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Abstract Cytokinesis in plants involves both the forma-
tion of a new wall and the partitioning of organelles
between the daughter cells. To characterize the cellular
changes that accompany the latter process, we have
quantitatively analyzed the cell cycle-dependent changes
in cell architecture of shoot apical meristem cells of
Arabidopsis thaliana. For this analysis, the cells were
preserved by high-pressure freezing and freeze-substitu-
tion techniques, and their Golgi stacks, multivesicular
bodies, vacuoles and clathrin-coated vesicles (CCVs)
characterized by means of serial thin section recon-
structions, stereology and electron tomography tech-
niques. Interphase cells possess ~35 Golgi stacks, and
this number doubles during G2 immediately prior to
mitosis. At the onset of cytokinesis, the stacks concen-
trate around the periphery of the growing cell plate, but
do not orient towards the cell plate. Interphase cells
contain ~18 multivesicular bodies, most of which are
located close to a Golgi stack. During late cytokinesis,
the appearance of a second group of cell plate-associated
multivesicular bodies coincides with the onset of CCV
formation at the cell plate. During this period a 4x in-
crease in CCVs is paralleled by a doubling in number
and a 4x increase in multivesicular bodies volume. The
vacuole system also undergoes major changes in orga-
nization, size, and volume, with the most notable change
seen during early telophase cytokinesis. In particular,
the vacuoles form sausage-like tubular compartments
with a 50% reduced surface area and an 80% reduced
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volume compared to prometaphase cells. We postulate
that this transient reduction in vacuole volume during
early telophase provides a means for increasing the
volume of the cytosol to accommodate the forming
phragmoplast microtubule array and associated cell
plate-forming structures.
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Abbreviations CCV: Clathrin-coated vesicle - dn: Mean
nuclear diameter - Dn: Corrected mean nuclear
diameter - EM: Electron microscopy - ER: Endoplasmic
reticulum - MVB: Multivesicular body - Na: Plane
numerical density - Nv: Numerical density - Sv: Surface
density - TGN: Trans-Golgi network - Vv: Volume
density

Introduction

Cytokinesis, the partitioning of the daughter cytoplasms
after mitosis, is the final event of cell division. In plants,
this partitioning involves the formation of a cell plate
that is transformed into a new cell wall. The structural
events associated with the formation of the cell plate
during somatic type cytokinesis have been recently de-
scribed in considerable detail by means of electron
tomography of cryofixed and freeze-substituted cells
(Segui-Simarro et al. 2004). The involvement of mem-
branous organelles, like the endoplasmic reticulum (ER)
both in mitosis and cytokinesis has been extensively
studied in the past decades (Hepler and Wolniak 1984;
Baskin and Cande 1990; Segui-Simarro et al. 2004). In
contrast, only sketchy information is available on the
cell cycle-dependent changes in other organelles that
also participate in the processes of cell plate assembly
and maturation, the Golgi apparatus, multivesicular
bodies (MVBs) and vacuoles.
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The Golgi apparatus of plant cells is a carbohydrate
assembling and processing organelle that consists of
many individual Golgi stack units (Hawes and Brandizzi
2004). During interphase, the Golgi stacks are dispersed
(Hepler and Wolniak 1984) and undergo myosin-
dependent stop-and-go movements along actin filaments
that are anchored to ER membranes (Nebenfiihr et al.
1999; Nebenfiihr and Staehelin 2001). It was previously
thought that throughout mitosis, the plant Golgi stacks
do not organize in any particular region (Hepler and
Wolniak 1984), but recently, Nebenfiihr et al. (2000)
showed that when cultured tobacco BY-2 cells enter
mitosis, the rapid saltatory movements of the Golgi
stacks cease, and a subset of stacks redistribute, first
around the mitotic spindle and then around the phrag-
moplast, giving rise to a “Golgi belt” in the equatorial
plane. This redistribution reflects the redirection of the
default secretory pathway from the plasma membrane to
the cell plate (Batoko et al. 2000; Jirgens 2004). An-
other discrepancy revolves around the timing of Golgi
stack division. Based on a stereological analysis of onion
root meristem cells, the cell cycle-dependent doubling of
Golgi stacks has been suggested to occur during mitosis
(Garcia-Herdugo et al. 1988), whereas another study of
cultured Catharanthus roseus cells has led to the sug-
gestion that they divide during cytokinesis (Hirose and
Komamine 1989).

Multivesicular bodies, also known as “‘multivesicular
endosomes” in the mammalian and yeast cell literature
(Marcote et al. 2000), are small spherical organelles with
internal vesicles. Their principal function is to serve as
intermediate protein sorting and processing compart-
ments between the trans-Golgi network (TGN) and ei-
ther lytic vacuoles (lysosomes) or storage vacuoles
(Jirgens 2004). In plants, the association of MVBs with
the endocytic pathway was initially deduced from end-
ocytic tracer uptake studies with protoplasts (Tanchak
and Fowke 1987), but until recently, little else was
known about their function. A recent study involving
tobacco BY-2 cells, has demonstrated that MVBs serve
as prevacuolar compartments (Tse et al. 2004). Budding,
clathrin-coated vesicles are a characteristic feature of
maturing cell plates, and their appearance coincides with
the formation of the first cell plate-associated MVBs
(Samuels et al. 1995; Otegui et al. 2001; Segui-Simarro
et al. 2004). It has been postulated that these clathrin-
coated vesicles remove selected membrane components
and excess membrane from the maturing cell plates and
then shunt them to MVBs for recycling or degradation.

