-substituted sam-
ples of synchronized wild-type BY-2 cells. As shown in
Figure 5, cell plates were specifically labeled for VSRs,
albeit at a much lower density than that of SCAMPs
(compare Fig. 4). Interestingly, very little labeling of
VSRs on PVC/MVB was observed in dividing BY-2
cells with clear cell plates (data not shown), indicat-
ing a possible redistribution of VSRs from PVC/MVB
into the TGN or cell plate during cytokinesis. Direct
evidence for the incorporation of MVB/PVC into the
developing cell plate was not obtained, indicating that
the presence of VSR on the cell plate might be due to
vesicle transport rather than PVC fusion with the cell
plate in BY-2 cells.

DISCUSSION

SCAMPs are characteristic of the membranes of the
secretory granules in exocrine glands of mammalian
cells (Castle and Castle, 2005). With four transmem-
brane domains and cytoplasmically located C and N
termini, they belong to the large family of tetraspan
vesicle membrane proteins (Hübner et al., 2002). Re-
cently, a plant SCAMP ortholog, OsSCAMP1, was
expressed in tobacco BY-2 cells and localized both to

Figure 3. GONST1-YFP and GFP-BP-80 are
largely separated from the internalized endo-
somal marker FM4-64 during cell plate forma-
tion in transgenic BY-2 cells. Tobacco BY-2 cells
expressing either the Golgi marker GONST1-
YFP (A and B) or the PVC marker GFP-BP-80 (C
and D) were allowed to take up FM4-64 under
conditions identical to those used for OsSCAMP1-
YFP cells, followed by confocal image collec-
tion on cells at various stages of cytokinesis.
Bar 5 50 mm.
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Figure 4. (Legend appears on following page.)
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the PM and to mobile structures in the cytoplasm,
which were identified as tubular-vesicular clusters
that were associated with, but distinct from, the Golgi
apparatus (Lam et al., 2007a, 2007b). These structures
were enriched in V-ATPase and were clathrin positive
and rapidly received internalized FM4-64 from the
PM, pointing to their identity as a TGN-early endo-
somal compartment, as described previously for Arab-
idopsis root cells (Dettmer et al., 2006).

In interphase, it seems that OsSCAMP1 cycles be-
tween the PM and the TGN/early endosome, but
during the later stages of mitosis in BY-2 cells, it begins
to collect in increasing amounts in the division plane
and then gets incorporated into the developing cell
plate. Based on the relative signal strengths of the YFP
signals, it accumulates to much higher extents in the
cell plate than in the PM during interphase. This
suggests both a redirection of membrane trafficking

Figure 5. Immunogold EM of VSRs during cell plate formation in BY-2 cells. Ultrathin sections prepared from high-pressure
frozen/freeze-substituted synchronized wild-type BY-2 cells were labeled with anti-VSRat-1 antibodies to detect the endogenous
tobacco VSR proteins. Arrows point to gold particles labeling the cell plates. Bars 5 500 nm.

Figure 4. Immunogold EM of SCAMP1 during cell plate formation in transgenic and wild-type BY-2 cells. Ultrathin sections
prepared from high-pressure frozen/freeze-substituted synchronized transgenic (A–C) or wild type (D) BY-2 cells were labeled
with either anti-GFP antibodies to detect OsSCAMP1-YFP (A–C) or anti-SCAMP1 antibodies to detect the endogenous SCAMP1
proteins (D). Arrows point to gold particles labeling the cell plates; arrowheads indicate examples of TGN labeling or TGN
vesicle labeling. G, Golgi apparatus; M, MVB. Bars 5 500 nm.

Lam et al.
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away from the PM toward the cell plate and a shift in
the proportion of anterograde to retrograde post-Golgi
membrane transport. Our results do not allow us to
distinguish between an increase in secretory vesicle
transport and the mass incorporation of TGN/early
endosomes into the growing cell plate. However, a
consideration of previously published data involving
brefeldin A (BFA) on BY-2 cells (see below) suggests
that the latter possibility is the more likely scenario.

