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The three-dimensional architecture of syncytial-type cell plates in the endosperm of Arabidopsis

 

 

 

has been analyzed at

 

�

 

6-nm resolution by means of dual-axis high-voltage electron tomography of high-pressure frozen/freeze-substituted
samples. Mini-phragmoplasts consisting of microtubule clusters assemble between sister and nonsister nuclei. Most
Golgi-derived vesicles appear connected to these microtubules by two molecules that resemble kinesin-like motor
proteins. These vesicles fuse with each other to form hourglass-shaped intermediates, which become wide (

 

�

 

45 nm in
diameter) tubules, the building blocks of wide tubular networks. New mini-phragmoplasts also are generated de novo
around the margins of expanding wide tubular networks, giving rise to new foci of cell plate growth, which later be-
come integrated into the main cell plate. Spiral-shaped rings of the dynamin-like protein ADL1A constrict but do not
fission the wide tubules at irregular intervals. These rings appear to maintain the tubular geometry of the network. The
wide tubular network matures into a convoluted fenestrated sheet in a process that involves increases of 45 and 130%
in relative membrane surface area and volume, respectively. The proportionally larger increase in volume appears to
reflect callose synthesis. Upon fusion with the parental plasma membrane, the convoluted fenestrated sheet is trans-
formed into a planar fenestrated sheet. This transformation involves clathrin-coated vesicles that reduce the relative
membrane surface area and volume by 

 

�

 

70%. A ribosome-excluding matrix encompasses the cell plate membranes
from the fusion of the first vesicles until the onset of the planar fenestrated sheet formation. We postulate that this ma-
trix contains the molecules that mediate cell plate assembly.

 

INTRODUCTION

 

In plant cells, new cell walls are formed by phragmoplasts,
complex cytoskeletal arrays of microtubules and actin fila-
ments, and cell plates, which form from the fusion of Golgi-
derived vesicles and mature into cell walls. In “conventional”
cytokinesis, nuclear division and cytokinesis are coupled
(i.e., the phragmoplast arises from the anaphase spindle be-
tween the two sister nuclei immediately after mitosis). In
contrast, in systems exhibiting “nonconventional” cytokine-
sis, such as nuclear endosperms, nuclear division is not im-
mediately followed by cytokinesis (i.e., the two processes
are uncoupled and new walls are formed at a later stage be-

tween sister and nonsister nuclei) (Otegui and Staehelin,
2000a, 2000b).

The early development of nuclear-type endosperms in-
volves several cycles of nuclear division followed by reposi-
tioning of the nuclei to the cortical cytoplasm surrounding the
central vacuole. The sites of assembly of the future cell walls
are then determined by radial systems of microtubules,
which originate from microtubule organizing centers associ-
ated with the nuclear surface and organize the cytoplasm
into nuclear cytoplasmic domains (Brown and Lemmon,
1992; Pickett-Heaps et al., 1999). The new cell walls form
where opposing sets of microtubules from adjacent nuclear
cytoplasmic domains overlap, but the mechanism by which
these cell walls develop, whether by infurrowings from the
parental cell wall or by conventional cell plate formation, re-
mained unsettled for more than 90 years (DeMason, 1997).
We demonstrated recently that the formation of the first
endosperm cell walls involves phragmoplast-like struc-
tures termed mini-phragmoplasts, and a syncytial-type cell
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plate is formed (Otegui and Staehelin, 2000a, 2000b). Each
mini-phragmoplast consists of two opposing sets of micro-
tubules, which arise from the overlapping clusters of micro-
tubules that radiate from neighboring nuclei. Golgi-derived
vesicles seem to be transported along these microtubules
and to fuse with each other to generate a network of wide

 

membranous tubes (

 

�

 

45 nm in diameter). Subsequently,
these wide tubes undergo a series of transformations that
eventually yield the mature cell wall (Otegui and Staehelin,
2000a).

The transient membrane configurations observed during
syncytial-type cell plate formation differ in several respects

Figure 1. Comparison between Conventional Electron Microscopy and Electron Tomography and Steps in Tomographic 3-D Reconstruction.

(A) Conventional electron micrograph of an 80-nm section observed at 80 kV.
(B) to (D) Steps in the 3-D tomographic reconstruction of a portion of a cell plate and the surrounding cytoplasm.
(B) A 2.3-nm tomographic slice extracted from a tomogram consisting of 157 slices. This tomogram was obtained by combining the recon-
structed volumes derived from two orthogonal tilt series (dual-axis tomography) using IMOD software package.
(C) Cellular structures such as microtubules (magenta), noncoated vesicles (light green), clathrin-coated vesicles (red), endoplasmic reticulum
cisternae (dark green), cell plates (yellow), and ribosomes (gray dots) included in the tomographic volume are traced one by one with colored
contours in all of the slices.
(D) Rendition of the surfaces on the contours for each object modeled in this region. The surfaces of individual objects were obtained by com-
puting a mesh of triangles between overlapping contours in two adjacent tomographic slices. See also video sequence 1.
CCV, clathrin-coated vesicle; CP, cell plate; ER, endoplasmic reticulum; MT, microtubules; NCV, noncoated vesicle. Bars � 50 nm.
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from those reported for somatic-type cell plates, but the
overall assembly process is quite similar (cf. Samuels et al.,
1995, and Otegui and Staehelin, 2000a). Both processes in-
volve highly complex sets of carefully controlled membrane
transformation and maturation events and a sequential dep-
osition of different types of cell wall–forming polysaccha-
rides. For example, whereas the early stage cell plates are
rich in xyloglucans and pectins produced by Golgi-located
enzymes, later stage cell plates contain increasing amounts
of callose and cellulose, polysaccharides that are synthe-
sized by enzymes located in the cell plate membrane (Hong
et al., 2001a, 2001b; Verma, 2001). Furthermore, the activa-
tion of these latter enzymes seems to coincide with the dis-
appearance of the dense fuzzy coat that surrounds the
tubular cell plate membranes (Samuels et al., 1995; Otegui
and Staehelin, 2000a).

Although these recent ultrastructural studies have pro-
vided a wealth of new insights into the processes of both
somatic- and syncytial-type cell plate assembly, many
structural questions remain as a result of the technical limi-
tations associated with the analysis of thin (

 

�

 

80 nm) sec-
tions. In particular, such thin sections can provide only
limited information about the spatial organization of phrag-
moplast microtubules, the three-dimensional (3-D) architec-
ture of cell plate intermediates, and the distribution of cell
plate–forming vesicles. In addition, it is impossible to extract
from thin section micrographs precise quantitative informa-
tion about the surface areas and volumes of the different
types of highly convoluted cell plate intermediates, the num-
ber of vesicles needed to assemble these membranous in-
termediates, and the number of microtubules participating
in cell plate assembly.

We demonstrated recently that it is possible to obtain
both high-resolution (

 

�

 

6 nm) and quantifiable 3-D informa-
tion on membrane systems associated with the secretory
pathway of mammalian cells by combining high-pressure
freezing/freeze substitution for specimen preparation and
dual-axis high-voltage electron tomography for image anal-
ysis (Ladinsky et al., 1999; Marsh et al., 2001). Here we re-
port on the use of these advanced structural research
techniques to study the 3-D architecture of plant cell com-
ponents. The resulting data sets have not only confirmed a
number of previously defined stages of syncytial-type cell
plate formation but also have led to the discovery of new
structural elements of forming cell plates, to a much better
definition of the 3-D conformation of several membrane net-
work intermediates, and to quantitative insights about the
volumetric and surface plasma membrane area changes
during cell plate formation. Some highlights of this study are
the discovery of spiral complexes of dynamin-like molecules
that appear to transiently pinch but not fission membrane
tubules, the demonstration that most Golgi-derived vesicles
are connected to microtubules by means of two molecules
that resemble kinesin-type motor proteins, and the quantita-
tive demonstration that 75% of the cell plate membrane is
removed during maturation.