Plant vacuoles are highly dynamic and versatile
organelles that vary greatly in size, shape and function
(Staehelin and Newcomb 2000). Vacuoles can be func-
tionally divided into two types: storage and lytic (Marty
1999; Jirgens 2004). The lytic vacuoles of plants are
functionally equivalent to animal lysosomes and yeast
vacuoles. They serve as the last compartment in the
endocytic pathway, where cellular waste is degraded and
stored (Jiirgens 2004). Mature MVBs appear to fuse
with these vacuoles (Marty 1999). The best studied

storage vacuoles of plants, the protein storage vacuoles,
are mostly found in developing seeds (Herman and
Larkins 1999). Although the variable shape of plant
vacuoles is well known, little specific information is
available on the cell cycle-dependent changes in vacuolar
architecture in meristem cells. In horseradish root mer-
istems, provacuolar tubular clusters have been reported
to exhibit a polarized organization during mitosis
(Marty 1999). In cultured tobacco BY-2 cells, vacuolar
tubules surround the mitotic spindle, and interact with
the phragmoplast during cytokinesis (Kutsuna and Ha-
sezawa 2002; Kutsuna et al. 2003).

To gain a better understanding of the roles of these
organelles in plant cytokinesis, we have investigated how
their architecture and spatial organization change dur-
ing the cell cycle in apical meristem cells of Arabidopsis.
In particular, we have employed 3D reconstructions of
carefully staged, cryofixed and serial sectioned whole
cells, and tomographic reconstructions of serial thick
sections to obtain information on changes in shape,
number, volume, and distribution of Golgi stacks,
clathrin-coated vesicles, MVBs, and vacuoles during the
cell cycle. These techniques provide accurate informa-
tion on morphological, numerical and distributional
changes of the studied organelles. To assess the statis-
tical validity of the numerical data, we also applied
electron microscopy (EM) stereology methods that
confirmed the findings observed in single cell recon-
structions.

Materials and methods
Plant material

Seeds of Arabidopsis thaliana L. (Landsberg erecta wild
type; Lehle seeds, Texas, OR) were planted in 0.8% (w/
v) agar plates with MS for 2 days and then acclimated
over a period of 3 days with increasing sucrose con-
centrations as follows: 50 mM sucrose for 48 h and
100 mM sucrose for 24 h prior to cryofixation. Seedlings
were grown at a temperature of 24°C and a 16 h pho-
toperiod.

High-pressure freezing and freeze-substitution

Shoot apical meristems and leaf primordia were excised
from 5-day-old seedlings, transferred to aluminum
sample holders, cryoprotected with 150 mM sucrose,
and frozen in a Baltec HPM 010 high-pressure freezer
(Technotrade, Manchester, NH), and then transferred to
liquid nitrogen. The samples were then freeze-substi-
tuted in 4% OsOy4 in anhydrous acetone at —80°C for
5 days, warmed to room temperature, infiltrated with
Epon resin (Ted Pella, Inc., Redding, CA) and poly-
merized according to Segui-Simarro et al. (2004). The
resulting plastic-embedded tissue blocks were then used
to obtain 100 nm sections for stereology, serial section



reconstruction and 300 nm sections for electron

tomography.

Electron microscopy and serial section reconstruction

Ribbons of serial sections were collected, mounted on
grids, and stained as described (Segui-Simarro et al.
2004). Interphase cells at different stages (G1, S and
G2) were selected from the sections according to the
following morphological criteria: nuclear/cytoplasmic
surface area ratio, which progressively decreases from
G1 to G2 (Segui-Simarro 2001); nuclear size, which
increases at the S phase; nucleolar architecture, which
exhibits different changes in their main components
(dense fibrillar component, fibrillar centers, granular
component and nucleolar vacuoles) as the cell pro-
gresses through the cell cycle (Risueno and Medina
1986; Risuefio et al. 1988; Segui-Simarro 2001); and
cell wall thickness, which progressively increases after
the new cell wall is formed (Segui-Simarro 2001). As a
reference of a mitotic stage prior to cytokinesis, a
prometaphase cell was also selected. This stage was
determined by the presence of a discontinuous nuclear
envelope within which the condensed chromosomes
begin to arrange. The cytokinetic stages (solid and ring
phragmoplast) were selected according to the differ-
ential architecture that the developing cell plate pre-
sents at these stages (Segui-Simarro et al. 2004). Single
digital micrographs of at least 15 different cells were
taken and analyzed for both distributional and quan-
titative changes. For whole cell serial section recon-
structions, digital micrographs were converted into
stacks of serial images and aligned with the 3dmod
software package (Kremer et al. 1996). To adjust the
reconstructions to the actual cell volume, a correction
factor was applied only to the Z-axis, calculated by
dividing the section thickness by the pixel size in the
digital micrographs.