In BY-2 cells, BFA at a concentration of 5 to 10 mg
mL21 causes the formation of endoplasmic reticulum-
Golgi hybrids as intermediate structures on the way to
absorption of the Golgi membranes into the endoplas-
mic reticulum (Ritzenthaler et al., 2002). However, a
limited amount of grouped Golgi stacks with aggre-
gated TGN were also observed (see figures 5B and 12
in Ritzenthaler et al., 2002). In contrast, at higher
concentrations (50–100 mg mL21), a situation is ob-
tained that resembles that seen in roots of Arabidopsis,
with partially deformed Golgi stacks surrounding a
cloud of vesicles (Tse et al., 2006). In Arabidopsis, these
vesicles are in part derived from the TGN/early en-
dosome (see update by Robinson et al. [2008] in this
volume). On the other hand, Yasuhara et al. (1995)
showed that when BFA is applied at metaphase to
synchronized BY-2 cells, the Golgi apparatus disas-
sembles, yet a cell plate is initiated but does not go to
completion. This suggests that this abortive cell plate
is formed through the fusion of a BFA-insensitive
Golgi remnant, which from the foregoing is most likely
to have been derived from the TGN/early endosome.
Nevertheless, based on the observation that the TGN
marker VHA-a1-ATPase is absent from the developing
cell plate (Reichardt et al., 2007), an en bloc incorpo-
ration of the TGN/early endosome into the cell plate
seems unlikely. It would seem that only specific do-
mains of the TGN are used for this.

Our results also provide new information on the
current debate regarding whether MVB/PVC contrib-
utes to cell plate growth. A standard marker for the
MVB/PVC in BY-2 cells is the VSR BP-80 from pea
(Pisum sativum; Li et al., 2002; Tse et al., 2004; Miao et al.,
2006). Although punctate GFP-BP-80 signals collect in
the plane of cell division, and therefore are suggestive of
being located at the cell plate, the fuzzy appearance is
more like the situation seen with GFP-2xFYVE, a bio-
sensor for phosphatidylinositol 3-phosphate (Vermeer
et al., 2006). GFP-2xFYVE colocalizes with the PVC
marker RABF2b, and the micrographs of Vermeer et al.
(2006) clearly show that the labeled structures accumu-
late around the developing cell plate but do not fuse
with it. Using confocal fluorescence microscopy, Chow
et al. (2008) did not detect BP-80 on the growing cell
plate in Arabidopsis roots. However, with immunogold
EM, which has a higher degree of resolution, we have
been able to detect low levels of VSRs in the growing cell
plate of BY-2 cells. Although this observation suggests a
contribution of the MVB/PVC to its development, we
have no evidence for a direct fusion. The presence of
VSRs on the cell plate might be due to direct vesicle

transport from the PVC/MVB, but it could also reflect a
redistribution of VSRs from the PVC/MVB to TGN/
early endosome followed by their incorporation into the
cell plate together with SCAMPs. Considering the dif-
ference in immunogold labeling densities for SCAMPs
and VSRs, we feel that a contribution of the PVC/MVB
to cell plate formation is small, if it occurs at all.

In addition, even though this study used a rice
SCAMP1 and its YFP fusion to probe the cell plate
formation in transgenic BY-2 cells, we feel that the
results obtained are likely to represent the situation for
the native tobacco SCAMPs in BY-2 cells, because the
expressed OsSCAMP1-YFP fusion was shown to colo-
calize fully with the endogenous tobacco SCAMPs in
transgenic tobacco BY-2 cells (Lam et al., 2007a). Given
the highly similar sequences within the SCAMP and
VSR family proteins in various plants, including Arab-
idopsis, rice, and tobacco (Paris and Neuhaus, 2002;
Lam et al., 2007a), the dynamics of OsSCAMP-YFP
incorporation into the cell plate observed in transgenic
tobacco BY-2 cells may reflect a general picture of
SCAMP-marked cell plate formation during cytokine-
sis in plants.

MATERIALS AND METHODS

General methods for the construction and characterization of recombinant

plasmids, the maintenance of suspension cultured tobacco (Nicotiana tabacum)

BY-2 cells, and the preparation and characterization of antibodies have been

described previously (Tse et al., 2004; Lam et al., 2007a).