 

RESULTS

 

Dual-axis tomography provides a means of producing very
thin (2 to 3 nm thick) tomographic slices through a 3-D re-
constructed cellular volume. The results reported in this study
are based on four dual-axis high-voltage electron micro-
scope tomographic reconstructions of high pressure frozen/
freeze-substituted endosperm samples containing syncy-
tial-type cell plates.

The computed tomographic slices were parallel to the
plane of the original microtome section and resemble con-
ventional thin sections (cf. Figures 1A and 1B), except that
they are 30 times thinner (80 versus 2.3 nm). Figure 1 de-
picts the main steps in the modeling process (see also video
sequence 1). Cellular structures (objects) are traced with
colored contours in every slice (Figure 1C). The contours be-
longing to the same object are then assembled into individ-
ual 3-D structures (Figure 1D; see Methods).

 

Cell Plate–Forming Vesicles Are Connected to
Mini-Phragmoplast Microtubules via Structures
That Resemble Motor Proteins

 

Syncytial-type cell plates are assembled from Golgi-derived
vesicles in structures known as mini-phragmoplasts, which
are small clusters of oppositely oriented microtubules and
associated cytoskeletal molecules (Otegui and Staehelin,
2000a). It is generally assumed that the Golgi-derived vesi-
cles travel to the forming cell plates along microtubules with
the help of plus end–directed microtubule motor proteins,
but direct observations supporting this hypothesis have
been difficult to achieve. In tomographic studies, such mo-
tor proteins can be visualized readily by using the “image
slicer” tool in the Imod image analysis program (see Meth-
ods). This tool allows the viewer to orient the tomographic
slices parallel to the longitudinal axis of individual microtu-
bules (Figure 2A). Once oriented, each 2.3-nm-thick slice or
an integrated view of a few of them can be analyzed for the
presence of structures (molecules) that link the vesicles to
the microtubule (Figures 2A and 2B).

The microtubule segment shown in Figure 2A includes a
microtubule end that was oriented toward the forming cell
plate and depicts flared protofilaments. Because phragmo-
plast microtubules have their plus ends facing the cell plate,
and because microtubule plus ends usually are flared, we
postulate that the microtubule end marked “

 

�

 

” in Figure 2
corresponds to a plus end. Closely associated with this
0.4-

 

�

 

m-long microtubule segment are five vesicles whose
staining properties and size (

 

�

 

50 nm in diameter) are char-
acteristic of cell plate–forming vesicles. Of these five vesi-
cles, four are connected to the microtubule surface via
kinked, rod-like structures. Each of the connecting elements
appears to consist of three domains, a 7-nm-long domain
attached to the microtubule surface, an 

 

�

 

30-nm bridging
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domain, and a blob-like domain associated with the vesicle
surface, which was not always discernible (Figure 2B).
Based on their morphology, their size, and the direction in
which the vesicles have to be transported to the cell plate,
these vesicle–microtubule bridging structures most likely
correspond to kinesin motor proteins. Of the four vesicles
with bridging elements seen in Figure 2, three appear to
have two kinesin-like proteins and one appears to have only
one (Figures 2C and 2D). Analysis of other microtubules with
associated vesicles confirms that a majority of the vesicles
are attached via two kinesin-like motor proteins.

To determine approximately how many vesicles are asso-
ciated with mini-phragmoplast microtubules, we have cal-
culated the distance between every microtubule and its
neighbor vesicles (Figure 3). We also tested the significance
of this association by comparing the distribution pattern
with a random distribution of microtubules and vesicles (see
Methods). Figure 3 demonstrates that a significant number
of vesicles are within 10 to 30 nm of a microtubule. Consid-
ering that the tethered vesicles represented in Figure 3 are

located between 15 and 25 nm from the microtubule sur-
face, it is likely that most of the vesicles within an 

 

�

 

30-nm
radius of the microtubule surfaces also are linked to the mi-
crotubule via kinesin-like motor proteins.

The freeze substitution and staining protocols used in this
study were optimized for membrane staining and not for the
preservation of the actin cytoskeleton. For this reason, we
were able to trace only a few individual actin filaments. Nev-
ertheless, in most of the cases in which actin filaments were
identified unambiguously, they were attached to the grow-
ing edge of the cell plate (see Figure 8) and were surrounded
by noncoated vesicles (data not shown).

 

Growth of the Wide Tubular Network Occurs at Discrete 
Locations throughout the Network

 

Upon arriving at the future site of the cell plate, the Golgi-
derived vesicles fuse with each other and thereby initiate cell
plate formation. The earliest stages of cell plate assembly

Figure 2. Mini-Phragmoplast Microtubules and Associated Vesicles with Kinesin-Like Proteins.

(A) An 11.5-nm-thick tomographic slice (slicer view of five integrated 2.3-nm slices) through a mini-phragmoplast microtubule and associated
noncoated vesicles. The flared plus end (�) is facing the cell plate. Two kinked, rod-like structures (arrow) link the vesicle marked by a star to the
microtubule.
(B) Detail of the vesicle marked by a star in (A) showing the microtubule-vesicle connecting structures.
(C) Three-dimensional model of the same microtubule and associated vesicles depicted in (A). Four vesicles are connected by rod-like struc-
tures (arrows) to the microtubule (three of them are connected by two linkers and one is connected by a single linker), and one vesicle displays
no bridging elements.
(D) Same 3-D model but viewed from the microtubule plus end.
MT, microtubule; NCV, non-coated vesicle. Bars in (A), (C), and (D) � 100 nm; bar in (B) � 50 nm.
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have been captured in the reconstructed mini-phragmoplast
illustrated in Figures 4A to 4C. Aside from the microtubules
(magenta) and numerous noncoated, Golgi-derived vesicles
(Figure 4A, light green), the reconstruction depicts a distinct
hourglass-shaped fusion intermediate (Figures 4A and 4B,
green) and a short wide tubule (Figures 4A and 4C, green/
yellow) with which a vesicle appears to be fusing. As these
wide tubules become longer, they appear to branch and
fuse with each other to generate a membranous network,
the yellow-colored wide tubular network (Figure 4D, video
sequence 2).

The individual tubules of the wide tubular network have
diameters of between 45 and 52 nm, except at specific con-
stricted sites, which are discussed in greater detail in the
next section. In the area shown in Figure 4D, most of the mi-
crotubules along which the noncoated, Golgi-derived vesi-
cles are brought to the forming cell plate are located outside
of the upper edge of the wide tubular network region. A few
microtubules are seen closely associated with unbranched,
elongated wide tubules that extend from the cell plate edge.
The majority of the noncoated vesicles located between the
network tubules are in the upper right half of the network
(Figure 4D). Because this region also contains hourglass-
shaped vesicle fusion intermediates and many short, un-
branched tubules, it appears that this is where most of the
wide tubular network growth occurs.

Interestingly, a second independent cell plate assembly
site consisting of a mini-phragmoplast, vesicles, an hour-
glass-shaped intermediate, and individual wide tubules is
seen in the upper right corner of Figure 4D (see also video
sequence 2). The red cap associated with the tubule end
near the center of the network corresponds to a clathrin
coat, and the surrounding red vesicles correspond to clath-
rin-coated vesicles. A multivesicular body (Figure 4D) is seen
in close proximity to the forming cell plate.