Stereological methods

For stereology, we analyzed single digital electron
micrographs from 41 meristematic dividing and 29
interphase cells, determined by the presence of con-
densed chromosomes or interphase nucleus, respectively.
Cells were arbitrarily chosen from sections of shoot
apical meristems and leaf primordia of nine different
plantlets and arbitrarily selected from three different
processing batches. The minimum number of micro-
graphs was determined using the progressive mean test
(de Paz 1998), with a minimum confidence limit of
a=0.05. It is based on the progressive increase of the
sample size with new micrograph data, and the com-
parison of the new mean and standard deviation (SD)
with the previous ones. The minimum representative
sample size is the point after which the new mean and
SD do not deviate more than 5% from the previous
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mean and SD, irrespective of the number of new
micrographs added.

For the calculation of cell volumes, pictures com-
prising several cells were taken at a constant magnifi-
cation (3400x). Morphometric measurements were
obtained with the UTHSCSIA Image Tool program
(http://ddsdx.uthscsa.edu/dig/itdesc.html). In interphase
cells, the micrograph, cell and nuclear area as well as
perimeter were measured for each micrograph. Then,
using these values we calculated, for both cell vs
micrograph (c-m) and nucleus vs cell (n-c), the fol-
lowing basic stereological parameters (Williams 1977
de Paz 1998): plane numerical density (Na), surface
density (Sv), volume density (Vv) and numerical den-
sity (Nv). The mean nuclear diameter (dn) was also
calculated from the averaged nuclear perimeter, and
then the corrected mean diameter (Dn) was deduced
from the formula Dn = 4dn/zn (Williams 1977; de Paz
1998). With Dn, we calculated the nuclear volume (Vn)
according to the geometrical formula for the volume of
a sphere Vn=(4/3)n(Dm/2)* . The cellular volume (Vc)
was calculated as Vc=Vn/Vv,_ according to Williams
(1977). Since dividing (mitotic) cells showed no nucleus,
the Vc in dividing cells was estimated from the
ratios between Vv ., in interphase and dividing cells as
follows: Ve leldlI’lg = (VVC—m dividing VCinterphaSe)/
VVc-m interphase-

For the calculation of the number of Golgi stacks
and MVBs in interphase and dividing cells, pictures
covering the whole cell were taken at a constant mag-
nification of 7900x. For both interphase and dividing
cells, the area of the cell, Golgi stacks and MVBs was
measured, as well as the number of stacks and MVBs
per cell, calculating with them Na and Vv for each
stack or MVB with respect to the cell (;..). Na and Vv
were averaged and then used to calculate Nvg, using
the formula Nve.= (1/f)(Nad2 /VviZ; (Steer 1981),
where f=1.72 for the Golgi stacks, according to the
corresponding value deduced by Garcia-Herdugo et al.
(1988) for plant Golgi stacks. For the MVBs we as-
sumed spherical shape, using the  value corresponding
to the spheres (1.38). Finally, the number of stacks and
MVBs per cell was deduced by multiplying Nv,_. by the
previously deduced cell volume.

Standard deviations were calculated by Taylor series
expansions of multivariate functions (Hahn and Shapiro
1967). For all calculations of Nv, a confidence interval
was estimated using a first-order Taylor expansion of the
Nv equation around the mean Na and Nv values. The
size of the confidence interval calculated this way never
deviated by more than 25% from the calculated Nv
value.

To estimate the ratio of vacuolar vs cell volume, we
measured the vacuolar and total cell area of the pictures
covering the six considered cell cycle stages (see above).
According to the Delesse principle (Delesse 1847), these
areas are estimators of the corresponding volumes. The
ratio was obtained by dividing the vacuolar area by the
total area.
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Intermediate/high-voltage electron microscopy and 3D
tomographic reconstruction

Epon (300 nm thick) sections of dividing cells were
collected and processed as described (Segui-Simarro
et al. 2004). A FEI Tecnai TF30 intermediate voltage
electron microscope (FEI, Hillsboro, OR, USA)
operating at 300 kV, and a JEM-1000 high-voltage
electron microscope (JEOL, Akishima, Tokyo, Japan)
operating at 750 kV, were used to collect tilt series of
images about two orthogonal axes, according to
(Mastronarde 1997). The series were aligned and the
tomographic volumes reconstructed as described
(Mastronarde 1997; Otegui et al. 2001; Segui-Simarro
et al. 2004).

Modeling and three-dimensional analysis

Tomograms and serial section reconstructions were
displayed, modeled and analyzed with the 3dmod soft-
ware package (formerly imod; (Kremer et al. 1996) as
described (Otegui et al. 2001; Segui-Simarro et al. 2004).
For the serial section reconstructions, the Golgi stacks
with their corresponding TGNs, the MVBs, the nucleus/
chromosomes, and the plasma membrane/cell plate were
modeled. Total volumes and surface areas of organelles
were calculated with the imodinfo program. For the
tomograms, the cell plate and the clathrin-coated vesi-
cles (CCVs) were modeled. The density of CCVs around
the cell plate was calculated dividing their number by the
tomographic volume within a distance of 500 nm
around the cell plate.

