Distribution of membranes and the cytoskeleton during cell plate formation

in pollen mother cells of Tradescantia

CHRISTEL R. SCHOPFER and PETER K. HEPLER

Department of Botany, and the Program in Molecular and Cellular Biology, University of Massachusetts, Amherst, MA 01003, USA

Summary

The cellular pattern and distribution of membranes
have been analyzed during cytokinesis in pollen
mother cells of Tradescantia and compared with
those of actin microfilaments (MFs) and micro-
tubules (MTs). Membranes have been stained with
DiOC4(3) and MFs with rhodamine-labeled phal-
loidin (RP); analysis has been carried out on the
confocal laser scanning microscope. MTs have been
visualized as birefringent elements in the polarized
light microscope. The results show that when the
interzone first appears in mid anaphase it contains
an even distribution of membranes. However, by late
anaphase these elements have been cleared away,
leaving the interzone largely devoid of DiOCg4(3)-
positive material. MTs are found throughout this
zone, while MFs appear in two non-overlapping sets
on both sides of the cell equator. Thereafter mem-
brane elements reappear in the interzone, but only
along the equatorial line of the forming cell plate.
Presumably these equatorial elements are composed
of endoplasmic reticulum and Golgi vesicles, since
the larger organelles, including amyloplasts and

mitochondria, are excluded from the phragmoplast.
MFs, like MTs, arrange preferentially normal to the
cell plate, forming a dense array on both sides, but
being absent from the zone occupied by the mem-
branes. By contrast, the parallel set of MTs, while
excluding larger organelles from the phragmoplast,
intermingle with the membrane elements in the cell
equator. As cytokinesis proceeds membranes con-
tinue to concentrate on the cell plate as indicated by
its marked increase in staining with DiOCg(3). From a
consideration of spatial and temporal organization of
the phragmoplast components it is reasonable to
suggest that both cytoskeletal components partici-
pate in the aggregation of vesicles that give rise to the
cell plate. Membranes, on the other hand, through
the provision of surface binding sites and/or through
the regulation of the cytoplasmic calcium ion concen-
tration, might be involved in the assembly and
stabilization of the cytoskeleton.
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Introduction

The structure, composition and global architecture of the
phragmoplast in dividing plant cells is becoming well
characterized through analyses that have involved several
different microscope techniques (Gunning, 1982; Seagull,
1989; Baskin and Cande, 1990). Microtubules (MTs),
which comprise the most prominent element within the
phragmoplast, for example, are known to exist in two
overlapping (Hepler and Jackson, 1968) and oppositely
polarized (Euteneuer et al. 1982) sets that are oriented
normal to the developing cell plate. MTs arise initially
from the interzone during anaphase and retain a close
association with the edges of the centrifugally growing
phragmoplast, finally disassembling at the completion of
cell plate formation (Gunning, 1982). More recently actin
microfilaments (MFs) have been identified as a component
of the phragmoplast (Clayton and Lloyd, 1985; Gunning
and Wick, 1985; Kakimoto and Shibaoka, 1987; Palevitz,
1987; Seagull et al. 1987; Traas et al. 1987; Sheldon and
Hawes, 1988; Traas et al. 1989; McCurdy and Gunning,
1990; Cho and Wick, 1991; for reviews see Staiger and
Schliwa, 1987; Lloyd, 1989; Wick, 1991). Although MFs
are less well characterized than MTs, the available
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evidence indicates that they occupy a similar zone and
may be oriented parallel to the MTs.

A third major component of the phragmoplast is the
membranes. Vesicles derived from the Golgi dictyosomes
aggregate and fuse to form the cell plate proper, while
elements of tubular endoplasmic reticulum (ER) construct
a network that appears to enmesh Golgi vesicles and may
help control fusion processes (Gunning, 1982; Hepler,
1982). Although considerable information about the
detailed structure of the phragmoplast membranes has
been gleaned from ultrastructural studies, much less is
known about their global architecture, their development
during cell plate formation, or their relationship with MTs
and MFs.