 

Dynamin-Like Rings Constrict the Tubules of Wide 
Tubular Networks at Irregular Intervals

 

One of the most striking novel features of syncytial-type cell
plates revealed by our tomographic studies are the ring
complexes that constrict the wide tubular network at irregu-
lar intervals (Figures 5 and 6). These structures exhibit a he-
lical configuration; their outside diameter is 45 nm, and their
length along the tubes varies depending on whether they
possess a single or a double turn helical structure (Figure
5A, single and double arrows, and Figures 5E to 5G

 

�

 

). Where
these rings form, the normally 

 

�

 

50-nm wide membrane tu-
bules become constricted to a diameter of 

 

�

 

20 nm (cf. Fig-
ures 5C and 5D). We have found 

 

�

 

10 ring complexes per
square micrometer of wide tubular network domain. Inter-
estingly, similarly pinched membrane domains that lack
constricting rings also are present throughout the wide tu-
bular networks (Figures 5A, 5C, and 5D, open arrows). The
high frequency with which these ring-lacking constricted

membrane domains are seen (one for every two rings) sug-
gests that the rings could be transient structures that, upon
release, leave behind a transiently constricted membrane
domain (cf. Figures 5C and 5D). These rings also can be
identified in suitably oriented thin sections (Figure 6A).

Based on their size, their helical structure, and their ability
to constrict membrane tubules, we postulated that these
rings could be composed of dynamin-like polymers. To test
this hypothesis, we immunolabeled thin sections of forming
syncytial-type cell plates with three polyclonal antibodies
raised against synthetic peptides of the Arabidopsis dy-
namin-like protein 1A (ADL1A) (Kang et al., 2001). Of these
three antibodies, only anti-ADL1A does not cross-react with
any other member of the ADL1 family, whereas CIW14 and
CIW15 also recognize ADL1E (B.-H. Kang and S.Y. Bednarek,
unpublished results). The high pressure frozen samples
used for immunolocalization were freeze substituted in glu-
taraldehyde and uranyl acetate and embedded in Lowicryl
resin (see Methods) to optimize the preservation of antigenic
sites. Although the rings are no longer clearly discernible in
such specimens, the distinct clustering of the gold labels
obtained with the anti-ADL1A antibody along membrane
tubes (Figure 6B), as well as with the other two antibodies
(data not shown), strongly supports the notion that the rings
are in fact composed of dynamin-like proteins.

Figure 3. Quantitative Analysis of Distances between Microtubules
and Noncoated Vesicles.

The histogram shows the relative density of vesicles (number of ves-
icles per cubic micrometer) at 10-nm distances from the microtubule
surfaces. The peak in the real distribution (thick line) is substantially
greater than the randomized distribution (thin lines), suggesting a
specific association. Note that many vesicles are located between
10 and 30 nm from the microtubule surfaces. MT, microtubule.



 

2038 The Plant Cell

Figure 4. Three-Dimensional Modeled Reconstruction of the First Steps in Syncytial-Type Cell Plate Assembly.

(A) Mini-phragmoplast. Noncoated vesicles transported along microtubules to the future cell plate site fuse with each other via hourglass-
shaped intermediates to produce wide tubules.
(B) and (C) Details of an hourglass-shaped intermediate (B) and a growing wide tubule (C).
(D) Wide tubular network resulting from the fusion, extension, and branching of individual wide tubules. All of the mini-phragmoplast microtu-
bules are located around the growing edges. Numerous noncoated vesicles and some clathrin-coated vesicles are found both between the tu-
bules and in the vicinity of the cell plate. Tubule-constricting helical structures (white arrows; see Figure 5 for details) are seen throughout the
network. See also video sequence 2.
CCV, clathrin-coated vesicle; HGI, hourglass-shaped intermediate; MT, microtubule; MVB, multivesicular body; NCV, noncoated vesicle; WT,
wide tubule. Bars in (A) and (D) � 100 nm; bars in (B) and (C) � 50 nm.
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During Maturation, the Tubules of the Wide Tubular 
Network Coalesce into Extremely Convoluted 
Fenestrated Sheets

 

As the wide tubular network domains continue to fuse with
each other and with individual new tubules, the maturing
network becomes more coherent and three-dimensionally
more complex (see left side of the network shown in Figure
4D). Eventually, the tubules also begin to fuse laterally with
each other, beginning the transformation of the wide tubular
network into a membrane system consisting of extremely
convoluted, interconnected fenestrated membrane sheets
that form labyrinth-like structures (Figures 7A and 7B, Figure
8, video sequence 3). Previously, based on 80-nm serial
sections, we interpreted this transformation to involve the
conversion of the wide tubular network into a thin tubular
network (Otegui and Staehelin, 2000a). However, it is now
obvious that the 3-D resolution of conventional thin sections
is simply inadequate to allow for an unambiguous interpre-
tation of this type of unusually convoluted membrane con-
figuration.

While the transformation from wide tubular network to
convoluted fenestrated sheet is taking place in the older do-
mains of the cell plates, the peripheral regions continue to
grow by the lengthening of existing wide tubules and the
formation of new tubules. This is seen most clearly in Figure
7A, which shows several elongated wide tubules that extend
from the cell plate margins (see also video sequence 3). The
presence of dynamin-like rings around these wide tubules
(Figure 7A, arrows) confirms that these tubules are in the
early stages of development. Upon reaching the cell sur-
face, the tubules fuse with the plasma membrane, thereby
linking the cell plate to the mother cell wall (Figure 7C).

As described previously (Otegui and Staehelin, 2000a),
the cellularization of the syncytial endosperm also requires
the fusion of adjacent cell plates with each other to form the
triple junction regions of the honeycomb-like cell walls. Fig-
ures 7B and 8 depict such a region, where three cell plates
(numbers 1, 2, and 3) at slightly different stages of develop-
ment are in the process of joining together. In the joining re-
gion, the density of mini-phragmoplast microtubules is quite
high, as is the density of Golgi-derived vesicles. Most of the
vesicles are seen crowding around the wide tubules that ex-
tend from the least developed cell plate (number 2) (see also
video sequences 4 and 5). Several dynamin-like rings also
are associated with wide tubules (Figure 7B, arrows).

 

Transformation of a Convoluted Fenestrated Sheet into 
a Planar Fenestrated Sheet Involves the Removal of 
Excess Membrane by Clathrin-Coated Vesicles

 

Although the individual convoluted fenestrated sheets are
on average only 

 

�

 

28 nm wide, the entire convoluted fenes-
trated system forms a layer that has a thickness of between
450 and 500 nm (Figures 7A and 7B). Conversion of this lab-

 

yrinthine membrane system into a planar fenestrated sheet
(Figure 7C) requires the removal of large amounts of excess
membrane. This removal process appears to be mediated
by clathrin-coated budding vesicles that begin to appear on
maturing wide tubules (Figure 4D, red membrane bud),
reach their highest density (one clathrin-coated bud per 1.6

 

�

 

m

 

2

 

 of membrane surface area) on the convoluted fenes-
trated sheets (Figure 7A, video sequence 3), and then grad-
ually decline. As this excess membrane is withdrawn, the
degree of membrane convolution and layering gradually de-
creases to eventually yield a planar fenestrated sheet. This
transformation process is illustrated most clearly in the left
half of Figure 7B, where the fenestrated membrane system
1 can be seen to change from a highly convoluted morphol-
ogy in the center to a more planar configuration toward the
left. During this process, a few dynamin-like rings still can
be seen pinching narrow connections between adjacent
fenestrae (Figure 7D).