Results

We have employed three complementary structural
techniques to characterize in both qualitative and
quantitative terms the cell cycle-dependent changes in
the organization of Golgi stacks (Fig. 1, 2, 3), MVBs
(Fig. 4, 5), CCVs (Fig. 2, 5) and vacuoles (Fig. 6, 7) in
apical meristem cells of Arabidopsis. The three tech-
niques are stereology of random thin EM sections, serial
thin section analysis of entire cells, and electron
tomography. The stereology studies yielded statistically
representative estimations of numbers of Golgi stacks
(Table 1), as well as numbers and volumes of multive-
sicular bodies (Fig. 5). The serial thin section recon-
structions (~130-150 section images per cell; Imod
software package; Kremer et al, 1996) produced insights
into the spatial organization, numbers, surface areas and
volumes of Golgi stacks (Fig. 3, Table 1), MVBs
(Fig. 4) and vacuoles (Fig. 6, 7). The tomographic
analyses, finally, provided information on the distribu-
tion and numbers of CCVs around maturing cell plates
(Fig. 2, 5).

All the samples were preserved by high-pressure
freezing and freeze-substitution techniques. The cell cy-

cle stage [G1, S, G2, prometaphase, early telophase
(solid phragmoplast stage of cytokinesis) and late telo-
phase (ring phragmoplast stage of cytokinesis)] for each
cell analyzed in this study was determined by multiple
morphological criteria such as nuclear/cytoplasmic sur-
face area ratio, nuclear size and shape, nucleolar archi-
tecture, cell wall thickness, and presence and distribution
of condensed chromosomes and/or a cell plate (see
Materials and methods).

Golgi stacks double in number during G2, prior
to mitosis

The stereological analysis showed that during inter-
phase, the average apical meristem cell of Arabidopsis
has a volume of ~204 um® (nuclear volume ~43 pm?,
21%; cytoplasmic volume ~160 pm?®, 79%). The
numerical density Nv, defined as the density of Golgi
stacks per volume unit, was 0.240.05, which implies
~36 Golgi stacks for the calculated cell volume
(Table 1). Similar calculations for the dividing (mitotic
and cytokinetic) cells yielded an average cell volume of
~379 um? (1.8x the interphase cell volume). The Nv for
Golgi stacks was 0.19=£0.04, resulting in an average
number of ~76 Golgi stacks per dividing cell (Table 1).
These calculations proved that the number of Golgi
stacks double as the cell volume increases during G2,
prior to mitosis.

The Golgi stacks in Arabidopsis meristem cells are
consistently composed of 4-6 cisternae and exhibit a
distinct cis-trans structural polarity (Fig. 1, 2a, b;
(Staehelin et al. 1990). A distinct, bulbous TGN was
also associated with the trans side of each Golgi stack
(Fig. 1, 2a, b). However, no free-floating TGNs as ob-
served in the yeast Pichia pastoris (Mogelsvang et al.
2003) or in maize root cap cells (Mollenhauer et al.
1991) were detected either in the serial section recon-
structions or in the single electron micrographs.

The serial section reconstructions of three carefully
staged interphase (G1, S, G2; Fig. 3a-c) and three
carefully staged dividing cells (prometaphase; telo-
phase: early and late cell plate formation; Fig. 3d-f)
both confirmed and extended the stereological findings
pertaining to the Golgi/trans-Golgi network (Golgi—
TGN) complexes (Table 1). In the 3D models of the
reconstructed cells shown in Fig. 3, the Golgi stacks
are depicted as yellow, oriented cylinders with the po-
sition of the TGN marked by a red sphere. This mode
of illustration provides a means for studying the dis-
tribution and orientation of the stacks throughout a
cell as well as for determining their absolute number.
In the G1 and S cells (Fig. 3a, b) we counted 34 and 36
Golgi stacks, respectively, whereas in the larger G2 cell,
we found 66 stacks (Fig. 3c), and in the dividing cells
(Fig. 3d-f) 69, 65, and 68 stacks, respectively. Inter-
estingly, when the number of Golgi stacks were coun-
ted on either side of the developing cell plate (Fig. 3e,



Fig. 1 Electron micrograph of
an Arabidopsis shoot meristem
cell. Late anaphase cell at the
phragmoplast initials stage of
cytokinesis. Note the
arrangement of Golgi stacks (g)
and their trans-Golgi networks
(tgn), multivesicular bodies
(mvb), mitochondria (m), small
and large vacuoles (v) and
plastids (pl) surrounding the
late mitotic-cytokinetic
machinery (brackets). Bar:

1 pm

f), the distribution ratio was 55-45% between the fu-
ture daughter cells. The increased size of the Golgi
cylinders of the early telophase cell shown in Fig. 3e
reflects an increase in diameter of the widest cisternae
of the Golgi stacks.