Culturing and Synchronization of Tobacco BY-2 Cells

Tobacco BY-2 suspension cells were grown in Murashige and Skoog (MS)

medium and subcultured every 7 d. Cells were synchronized by the tech-

niques described by Samuels et al. (1995). Briefly, 5 mL of 5- to 8-d-old cell

suspension was transferred into 95 mL of MS medium containing 5 mg mL21

aphidicolin and cultured for 24 h in a shaker set at 125 rpm. Cells were

collected and washed four times with 250 mL of medium for 15 min each to

remove the aphidicolin. After the washes, the cell suspension was cultured in

medium for 3 h and followed by the addition of 6 mM pronamide for an

additional 6 h of incubation. Treated cells were then collected and washed

three times with 250 mL of MS medium for 10 min each. Within 90 min after

washing, cells would enter the telophase.

FM4-64 Uptake Studies

Transgenic tobacco BY-2 cell lines expressing various reporters were used

in the FM4-64 uptake studies. The suspension cultured BY-2 cells were first

washed with MS liquid medium, followed by the addition of FM4-64 (from a

12 mM stock and diluted to working solution with MS liquid medium just prior

to use) to 500 mL of cultured cells to reach the final concentration for 10 min.

The FM4-64-treated cells were then washed with MS medium several times

and transferred onto a slide with medium for time course observation and

image collection using a 603 objective oil lens in a Bio-Rad Radiance 2100

system. The filter sets were used as follows: for YFP, excitation wavelength of

514 nm, dichroic mirror 560DCLPXR, and emission filter HQ545/40; for FM4-

64, excitation wavelength of 543 nm and emission filter HQ660LP. Images

were processed using Adobe Photoshop software as described previously

(Jiang and Rogers, 1998).

Antibodies

The production and characterization of polyclonal antibodies specific for

VSRat-1 and OsSCAMP1 have been described previously (Tse et al., 2004; Lam

SCAMPs and Cell Plate
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et al., 2007a). GFP antibodies were purchased from Molecular Probes or

generated using recombinant GFP purchased from Molecular Probes as anti-

gens to inject rabbits at the animal facilities of the Chinese University of Hong

Kong. GFP antibodies were affinity purified using a cyanogen bromide-

Sepharose (Sigma) column conjugated with recombinant GFP.

EM of Resin-Embedded Cells

The general procedures for transmission EM sample preparation and thin

sectioning of samples of BY-2 cells were performed essentially as described

previously (Tse et al., 2004; Lam et al., 2007a). For high-pressure freezing, BY-2

cells were harvested by filtering and immediately frozen in a high-pressure

freezing apparatus (EMP2; Leica). For subsequent freeze substitution, the

frozen samples were first kept at 285�C for 60 h, then gradually warmed up to

235�C over 18 h. Substitution was performed in an AFS freeze substitution unit

(Leica). The substitution medium (dry acetone) was supplemented with 0.1%

(w/v) uranyl acetate. When the samples reached 235�C, the medium was

replaced with 100% ethanol, which was again changed to fresh 100% ethanol 10

min later. The cells were then infiltrated stepwise with HM20 at 220�C,

embedded, and UV polymerized. Immunogold labeling on HM20 sections was

done using standard procedures as described previously (Hohl et al., 1996; Tse

et al., 2004; Lam et al., 2007a), with SCAMP1 or GFP antibodies at 40 to 80 mg

mL21 and gold-coupled secondary antibodies at 1:50. Aqueous uranyl acetate/

lead citrate poststained sections were examined for image collections with a

Hitachi H-7650 transmission electron microscope with a CCD camera (Hitachi

High Technologies) operating at 80 kV.

Sequence data for the rice SCAMP1 cDNA can be found in the GenBank/

EMBL data libraries under accession number gi 7332504.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Movie S1. Dynamic changes in OsSCAMP1-YFP distribu-

tion during cell plate formation in a transgenic BY-2 cell expressing

OsSCAMP1-YFP.
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