 

Syncytial-Type Cell Plates Undergo Dramatic Changes 
in Membrane Surface Area and Volume
during Maturation

 

We have further characterized these cell plate transforma-
tion events by calculating the changes in surface area and
volume of the different cell plate assembly intermediates
(Figure 9). Because the surface area of plasma membranes
cannot be expanded by stretching (Wolfe and Steponkus,
1983), we assumed for our calculations that the observed
changes in membrane surface area during cell plate assem-
bly are caused by the incorporation or removal of mem-
brane material. As discussed above, cell plates arise from
Golgi-derived noncoated vesicles (Figure 9A, NCV), and re-
moval of excess membrane from cell plates is achieved by
the formation of clathrin-coated vesicles (Figure 9A, CCV).
Thus, by calculating the surface area of the two types of
vesicles and the unit surface areas of the cell plates at dif-
ferent developmental stages, one can determine how many
vesicle equivalents had to be added or subtracted to trans-
form one kind of cell plate intermediate into the next kind.
The terms unit membrane surface area and unit cell plate
volume are defined as the membrane surface area and vol-
ume of cell plate pieces contained in a 1-

 

�

 

m

 

3

 

 box (see
Methods). As depicted in Figure 9A, the unit surface area of
the wide tubular network was 6.34 

 

�

 

m

 

2

 

. Because an aver-
age cell plate–forming vesicle has a surface area of 0.00747

 

�

 

m

 

2

 

, 

 

�

 

850 noncoated vesicle equivalents would be needed
to produce this piece of wide tubular network. An additional
380 noncoated vesicle equivalents would be needed to con-
vert a wide tubular network into a convoluted fenestrated
sheet (9.17 

 

�

 

m

 

2

 

; Figure 9A). In contrast, to transform a con-
voluted fenestrated sheet into a planar fenestrated sheet
(Figure 9A) would require the removal of 800 clathrin-coated
vesicle equivalents (0.0082 

 

�

 

m

 

2

 

 of membrane surface area
per clathrin-coated vesicle).
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Figure 5.

 

Distribution and Structure of Dynamin-Like Helical Rings That Constrict Wide Tubules.

 

(A)

 

 Overview of a wide tubular network domain showing simple and double constricting helical structures (white arrows) that were identified as
ADL1A polymers (see Figure 6). Several constricted tubule domains without dynamin helices also are evident (empty arrows).

 

(B)

 

 Slicer view of a 5.6-nm tomographic slice through a wide constricted tube and its associated dynamin helix (arrow).
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We also have analyzed the changes in volume of the dif-
ferent cell plate intermediates (Figure 9B). Approximately
the same number of noncoated vesicle equivalents (860 ver-
sus 850; Figure 9B) that are required to produce the unit
membrane surface area of the wide tubular network also are
enough to account for the unit volume of this membranous
compartment (0.03 

 

�

 

m

 

3

 

; 3.5 

 

�

 

 10

 

�

 

5

 

 

 

�

 

m

 

3

 

/cell plate–forming
vesicle). This suggests that the cell wall precursor molecules
in the wide tubular network are provided entirely by Golgi-
derived vesicles. In contrast, the dramatic volumetric changes
associated with the following cell plate transformation
events cannot be explained by the incorporation or removal
of vesicles alone. If only vesicle trafficking were considered,
the change in relative volume from the wide tubular network
(0.03 

 

�

 

m

 

3

 

) to the convoluted fenestrated sheet (0.088 

 

�

 

m

 

3

 

)
would require the incorporation of 1660 noncoated vesicle
volume equivalents, whereas only 380 noncoated vesicle
equivalents would be needed for the surface area changes.
A similar discrepancy between the volume and surface area
changes is observed during the transformation from convo-
luted fenestrated sheet to planar fenestrated sheet, during
which 

 

�

 

1600 clathrin-coated vesicle volume equivalents
should be removed to account for the volumetric change
(4.2 

 

�

 

 10

 

�

 

5

 

 

 

�

 

m

 

3

 

/clathrin-coated vesicle) versus 800 clath-
rin-coated vesicle equivalents for the surface area change.
Based on these findings, it is obvious that the greater volu-
metric than surface area changes must originate from cell
plate activities other than vesicle transport. Conversion of a
planar fenestrated sheet into a new cell wall involves only a
slight increase in relative volume (from 0.021 to 0.035 

 

�

 

m

 

3

 

).

 

A Ribosome-Excluding Matrix Surrounds the Wide 
Tubular Network and the Convoluted Fenestrated Sheet 
but Not the Planar Fenestrated Sheet

 

We reported previously that ribosomes appeared to be ex-
cluded from the vicinity of forming wide tubular networks by
a dense matrix of fine filamentous molecules (Otegui and
Staehelin, 2000a). However, the extent and timing of the as-
sembly and disassembly of this matrix was difficult to as-
sess in conventional thin sections. Using our tomographic
data sets, we have been able to produce more definitive in-
formation about the spatial organization of this ribosome-
excluding zone during different stages of cell plate forma-

 

Figure 5.

 

(continued).

 

(C)

 

 Detail of a wide tubule with two adjacent constrictions. One of these constrictions is surrounded by a dynamin ring (white arrow), whereas
the other one is not (empty arrow).

 

(D)

 

 Same tubules as depicted in 

 

(C)

 

 with the dynamin ring removed to show the similarity in diameter of the ring-associated constricted mem-
brane (gray arrow) and the adjacent constricted membrane region that lacked a ring (empty arrow).

 

(E) 

 

to

 

 (G)

 

 Face-on views of 3-D models of individual dynamin rings that display a spiral-like substructure.

 

(E

 

�

 

)

 

 to 

 

(G

 

�

 

)

 

 Side-on views of the same rings. Note that the structures displayed in 

 

(F)

 

, 

 

(F

 

�

 

)

 

, 

 

(G),

 

 and 

 

(G

 

�

 

)

 

 are double-turn helices.
Bar in 

 

(A)

 

 

 

�

 

 100 nm; bars in 

 

(B)

 

 to 

 

(E�) � 50 nm.

Figure 6. Thin-Section Electron Micrographs of Dynamin Rings.

(A) Micrograph of an Epon-resin section showing a growing syncy-
tial-type cell plate (CP) edge. Two dynamin rings (arrows) are seen
constricting membrane tubules.
(B) Micrograph of a Lowicryl HM20 resin–embedded syncytial-type
cell plate (CP) labeled with the anti-ADL1A antibody–gold probe.
Note how the clustering of the gold particles along the membrane
tubules (arrows) resembles the distribution of the constricting rings.
Bars � 100 nm.

tion and about how this zone affects the distribution of other
cellular components.

A quantitative assessment of these ribosome–cell plate
relationships during different stages of cell plate forma-
tion is presented in Figure 10. In this diagram, the density of



2042 The Plant Cell

Figure 7. Three-Dimensional Models of Convoluted and Planar Fenestrated Sheets That Illustrate Different Stages of Cell Plate Maturation.

(A) Syncytial-type cell plate showing a convoluted fenestrated sheet domain in its central region and wide tubules emanating from the growing
edge. At left, the cell plate extends toward the tonoplast membrane of a vacuole, whereas at right, it is seen close to a syncytial cell wall. Two
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ribosomes is plotted against their distance from the cell
plate plasma membrane. The density of ribosomes within a
100-nm distance from wide tubular network and convoluted
fenestrated sheet membranes is seen to be much lower
than for the planar fenestrated sheet and the completed cell

walls. Beyond 100 nm, the ribosome density is the same as
in the cytoplasm regions not associated with the cell plate
(Figure 10).