Golgi stacks accumulate around, but do not reorient
towards the cell plate during cytokinesis

Figure. 3 also illustrates the changes in spatial organi-
zation of the Golgi stacks throughout the cell cycle.
During interphase, the Golgi stacks are seen to be ran-
domly distributed throughout the cytoplasm even as the
cells enlarge and the number of Golgi stacks increase
(Fig. 3a—). This arrangement persists during prometa-
phase (Fig. 3d), but then changes during early cytoki-
nesis (early telophase; Fig. 3e), when cell plate growth
reaches its maximal rate (Segui-Simarro et al. 2004).
During this stage of the cell cycle, most of the Golgi
accumulate in a ring-like configuration, the Golgi belt
(Nebenfiihr et al. 2000), around the forming cell plate
(Fig. 3e insert). Of the 65 Golgi present in this cell, 54
(83%) were seen to be in close proximity to the cell plate.
Lack of resolution in our serial thin section micrographs
prevented us from modeling the phragmoplast micro-
tubules. However, the presence of the Golgi-excluding
phragmoplast microtubule array is evidenced by the
absence of stacks from the cytoplasm adjacent to the
growing plate regions, as seen in the face-on view of the
cell plate and the Golgi belt depicted in the insert of
Fig. 3e. The Golgi belt disappears during the final stages
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of cytokinesis and the Golgi re-assume a random dis-
tribution (Fig. 3f). Simultaneously, the two daughter
nuclei move back closer to the cell plate.

It can be argued that the efficiency of vesicle traf-
ficking from the Golgi-TGN system to the cell plate
might be enhanced by orienting the Golgi-TGN com-
plexes towards the forming cell plate region during
cytokinesis. In random thin sections through cell plate-
containing regions of dividing cells, the Golgi-TGN
complexes appear to be randomly oriented, but a biased
orientation cannot be excluded. To address this question
in a more systematic manner, we have used our recon-
structed dividing cell models to determine the percentage
of Golgi stacks with the TGN oriented inwards, i.e.,
towards the mitotic spindle, phragmoplast or cell plate,
vs those whose TGN was facing outwards, i.e., towards
the cell wall. As a reference, we also measured the per-
centage of stacks oriented towards the nearest cell wall
in interphase cells (G1, S, G2). In all the cells, the per-
centage of stacks oriented inward and outward was
remarkably similar, never deviating more than 10%
from an equal, 50:50%, distribution.

The majority of multivesicular bodies are seen in the
vicinity of Golgi-TGN complexes and the cell plate

Multivesicular bodies, prevacuolar compartments con-
taining vesicles, are commonly seen in meristem (Fig. 1,
2a, b) and in syncytial endosperm (Otegui et al. 2001) cells
of Arabidopsis, as well as in dividing tobacco BY-2 cells
(Samuels et al. 1995). In the apical meristem cells studied
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Fig. 2 Electron micrographs
and tomographic slice image of
the cellular structures, except
vacuoles, modeled in this study.
(a) Fenestrated sheet-type cell
plate (cp) of a mid telophase cell
with Golgi stacks (g) and
associated trans-Golgi network
(tgn) cisternae. Note the
random orientation of the
Golgi stack-TGN units with
respect to the cell plate, and the
association of multivesicular
bodies (mvb) with the TGN. (b)
Fenestrated sheet-type cell plate
(cp) with a clathrin-coated bud
(ccb) and a free clathrin-coated
vesicle (ccv). Clustered, dark
vesicles are seen inside the
multivesicular body (mvb). (c)
Fenestrated sheet-type cell plate
with multiple budding clathrin-
coated vesicles (ccb). The arrow
points to a dynamin-like ring
around the neck of a clathrin-
coated bud that is ready to be
separated from the cell plate. g:
Golgi stack. tgn: trans-Golgi
network. n: nucleus. Bars:

500 nm

here, spherical or oval MVBs were seen during all stages of
the cell cycle (Fig. 4), and their numbers were found to
nearly double (~18 to ~40) between interphase and
dividing cells, as estimated by stereology. Multivesicular
bodies varied in size from 230 to 375 nm in diameter
(Fig. 5a). During cell division in the reconstructed cells,
we observed an increase in number from the onset of
mitosis (prometaphase) to late telophase (late cytokinesis,
ring phragmoplast stage; Fig. 5a). During these stages,
the MVBs also reached their largest size, with the average
volume increasing nearly fourfold between prometaphase
and the ring phragmoplast stage of cytokinesis .
Multivesicular bodies were seen throughout all the
cells, many of them appearing in clusters in the vicinity
of TGN cisternae (Fig. 4a—d). The spatial relationship

between Golgi stacks and MVBs is most noticeable
during the formation of the Golgi belt (early cell plate
formation), where the increased concentration of Golgi
stacks around the cell plate margins is paralleled by an
increase in MVBs (Fig. 4e). During later stages of
cytokinesis (Fig. 4f), a number of multivesicular bodies
are also seen close to the forming cell plate.

A major increase in volume of MVBs during late stage
cytokinesis is paralleled by a significant rise in the for-
mation of cell plate-derived clathrin-coated vesicles

As evidenced in Fig. 4, MVBs often occur in small
clusters, particularly those located adjacent to Golgi
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Late telophase,
cytokinesis

Fig. 3 Three-dimensional distribution of Golgi stacks (gs, yellow cylinders) and their associated trans-Golgi network (tgn, red spheres)
through the cell cycle. (a) G1 (b) S (¢) G2 (d) mitotic prometaphase (e) early telophase, solid phragmoplast stage of cytokinesis. The red
box in (e) represents the midplane of the cell. Inset shows a 90°-tilted view evidencing the belt disposition of the Golgi stacks around the
cell plate. (f) Late telophase, ring phragmoplast stage of cytokinesis. chr: chromatin; cp: cell plate; n: nucleus; pm: plasma membrane.

Bars: 1 pm

stacks or TGN cisternae. It has also been reported
(Samuels et al. 1995; Segui-Simarro et al. 2004) that
significant numbers of CCVs bud from maturing cell
plates during the ring phragmoplast stage of cytoki-
nesis (Fig. 2b, ¢), and MVBs also appear in the
vicinity of such cell plates (Fig. 2b, 4f). Due to the
availability of an electron tomographic database of
dividing cells (Segui-Simarro et al. 2004), we have

been able to carry out a quantitative analysis of cell
plate-associated CCV formation in such cells (Fig. 5b)
and correlate the findings with our serial section
analysis data on MVBs (Fig. 5a). As an internal ref-
erence, we have also calculated the density of CCVs of
randomly chosen central regions of mitotic metaphase
cells (Fig. 5a, b). The data demonstrate that when
compared to the metaphase cells, the number of cell
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Prometaphase

Early telophase,

Late telophase,

cytokinesis cytokinesis

Fig. 4 Three-dimensional distribution of the multivesicular bodies (mvb, yellow spheres), with respect to Golgi stacks (g) and trans-Golgi
networks (tgn) through the cell cycle. (a) G1 (b) S (¢) G2 (d) mitotic prometaphase (e) early telophase, solid phragmoplast stage of
cytokinesis. (f) late telophase, ring phragmoplast stage of cytokinesis. Arrowheads point to examples of multivesicular body clusters
associated to trans-Golgi networks. The red box in (e) represents the midplane of the cell. chr: chromatin; cp: cell plate; n: nucleus; pm:

plasma membrane. Bars: 1 pm

plate-associated CCVs increases twofold during the
solid phragmoplast stage, and fourfold during the ring
phragmoplast stage of cytokinesis (Fig. 5b). These in-
creases in CCVs are paralleled by major increases in
total MVBs volume during the same cytokinetic stages
(Fig. Sa).

The vacuoles of apical meristem cells undergo cell cycle-
dependent changes in shape, volume and distribution

Plant multivesicular bodies are involved in the endo-
cytic pathway to the lytic vacuoles, as prevacuolar

compartments (Tse et al. 2004). For this reason, we
have mapped the changes in vacuolar organization
during the cell cycle to determine if any identifiable
relationship between MVBs and vacuoles can be dis-
cerned.

In the reconstructed meristem cells, the vacuoles
occupied a significant percentage of the cell volume,
but never exceeding 14%. However, as documented in
Fig. 6, the shape and organization of the vacuoles
differ between each of the six stages of the cell cycle.
During GI1 to S, the vacuole system appears as an
interconnected system of globular vacuoles of variable
size (Fig. 6a, b), with both narrow and wide connecting
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tubular domains. As the cell progresses towards mitosis
during the G2 phase, the principal, tubular vacuole
assumes a bilobed configuration foreshadowing the
upcoming cytokinetic events (Fig. 6¢). Simultaneously,
the large vacuole appears to give rise to smaller ones
through a budding-like process (Fig. 6¢c, arrowheads).
By prometaphase, the vacuolar system assumes again a
fragmented configuration consisting of few large vacu-
oles and numerous smaller ones (Fig. 6d). However,
unlike the rounded vacuoles in G1, many of the larger
prometaphase vacuoles possess short, tubular exten-
sions. The most dramatic configurational changes of
the vacuole system are observed during early telophase
(Fig. 6e), when most of the vacuolar elements become
sausage-like tubular structures. In addition to these
shape changes, the early telophase-cytokinesis vacuolar

N

Solid phragmoplast
(TVN)

Ring phragmoplast
(PFS)

system undergoes a major reduction (~50%) in surface
area, and an even greater reduction in volume (~80%:;
Fig. 7). By late telophase, but prior to the completion
of the new cell wall, each daughter cell contains about
half of the mostly tubular vacuolar system, which ap-
pears to wrap itself around the two reforming nuclei
and extend along the cell plate (Fig. 6f). During this
period, the surface area of the vacuolar system also
returns to nearly the same maximal surface area as
during prometaphase, while the volume doubles
(Fig. 7a, b). We checked the validity of the volumetric
data observed in the reconstructed cells, by estimating
the fraction of cell volume occupied by vacuoles (see
Materials and methods) in micrographs of randomly
chosen cells at the six considered cell cycle stages (data
not shown). This ratio of vacuolar vs cell volume clo-
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Early telophase,
cytokinesis

Late telophase,
cytokinesis

Fig. 6 Three-dimensional distribution of the vacuolar system (v, white shapes), through the cell cycle. (a) G1 (b) S (¢) G2 (d) mitotic
prometaphase. Note the incipient fragmentation of the vacuolar network. (e) Early telophase, solid phragmoplast stage of cytokinesis.
Vacuoles reduce their volume, tubulate and concentrate around the cell plate (cp). (f) Late telophase, ring phragmoplast stage of
cytokinesis. The arrow points to a vacuolar tubule, trapped by the cell plate, that connects the vacuolar network of the future daughter
cells. Arrowheads point to examples of vacuolar fusion/fission events. The red box in (e) represents the midplane of the cell. chr:
chromatin; g: Golgi stack; mvb: multivesicular body; n: nucleus; pm: plasma membrane. Bars: 1 pm

sely paralleled that of Fig. 7, confirming the observed
reduction in vacuolar volume by early telophase, and
proving the validity of the information provided by 3D
reconstructed cells.