In Figure 11A, we have highlighted the distinct interface be-
tween cytosolic ribosomes and the matrix zone surrounding

dynamin rings (white arrows) are seen constricting the wide tubules on the left. Three clathrin-coated buds are shown budding from the convo-
luted fenestrated sheet domains. See also video sequence 3.
(B) Junctional region between three growing syncytial-type cell plates (numbers 1, 2, and 3). Cell plate 1 exhibits a more convoluted fenestrated
sheet-type morphology near the junction region (central area), which changes to a more planar fenestrated sheet toward the left (older domain).
Cell plate 2 appears to be in the process of fusing to the other two cell plates by an actively growing wide tubular network domain. (Note the high
density of mini-phragmoplast microtubules and noncoated cell plate–forming vesicles in this region.) Several dynamin rings are seen associated
with all three adjoining cell plates. See also video sequences 4 and 5.
(C) Segment of a planar fenestrated sheet fused to the syncytial cell wall facing the endothelium via two wide tubules. Several microtubules ap-
pear to be directing vesicles to the fusion site.
(D) Detail of a fenestrated sheet in which dynamin rings (arrows) are constricting narrow membrane bridges between adjacent fenestrae.
AF, actin filaments; CCB, clathrin-coated bud; CFS, convoluted fenestrated sheet; EN, endothelium; FZ, fusion zone; MT, microtubule; NCV,
noncoated vesicle; SCW, syncytial cell wall; T, tonoplast membrane; WT, wide tubule. Bars in (A) to (C) � 100 nm; bar in (D) � 50 nm.

Figure 7. (continued).

Figure 8. “Front” and “Back” Views of a 2.8 � 2.8 � 0.5 �m3 Cytoplasmic Volume Containing a Junctional Region between Three Maturing Cell
Plates.

(A) and (B) Note that each cell plate is in a slightly different stage of development. Cell plate 1 is mostly in the convoluted fenestrated sheet
stage; the less developed cell plate 2 is just beginning to fuse with the junctional region; and cell plate 3 is already in the planar fenestrated sheet
stage. An hourglass-shaped intermediate (arrow) is seen near the growing edge of cell plate. Most of the microtubules (MT) are located near the
growing region of the least developed cell plate 2. Numerous larger organelles, such endoplasmic reticulum cisternae (ER), mitochondria (M),
and a peroxisome (PX) also are crowded around the junctional area. See also video sequences 4 and 5. AF, actin filament; G, Golgi; MVB, multi-
vesicular body; V, vacuole.
Bar in (A) � 200 nm.
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a segment of a wide tubular network by means of red stip-
pling. Analysis of larger areas has shown that although the
matrix excludes the vast majority of the ribosomes, the ex-
clusion is not complete, with individual ribosomes and the
occasional polysomes also being present. At the same time,
as illustrated in Figure 11B, the ribosome-excluding matrix
does not appear to form a barrier to the much larger cell
plate–forming vesicles, microtubules, and endoplasmic retic-
ulum cisternae, all of which are essential for cell plate as-
sembly. Indeed, the distribution of these latter structures
suggests that they may have an affinity for the matrix ele-
ments and could be actively drawn into the proximity of the
growing membrane tubules. Once a cell plate has reached
the planar fenestrated sheet stage, the ribosome-excluding
matrix disappears and ribosomes approach closely to the
cell plate surface (Figure 11C).

Mitochondria, Rough Endoplasmic Reticulum Cisternae, 
and Multivesicular Bodies Are Closely Associated with 
Syncytial-Type Cell Plates

We have observed in our tomograms that numerous mito-
chondria, Golgi stacks, endoplasmic reticulum cisternae,
and multivesicular bodies are located in the vicinity of cell
plates. Figure 8 depicts the relationship between these or-
ganelles and three fusing cell plates (see also video se-
quences 4 and 5). Vesicles are not shown in this model to
highlight the spatial relationships between the organelles,
the cell plates, and the microtubules.

Rough endoplasmic reticulum cisternae were seen in
close proximity to all cell plates (Figure 8). During the later,
planar fenestrated sheet stage of cell plate formation, such
cisternae often were observed passing through the fenes-
trae (data not shown).

Multivesicular bodies were observed commonly in the vi-
cinity of cell plates during all stages of development (Figures
4 and 8). A 3-D model of an individual multivesicular body is
depicted in Figure 12. This multivesicular body is somewhat
unique in that it shows simultaneously a cytosolic vesicle
that appears to be in the process of fusing with the limiting
membrane and at the opposite side a vesicle budding into the
interior. (Note that the suggested budding/fusion directions
are based on studies in other systems.) Within the multive-
sicular body lumen, all of the vesicle-like inner membranes

Figure 9. Histograms Illustrating Changes in Membrane Surface
Area and Volume during Syncytial-Type Cell Plate Assembly.

(A) Changes in unit cell plate surface area.
(B) Changes in unit cell plate volume.
The values refer to the surface area and volume of cell plate ele-
ments contained in a 1-�m3 box of reconstructed volume (see
Methods). The numbers of noncoated vesicle and clathrin-coated
vesicle equivalents that would mediate the transition from one de-
velopmental stage to the next also are provided. CCV, clathrin-
coated vesicle; CFS, convoluted fenestrated sheet; MCW, mature
cell wall; NCV, noncoated vesicle (Golgi derived); PFS, planar fe-
nestrated sheet; WTN, wide tubular network. Error bars indicate
the standard deviation.

Figure 10. Changes in Ribosome Density as a Function of Distance
from the Cell Plate Surface.

The densities of ribosomes are plotted against their distance from
the cell plate membrane for different cell plate intermediates. CFS,
convoluted fenestrated sheet; MCW, mature cell wall; PFS, planar
fenestrated sheet; WTN, wide tubular network. Error bars indicate
the standard deviation.
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are fused together into bulbous tubules. A similar fusion of
internalized vesicles is evident in the multivesicular body il-
lustrated in Figure 4D.

DISCUSSION

Forming cell plates are among the most three-dimensionally
complex and dynamic membrane systems of plant cells.
These combined features present a formidable challenge to
cell biologists interested in understanding how they are as-
sembled. In this investigation, we have used two advanced
structural methods, high-pressure freezing and dual-axis high-
voltage electron tomography, to obtain new insights into the
mechanism of syncytial cell plate assembly. Figure 13 sum-
marizes in diagrammatic form our current understanding of
this process.

Electron Tomography Adds a New Dimension to 
High-Resolution Structural Studies of Cell Plate Formation

Despite 100 years of research, plant cell cytokinesis remains
a poorly understood process at the molecular level because
of the difficulties associated with the identification and char-
acterization of the numerous structures involved in phragmo-
plast, cell plate, and cell wall formation. Light microscopy
has yielded critically important insights into the dynamics of
the formation of these structures in living cells. However,
none of the currently available light microscopic techniques
is able to resolve the individual cytoskeletal elements of the
phragmoplast, the Golgi-derived vesicles that fuse to form
the cell plate, and the membrane intermediates that give rise
to the new cell wall. More detailed information on these
structures can be produced by means of electron micros-
copy of thin sections of chemically fixed cells (Hepler and
Newcomb, 1967; Gunning, 1982) and of high-pressure fro-
zen and freeze-substituted cells (Samuels et al., 1995; Otegui
and Staehelin, 2000a). These studies also have enabled re-
searchers to establish potential sites of action of drugs
(Heese et al., 1998) and mutations (Nacry et al., 2000) that
perturb plant cell cytokinesis.

However, the limits of this type of electron microscopy
become most apparent when attempts are made to extract
3-D structural information from the essentially two-dimen-
sional images of the structures of interest. In addition, thin
section electron microscopy does not allow one to accu-
rately calculate surface areas and volumes of interesting
cellular structures or even to determine their absolute num-
bers. The current study demonstrates that these and other
quantification problems can be overcome by combining fast
freezing followed by freeze substitution with dual-axis elec-
tron tomography. The �6-nm resolution of this new meth-
odology yields information about the architecture of cellular

Figure 11. Spatial Organization of the Ribosome Exclusion Zone
around Developing Cell Plates.