Multivesicular bodies were frequently observed in
close proximity of large and small vacuoles, including
the budding profiles (Fig. 6a—f). However, we could not
detect any preferred spatial relationship between the two
types of organelles. Multivesicular bodies were seen both
close to and far away from vacuoles, and the changes in
vacuole structure were not paralleled by distinct redis-
tributions of MVBs (Fig. 6a—f).

Discussion

In this study we have characterized the cell cycle-
dependent changes in morphology, size, number, and
distribution of organelles that contribute either directly
(Golgi stacks, CCVs) or indirectly (MVBs, vacuoles) to
the processes of cell plate assembly and maturation. The
findings both confirm some of the known attributes of
these organelles in cytokinesis as well as open up new
perspectives on the cellular events associated with cell
division.
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Doubling of Golgi stacks occurs during the G2 stage
of the cell cycle and before mitosis

Cytokinesis in plants depends on products of the Golgi
apparatus. Thus, the Golgi-derived cell plate forming
vesicles contribute both membrane and cell wall matrix
molecules to the forming cell plate (Stachelin and Moore
1995). Furthermore, because cell plate assembly is a very
fast process (Ueda et al. 2003), it is of interest to know
when the Golgi stacks duplicate during the cell cycle and
how they become organized during cell plate assembly.

The literature on when plant Golgi double in number
during the cell cycle is somewhat controversial, and is
not clear to what extent this timing reflects differences in
cell and plant types, or whether the differences relate to
the use of different analytical protocols. The current
study shows unambiguously that in A. thaliana apical
meristem cells, the number of Golgi stacks doubles
during the G2 phase of the cell cycle. This finding is
based on two independent types of analyses, stereology
of randomly sectioned cells, and reconstructions of
serially sectioned whole cells (Table 1, Fig. 3). Doubling
of the number of Golgi stacks during G2 makes func-

tional sense in apical meristem cells, both because the
probability of a roughly equal distribution of Golgi
stacks between the two daughter cells through a random
distribution process increases with the number of Golgi
units involved, and because of the formation of a cell
plate within a very short period of time requires a high
rate of secretory vesicle production by both daughter
cells.

The contradictory reports of Golgi doubling occur-
ring during mitosis in onion root meristem cells (Gar-
cia-Herdugo et al. 1988), during cytokinesis in
synchronized, cultured cells of C. roseus (Hirose and
Komamine 1989), or over a broad window of time, not
necessarily linked to mitosis or cytokinesis in cultured
tobacco BY-2 cells (Nebenfiihr et al. 2000), may be
due, in part to the different experimental systems
studied. For example, in the large, highly vacuolated
tobacco BY-2 cells, the amount of interphase cell wall
synthesis required per unit cytosol is much greater than
in the small Arabidopsis meristem cells, and therefore
more new Golgi stacks might be expected to occur as
the cells enlarge during interphase. However, some of
the results of the ecarlier studies may have also been
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Table 1 Numerical analysis of Golgi stacks during the cell cycle: number per cell, segregation between daughter cells and stack orientation

Golgi stacks

Number of stacks

Segregation into daughter cells TGN orientation

/ cell
Counted  Mean facing center  facing PM
Interphase GI Gl 34 35 - 47% 53%
S 36 - 47% 53%
Estimated (stereology, 29 cells) - 36 - - -
Interphase G2 66 - - 47% 53%
Dividing Prometaphase 69 67 - 60% 40%
CK - TVN 65 29/36 54% 46%
CK - PFS 68 31/37 43% 57%
Estimated (stereology, 41 cells) — 76 - - -

affected by the use of non-optimal specimen prepara-
tion methods such chemical fixation and dehydration
techniques, which do not reliably preserve the dimen-
sions of cytoplasmic organelles. Because stereological
studies provide quantitative insights into the structural
parameters of cells, any changes in cell dimensions can
significantly affect the results of such studies. Further-
more, it should be noted that both in the onion meri-
stem (Garcia-Herdugo et al. 1988) and in the C. roseus
(Hirose and Komamine 1989) study, the reported Golgi
doubling period was not measured or observed directly,
but inferred from indirect structural parameters.
Accordingly, neither of these studies provide any actual
numbers of Golgi stacks per cell during the different
stages of the cell cycle. This contrasts with the current
study, which shows that interphase shoot apical meri-
stem cells of A. thaliana possess ~35 Golgi stacks, and
that the number of stacks doubles during the G2 phase
of the cell cycle. Plant and algal Golgi stacks appear to
multiply by division (Craig and Staehelin 1988; Hirose
and Komamine 1989; Ueda 1997), but the exact
mechanism is yet to be elucidated.

Most multivesicular bodies are located adjacent to
clathrin-coated vesicle-producing membrane systems,
the TGN and maturing cell plates

The MVBs of 4. thaliana apical meristem cells modeled
in this study vary in size from 200 to 400 nm, which is
similar to the size range of multivesicular bodies in
cryofixed tobacco BY-2 cells (200-500 nm; Tse et al.
(2004), but smaller than reported in other studies (0.3 to
several microns; Robinson et al. (1998). In part, the
smaller size may be due to the use of cryofixation and
freeze-substitution specimen preparation techniques,
which reduces the swelling artifacts observed in chemi-
cally fixed and dehydrated specimens. However, cell-
and tissue-specific differences in MVB size are likely to
exist.

The finding that a majority of the MVBs are located
in the vicinity of Golgi-TGN units is consistent with

their role as prevacuolar compartments that participate
in both the secretory and the endocytic pathways (Tse
et al. 2004). In both animal and yeast cells, the delivery
of membrane and cargo molecules to MVBs involves
CCVs (Ghosh and Kornfeld 2003). Similarly, plant
cells employ CCVs in the trafficking of products to
both lytic and storage vacuoles (Tse et al. 2004). Thus,
the physical proximity of TGN and MVBs in meristem
cells is a structural reflection of the underlying meta-
bolic relationship between the two membrane com-
partments. The functional relationship between Golgi
and MVBs in plants first emerged from the studies of
the localization of prevacuolar compartment marker
proteins such as BP-80/AtELP and AtSYP21 in Golgi
cisternae of both Pisum sativum and A. thaliana cells
(Sanderfoot et al. 1998; Hinz et al. 1999). Recently, it
has been shown that in Arabidopsis protoplasts, a
GFP:EDB (endosome-binding domain of the human
Early Endosome Antigen 1, EEAl) fusion protein is
primarily targeted to the TGN, and then transported to
the prevacuolar compartment (Kim et al. 2001). The
physical proximity between MVBs and Golgi stacks
has also been noted in tobacco BY-2 cells containing
both GFP- and YFP-Golgi and multivesicular body
marker proteins (Tse et al. 2004), as well as in white
spruce protoplasts incorporating cationized ferritin
(Galway et al. 1993).

The association of MVBs with maturing cell plates
has been reported previously (Samuels et al. 1995;
Otegui et al. 2001; Segui-Simarro et al. 2004). The new
insights from this study pertain to the correlation be-
tween the increase in the number of cell plate-associ-
ated clathrin-coated buds and vesicles during the later
stages of cytokinesis and the parallel increases in both
the total number of MVBs and the volume of the
average MVB (Fig. 5). The marked increase in number
and size of the MVBs during periods of high CCV
production reflects not only on the magnitude of cell
plate membrane recycling during cell plate formation,
but also suggests that the CCVs that bud from the cell
plate membrane are delivered to MVBs for recycling
and/or degradation.



A putative role for the vacuolar system in early
cytokinetic events?

We have shown that the vacuole system of proliferating
meristem cells undergoes major structural changes as the
cells progress through the cell cycle. Most notably, at the
onset of mitosis, the network fragments into many
independent vacuoles of variable size (Fig. 6d). A simi-
lar fragmentation of the vacuolar system during mitosis
has been observed in horseradish root meristems cells
(Marty 1999). In BY-2 cells, branched tubular strands of
vacuolar membrane extend across the phragmoplast and
the expanding cell plate, connecting both vacuolar do-
mains (Kutsuna and Hasezawa 2002; Kutsuna et al.
2003). Vacuole fragmentation and presence of vacuolar
tubules at the cell equator seems to be a common feature
of mitosis and early cytokinesis in cell types as different
as horseradish root meristem cells, cultured BY-2 cells
and Arabidopsis shoot meristem cells. This structural
rearrangement may reflect an involvement of the vacu-
olar system in the early stages of cytokinesis, in partic-
ular, during the establishment of the cytokinetic
machinery.

As the cell progresses from mitosis to cytokinesis
(Fig. 6d, e), the surface area of the fragmented vacuoles
is reduced by half, and their volume decreases by ~80%
(Fig. 7). The mechanism of this reduction in vacuole
membrane surface area remains unclear. The presence of
small, narrow tubular extensions on the larger vacuoles
in the prometaphase cell shown in Fig. 6d, suggests that
this process may involve the budding of vesicles or even
of short, narrow tubules, which might be difficult to
positively identify in thin section electron micrographs.
The net result of these changes in vacuole surface area
and volume is a transient increase in the volume of the
cytosol, which might be needed to accommodate the
volume of the phragmoplast microtubule array and
associated cell plate-forming structures. The rapid
recovery of the vacuole surface area during late cytoki-
nesis (within 15-20 min of the rapid reduction in vac-
uole surface area during mitosis; Fig. 7a; Ueda et al.,
2003), suggests that the vacuole membrane removed
during mitosis might be stored transiently in a pool of
yet-to-be identified membrane vesicles or tubules that
can quickly re-expand the vacuole system. An interesting
topic of future research will be the elucidation of the
mechanism of rapid vacuole membrane shrinkage and
re-growth during the mitotic and cytokinetic stages of
the cell cycle of A4. thaliana apical meristem cells.
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