(A) Portion of a wide tubular network. The limit of the ribosome ex-
clusion zone is indicated by red stippling (red and white arrow). No
other organelles are included in this model to highlight its size and
distribution.
(B) Same cell plate domain as shown in (A) but including associated
organelles, such as noncoated vesicles (V), endoplasmic reticulum
(ER), microtubules (MT), and actin filaments (AF). The organelles that
are completely or partially located inside the ribosome exclusion
zone are marked by stars.
(C) Segment of a planar fenestrated sheet stage cell plate. Note that
ribosomes are located very close to the cell plate, indicating that the
ribosome exclusion zone is no longer present.
Bars � 100 nm.
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structures that can be used to investigate cell plate forma-
tion and other cellular processes in ways that were incon-
ceivable even a few years ago. At the same time, we would
like to emphasize that the electron tomographic approach
used in this study does not substitute for but complements
the information contained in the actual micrographs of the
cryofixed/freeze-substituted specimens.

Vesicle Transport along Microtubules to the Cell Plate 
Appears to Be by Kinesin-Like Motor Proteins

Cell wall formation requires the delivery of Golgi-derived
vesicles to the site of wall assembly. In growing pollen
tubes, the vesicles are transported from Golgi stacks to the
growing tip region along actin filament bundles with the help
of a myosin-type motor activity (Asada and Collings, 1997).
In contrast, during cytokinesis, the vesicles are assumed to
be transported along phragmoplast microtubules to the site
of cell plate assembly. Two lines of indirect evidence sup-
port this assumption. In electron micrographs of both intact
cells (Samuels et al., 1995; Otegui and Staehelin, 2000a)
and isolated phragmoplast–nuclei complexes (Kakimoto and
Shibaoka, 1988), vesicles are seen in close association with
microtubules. Similarly, cell plate formation in somatic cells
is disrupted completely by microtubule depolymerization
(Whaley et al., 1966) but not by the disruption of actin fila-
ments with cytochalasin (Mineyuki and Palevitz, 1990). It
also has been postulated that this microtubule-based trans-
port is mediated by a plus end–directed kinesin or kinesin-
like protein. However, although three kinesin proteins with

plus end–directed activity, TKRP125 from tobacco (Asada et
al., 1997), AtPAKRP1 from Arabidopsis (Lee and Liu, 2000),
and DcKRP120-2 from carrot (Barroso et al., 2000), have
been shown to be present in mitotic spindles and phragmo-
plasts, none of them appears to be related to vesicle trans-
port during cytokinesis.

As shown in Figure 3, a high proportion of the vesicles
seen in our specimens were located within 30 nm of a mi-
crotubule surface, the distance that separates vesicles con-
nected to microtubules via linker proteins (Figure 2C). These
connecting structures resemble the kinesin molecules seen
in deep-etch replicas of microtubules and latex beads incu-
bated with bovine brain kinesin and in the linking elements
between the microtubules and membrane-bounded organ-
elles of neurons (Hirokawa et al., 1989). Interestingly, even
though the bovine brain kinesin molecules were �80 nm
long, the bridging elements connecting the organelles and
latex beads to the microtubules measured only �25 nm. Ac-
cording to Hirokawa et al. (1989), this discrepancy is attrib-
uted to the fact that the large molecular domain from the
hinge region to the C-terminal region is closely apposed to
the vesicle or latex bead surface, leaving only an �25-nm
domain to bridge the microtubule and the vesicle. Our data
also suggest that most vesicles are propelled along the
phragmoplast microtubules with the help of two kinesin or
kinesin-like proteins or, in a few cases, with one such pro-
tein (Figure 2C). Together, these findings present some of
the strongest evidence for the involvement of kinesin-like
proteins in the transport of Golgi-derived vesicles to forming
cell plates.

New Mini-Phragmoplasts Are Produced de Novo during 
All Stages of Syncytial-Type Cell Plate Formation

A critical difference between somatic- and syncytial-type
cell plate assembly involves the origin and organization of
the phragmoplasts within which the cell plates are formed
(Otegui and Staehelin, 2000a, 2000b). Whereas the phrag-
moplasts of somatic cells derive from anaphase spindle
remnants, the mini-phragmoplasts of syncytial cells arise at
areas of overlap between clusters of microtubules that radi-
ate from the surfaces of adjacent nuclei (Van Lammeren,
1988). Sets of aligned mini-phragmoplasts then act in con-
cert to initiate and grow individual networks that expand and
merge into the larger, coherent cell plates that give rise to
the new cell walls.

We have observed that while the original sets of cell
plate–forming networks continue to expand and the micro-
tubules become displaced to the outside of the network, pe-
ripheral groups of microtubules also can assemble into
mini-phragmoplasts capable of initiating new networks (Fig-
ure 4D, top right). This means that cell plate expansion in
syncytial cells is driven by two mechanisms: the expansion
of existing networks by the addition of new vesicles and the
generation of new mini-phragmoplasts.

Figure 12. Three-Dimensional Reconstruction of a Multivesicular Body.

This unusual image captures both the fusion of a cytoplasmic vesi-
cle (FV) to the limiting membrane of a multivesicular body and, at the
same time, the budding of membrane material (BM) from the limiting
membrane into the interior. Several internalized vesicles (IV) are seen
connected to each other.
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How are new cell plate–forming sites established? We
postulate that this process starts with the assembly of the ri-
bosome-excluding matrix from scaffolding molecules that
are delivered to the new site with the help of kinesin-like
molecules along opposing sets of microtubules. Once as-
sembled, this matrix becomes capable of both inducing the
fusion of arriving vesicles and mediating the subsequent cell
plate maturation steps. The transport of scaffolding-type
proteins along microtubules with the help of kinesin-like
molecules to the sites of assembly of signaling complexes
has been documented in animal cells (Verhey et al., 2001).

Hourglass-Shaped Vesicle Fusion Intermediates Are 
Formed during All Stages of Syncytial-Type Cell
Plate Formation

Our previous model of syncytial-type cell plate assembly
(Otegui and Staehelin, 2000a) was based on the careful
analysis of hundreds of thin-section electron micrographs.

One of the unexpected findings of that study was that the
initial fusion of the Golgi-derived, cell plate–forming vesicles
did not involve membrane fusion tubes, as seen in somatic-
type cell plate formation (Samuels et al., 1995), but instead
involved hourglass-shaped vesicle fusion intermediates.
However, because of the difficulty of visualizing the �20-
nm-diameter fusion tubes in thin sections, we could not pre-
clude the possibility that we had simply missed them in our
micrographs. Figures 4A and 4D demonstrate that this was
not the case. Neither during the earliest stages of cell plate
formation (Figure 4A) nor during the subsequent wide tubu-
lar stage of cell plate growth (Figure 4D) could we find any
evidence for membrane fusion tubes. Thus, the presence/
absence of fusion tubes constitutes a critical difference be-
tween somatic-type and syncytial-type cell plate formation.

The four tomographic models depicted in this study con-
tain a total of seven hourglass-shaped intermediates, and
each of these can be viewed in the context of all of the sur-
rounding membrane structures. These data suggest that hour-
glass-shaped vesicle fusion intermediates are produced at

Figure 13. Developmental Stages of Syncytial-Type Cell Plate and Cell Wall Formation.

The model summarizes the main stages in syncytial-type cell plate assembly and cell wall formation in the micropylar zone of the endosperm of
Arabidopsis based on the findings of Otegui and Staehelin (2000a) and the present study. CB, clathrin-coated bud; DLR, dynamin-like rings;
HGI, hourglass intermediate; M, ribosome-excluding matrix; MP, mini-phragmoplast; MT, microtubule; PM, plasma membrane; V, vesicle; WT,
wide tubule.
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cell plate growth sites during all stages of syncytial-type cell
plate formation and that they constitute the initial step in cell
plate assembly.

Syncytial-Type Cell Plates Possess Highly Complex 
Membrane Configurations That Are Nearly Impossible
to Decipher in Thin-Section Micrographs

Conversion of the wide tubular networks (Figure 4D) into
planar fenestrated sheets (Figure 7C) involves some of the
most unusual membrane transformations discovered to
date (Figures 7A, 7B, and 8). In our previous article (Otegui
and Staehelin, 2000a), we postulated that the wide tubular
network is first converted into a thin tubular network and
then into a fenestrated sheet. As illustrated in Figures 7A,
7B, and 8, however, this interpretation was wrong. Our find-
ings indicate that structures previously interpreted as thin
tubules were actually cross-sectional views of unusually
convoluted fenestrated membrane sheets. At the same
time, we confirm that the convoluted membrane sheets pos-
sess the highest density of clathrin-coated buds involved in
the removal of excess membrane material. As this mem-
brane material is removed, the more cavernous-type mem-
brane configurations seen in Figure 7A are gradually
replaced by overlapping membrane “flaps” (Figures 7B and
8) that then become consolidated into planar fenestrated
sheets (Figures 7C and 13).

While these membrane transformation events are taking
place in the more mature regions of the cell plates, growing
wide tubules continue to expand the cell plate around its
margins. Finally, when these wide tubules reach the mother
cell plasma membrane, the individual wide tubules fuse with
the membrane, thereby linking the cell plate to the syncytial
cell wall (Figure 7C).

The ADL1A Dynamin-Like Proteins Pinch but Do Not 
Fission Membrane Tubules

The large GTPase dynamin family comprises mechanoen-
zymes that in animal cells are involved in constructing and
severing membrane vesicles and tubules. In vitro, they also
exhibit the ability to self-assemble into helical polymers
(Zhang et al., 2000). Two dynamin-like proteins, phragmo-
plastin from soybean (Gu and Verma, 1996, 1997; Zhang
et al., 2000) and its Arabidopsis homolog, Arabidopsis
dynamin-like protein (ADL1; Lauber et al., 1997), localize
to somatic-type cell plates during cytokinesis. The ADL1 fam-
ily comprises five proteins, ADL1A through ADL1E. ADL1A
has been shown not only to localize to cell plates but also to
play a critical role in plant development (Kang et al., 2001).

Our tomograms exhibit rings that constrict membrane
tubes of syncytial-type cell plates. Based on their dimen-
sions, their helical substructures, and the immunolabeling

shown in Figure 6, we postulate that these spiral structures
are ADL1A polymers. What distinguishes these dynamin-like
spirals from those seen in other systems is that they pro-
duce �20-nm-wide membrane constrictions but do not fis-
sion the membrane tubules. Furthermore, the coexistence
of numerous constricted membrane domains lacking the
dynamin-like spirals suggests that these pinching spirals are
transient structures (i.e., they assemble around membrane
tubules, they constrict, and then they break down). This dy-
namin cycling mechanism may contribute a novel dynamic
mechanism for maintaining membranes in a tubular state for
prolonged periods of time.

Because the budding of clathrin-coated vesicles and pos-
sibly the formation of fusion tubes in somatic-type cell
plates also involve dynamin-like (phragmoplastin) mole-
cules, it will be interesting to determine the specific sites of
action of the others ADL1 homologs. The recent discovery
that the Arabidopsis dynamin II homolog, AtDH (Verma,
2001), also associates with cell plates adds yet another di-
mension to this problem.

Changes in the Volume of Cell Plate Intermediates Could 
Be Related to Callose Synthesis and Breakdown

The changes in membrane surface area and volume of the
different cell plate intermediates illustrated in Figure 9 are
considerably greater than we had anticipated. They also
provide strong evidence for the correlation of changes in
cell plate architecture and biosynthetic activities at different
stages of cell plate formation. The close correlation between
the number of vesicles needed to account for both the sur-
face area and the volume of the wide tubular network (cf.
Figures 9A and 9B) suggests that the formation of the wide
tubular network involves vesicle fusion events but no cell
plate–associated biosynthetic activities. Thus, the composi-
tion of the membranes and the lumenal contents (mainly xylo-
glucans and pectic polysaccharides) (Otegui and Staehelin,
2000a, 2000b) of the wide tubular network would appear to be
equivalent to the Golgi-derived vesicles from which it is formed.

In contrast, the discrepancy between the number of vesi-
cle equivalents needed to account for the membrane
changes versus the volume changes associated with the
conversion of wide tubular networks into convoluted fenes-
trated sheets (Figure 9, WTN and CFS) suggests that this
transformation involves more than simply the fusion of more
vesicles with the cell plate. Specifically, the volume equiva-
lent changes are more than threefold greater than the mem-
brane surface equivalent changes. As shown previously, the
structural changes associated with the transformation from
wide tubular network to convoluted fenestrated sheet are
accompanied by a rapid accumulation of callose and a
lesser amount of cellulose (Samuels et al., 1995; Otegui and
Staehelin, 2000a). Because both of these polymers are syn-
thesized by enzymes in the cell plate membrane (Samuels et
al., 1995; Hong et al., 2001a, 2001b), the dramatic increase
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in cell plate volume most likely is caused by the accumula-
tion of these polymers in the cell plate lumen.

A significant amount of this extra cell plate volume disap-
pears during the next transformation step, the conversion of
the convoluted to the planar fenestrated sheet (Figure 9B).
This volumetric loss may be explained by the partial break-
down of callose. Previously, it has been hypothesized that the
forces needed to convert cell plate tubules into fenestrated
sheets come from the synthesis of callose, which spreads
over the membrane surface as it is deposited (Samuels et
al., 1995). The loss in cell plate volume after the completion
of the tubule-to-sheet conversion may be explained by the
removal of callose. This partial loss in callose is offset, in
part, by a concomitant increase in cellulose (Otegui and
Staehelin, 2000a), which together with xyloglucans and pec-
tins forms the primary cell wall (Brett, 2000).

Approximately 1.5 Million Vesicles Are Required to 
Produce the Walls around an Endosperm Cell

The dual-axis high-voltage electron tomography data pre-
sented in this study have produced not only more detailed
insights into the 3-D architecture of different cell plate inter-
mediates but also quantitative surface area and volumetric
information about these structures. As documented in Fig-
ure 9A, �1230 noncoated Golgi-derived vesicle equivalents
are needed to build 1 �m2 of cell plate. Because an average
Arabidopsis endosperm cell wall has a surface area of �400
�m2 (20 � 20 �m2), the assembly of this wall would require
�500,000 vesicle equivalents. Considering that, on average,
six cell walls are built around each nuclear cytoplasmic do-
main and two such domains contribute to the assembly of
each wall (Otegui and Staehelin, 2000a), every nuclear cyto-
plasmic domain has to build approximately six half cell
walls. In other words, the Golgi stacks contained in every
cytoplasmic domain have to produce a total of �1.5 million
vesicles to cellularize the endosperm. Interestingly, 75% of
the membrane surface provided by these vesicles is re-
moved during cell plate maturation.

METHODS

Seed of Arabidopsis thaliana (Landsberg erecta wild type) were
planted in Metro-Mix 200 growing medium with Arabidopsis con-
trolled release fertilizer 17-6-12 � micronutrients (Lehle Seeds,
Round Rock, TX). Plants were grown in continuous fluorescent light-
ing at a temperature of 24 	 1
C and a relative humidity of 45%. De-
veloping seed were excised at various hours after anthesis.

High-Pressure Freezing and Freeze Substitution

Whole developing seed were removed from plants and immediately
loaded in sample holders filled with 0.1 M sucrose. The samples

were frozen in a Baltec HPM 010 high-pressure freezer (Tech-
notrade, Manchester, NH) and then transferred to liquid nitrogen for
storage. Substitution was performed in 2% OsO4 in anhydrous ace-
tone at �80
C for 72 hr, followed by slow warming to room temper-
ature over a period of 2 days. After several acetone rinses, samples
were teased from the holders and infiltrated in Epon resin (Ted Pella,
Inc., Redding, CA) according to the following schedule: 5% resin in
acetone (4 hr), 10% resin (12 hr), 25% resin (12 hr), and 50, 75, and
100% resin (24 hr at each concentration). Polymerization was per-
formed at 60
C. For immunolabeling, some high pressure frozen
samples were substituted in 0.1% uranyl acetate plus 0.2% glutaral-
dehyde in acetone at �80
C for 72 hr and warmed to �20
C for 24
hr. After several acetone rinses, these samples were infiltrated with
Lowicryl HM20 (Electron Microscopy Sciences, Fort Washington,
PA) during 48 hr and polymerized at �50
C under UV light for 72 hr.

Immunolabeling of ADL1A

We used three different polyclonal antibodies raised against three
different peptide sequences of ADL1A. The antibody anti-ADL1A has
been shown to be specific for this protein and does not cross-react
with any other member of the ADL1 family (Kang et al., 2001),
whereas the other two antibodies, CIW14 and CIW15, also have af-
finity for ADL1E. Samples embedded in Lowicryl HM20 were sec-
tioned and placed on formvar-coated nickel grids. The sections were
blocked for 20 min with a 5% (w/v) solution of nonfat milk in TBS plus
0.1% Tween 20 (TBST). Primary antibodies were diluted 1:20 in a so-
lution of 2.5% nonfat milk in TBST at room temperature for 1 hr. The
sections were rinsed in a stream of TBS plus 0.5% Tween 20 and
then transferred to the secondary antibody (anti–rabbit IgG 1:50 in
TBST) conjugated to 10-nm gold particles for 1 hr. Control proce-
dures were performed by omitting the primary antibody.

Sample Preparation for Electron Tomography

Epon (250 nm thick) was mounted on formvar-coated copper slot
grids and stained with 2% uranyl acetate in 70% methanol and
Reynold’s lead citrate (2.6% lead nitrate and 3.5% sodium citrate,
pH 12). After staining, 15-nm colloidal gold particles were added to
both sides of the grid to be used as fiducial markers to align the se-
ries of tilted images. Finally, the grids were coated with carbon to en-
hance stability.

High-Voltage Electron Microscopy and Acquisition of Dual-Axis 
Tilt Series Images

The sections were mounted in a tilt-rotate specimen holder and ob-
served with a JEM-1000 high voltage electron microscope (JEOL, Ak-
ishima, Tokyo, Japan) operating at 750 kV. The images were taken at
�12,000 from �60 to �60
 at 1.5
 intervals about two orthogonal axes
(Mastronarde, 1997) and collected with a Gatan digital camera (Gatan,
Pleasanton, CA) that covered an area of 1.4 � 1.4 �m2 and had a reso-
lution of 1024 � 1024 pixels at a pixel size of 1.42 nm. To record larger
areas, the digitized images of adjacent squares (three to six) were com-
bined into montaged images; the software controlling the camera and
microscope was able to reposition the image and focus the specimen
after each tilt and to collect a montage of overlapping frames at each tilt.
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Three-Dimensional (3-D) Tomographic Reconstruction

The images were aligned using the fiducial markers as described
previously (Ladinsky et al., 1999). Tomograms were computed for
each set of aligned tilts using the R-weighted back-projection algo-
rithm (Gilbert, 1972). Merging of the two single-axis tomograms into
a dual-axis tomogram involved a warping procedure rather than a
single linear transformation (Mastronarde, 1997). This procedure was
followed for each of the five analyzed sections. Of the resulting five
tomograms, two corresponded to serial sections. These were
aligned with each other and combined as described previously
(Ladinsky et al., 1999) in a total reconstructed volume of 2.8 � 2.8 �
0.5 �m3, which consisted of 110 tomographic slices of �2.3 nm in
thickness. The other three tomograms corresponded to recon-
structed volumes of 2.8 � 2.8 � 0.25 �m3, 1.4 � 4.2 � 0.25 �m3,
and 1.4 � 2.8 � 0.25 �m3 and yielded 157 tomographic slices.
Based on the appearance of the unit membrane bilayer and other ul-
trastructural features, we estimate that the resolution in the x–y plane
of our tomographic reconstructions is �6 nm. Because of the limited
range of tilt angles, the resolution is 1.3 times worse in the z direction
(i.e., �8 nm) (Mastronarde, 1997).

Three-Dimensional Modeling

Tomograms were displayed and analyzed with Imod, the graphics
component of the IMOD software package (Kremer et al., 1996) using a
Silicon Graphics (Mountain View, CA) computer. Membranous struc-
tures, microtubules, and vesicles were modeled as described previ-
ously (Ladinsky et al., 1999; Marsh et al., 2001). Clathrin coats on
vesicle and budding structures were identified by the presence of the
clathrin lattice. Once a model was completed, meshes of triangles were
computed to define the surface of each object (Kremer et al., 1996). Be-
cause the initial exposure to the electron beam causes some degree of
dividing the section thickness by the calculated tomographic volume
reduction in the section thickness (i.e., 250 nm � 150 nm � 1.6), we
calculated the thinning factor for each tomogram and corrected the to-
mogram’s dimension along the z axis to obtain accurate proportions for
displaying models and measuring length distributions.

The “image slicer” tool of Imod was used to display and analyze
slices extracted from the tomogram in any position or orientation.
This tool was particularly useful for studying the morphology of mi-
crotubule ends and the linkers between vesicles and microtubules.

Three-Dimensional Analysis

The spatial relationship between microtubules and vesicles was de-
termined by measuring distances between objects in three dimen-
sions and computing an average density of neighboring items as a
function of distance between objects using the program MTK (Marsh
et al., 2001). Distances were measured from the central axis of mi-
crotubules to the surface of vesicles. By subtracting the microtubule
radius, we calculated the distances between the microtubule surface
and vesicles. The graphs depicting the actual spatial relationship be-
tween microtubules and vesicles were compared with graphs based
on randomly arranged items. This random distribution was obtained
by shifting vesicles to new positions within the 3-D volume and re-
jecting positions that shifted objects outside the modeled region or
that resulted in collisions between objects (Marsh et al., 2001).

To calculate the plasma membrane surface area and volume of all

cell plate assembly intermediates, we extracted randomly located
boxes of 1 � 1 � 0.2 �m3 along the cell plate. Using the object
meshes and the Imodinfo program, we calculated the membrane
surface area and volume in these boxes. Only those boxes that in-
cluded the whole thickness of the cell plate were considered. A total
of 30 boxes were analyzed per each cell plate developmental stage.
Multiplying these values by a factor of 5, we obtained the unit mem-
brane surface area and the volume of the cell plate pieces contained
in a 1-�m3 box. Because contours were placed in the middle of the
cell plate membrane, the interior volume was calculated by subtract-
ing the surface area � 3.5 nm (half of the membrane thickness) from
the volume inside the contours (Marsh et al., 2001).

Also using Imodinfo, we calculated the density of ribosomes in 5 �
10�4 �m3 boxes (relative ribosome density) extracted from the 3-D
models between 0 and 100 nm, 100 and 200 nm, and 200 and 300
nm from the membranes of different cell plate assembly intermedi-
ates. We averaged the relative ribosome density of 25 boxes for ev-
ery cell plate stage and distance from the plasma membrane.

Availability of Softwares and Tomogram Files

The IMOD software package can be downloaded from http//
bio3D.colorado.edu/imod/. The disks containing the tomogram files
that run on the Imod program can be obtained upon request to L.A.
Staehelin. However, it should be noted that the files are very large
and that viewing requires specially configured computers.
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