The purpose of this study is to provide a whole-cell
structural analysis of membranes during phragmoplast
formation and to compare their pattern and changes in
distribution with MTs and MF's. Because of problems with
artifacts during preparative staining procedures (Wick,
1991), great care has been taken to produce a minimum of
perturbation from the living state. The membranes have
been stained with DiOCg(3) under conditions of either
light fixation or no fixation at all (McCauley and Hepler,
1990). MFs have been analyzed using rhodamine—-phal-
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loidin (RP) in cells that have only received a MF
stabilization treatment and no fixation. Both membranes
and MFs have been imaged in the confocal laser scanning
microscope, which provides excellent resolution due to its
ability to optically section fluorescently stained cells.
Finally, MTs have been analyzed in living cells using
polarized light microscopy (Inoue, 1986). The cell type
analyzed throughout this study has been the pollen
mother cell (PMC) of Tradescantia undergoing its first
meiotic division.

Materials and methods

Materials

Tradescantia virginiana plants were grown in a growth chamber
at 25°C with a 18h photoperiod. Young inflorescences were
chosen, and buds about six or seven from the open flower were
carefully removed. One anther of each bud was squashed into
isotonic medium containing 6.6 % sucrose (Sigma), 30 mM Mes,
pH6.7. The developmental stage of the released PMCs was
determined using Nomarski differential interference contrast
optics (DIC); in general, two of the remaining five anthers were at
the same stage. Thereafter, anthers with PMCs in late anaphase
or telophase of the first meiotic division were cut open with
extreme care. The stamen, submersed in a drop of the respective
preparation solution, was held in place by its filament while one
pollen sac was gently slit open with the tip of a sharp dissecting
blade. It is important to apply only minimal pressure to the pollen
sac, since PMCs are extremely sensitive to any kind of disruption.
PMCs were released from the pollen sac by gently moving the
open anther through the medium.

Membrane staining

PMCs were released directly into fixation solution containing 3 %
freshly prepared paraformaldehyde, 30 mM Pipes, 5 mm EGTA,
and fixed for 10-30min. Compared with 2% glutaraldehyde,
paraformaldehyde fixation was faster and yielded lower back-
ground fluorescence. The carbocyanine dye 3,3'-dihexyloxacarbo-
cyanine iodide (DiOCg(3), Eastman Kodak) was prepared from a
stock solution in DMSO (dimethyl sulfoxide; 2.5mgml~") and
then added to the cell suspension for a final concentration of
2.5mgml~! in 0.1% DMSO. The cells were incubated until the
PMCs were well stained (10—30 min) as judged by emfluorescence.
The cells were mounted by mixing with agarose solution (Sigma
type VII) to a final concentration of 0.2 %.

Microfilament staining

Owing to the extreme sensitivity of MF's to aldehyde fixatives (1 %
fresh paraformaldehyde 1n 30mm Pipes, 5mM EGTA caused
fragmentation of MF bundles within 10min), non-fixed PMCs
were used. MF bundles were stabilized with the crosslinking
agent m-maleimidobenzoyl N-hydroxysuccinimide ester (MBS,
Pierce) in the extraction medium (Sonobe and Shibaoka, 1989).
Complete MF stabilizing medium, which was modified from Cho
and Wick (1991), consisted of PMEG buffer (30 mM Pipes, pH 6.9,
5mMm EGTA, 2 mm MgSO0y,, 1% polyethylene glycol), 0.05 % Triton
X-100, 0.01 % Nonidet P40, 1 % DMSO, 3 mM dithiothreitol, 40 1
leupeptin, 14 uM pepstatin, 6 mM phenylmethylsulfonyl fluoride
and 0.1mm MBS. RP stock solution in methanol (Eastman
Kodak) was added to the complete stabilizing medium or applied
subsequently in medium minus MBS (0.1 uM final concentration
of RP and 0.3 % methanol). Equivalent results were obtained
when the stabilization medium was applied either prior to or
simultaneously with staining with RP. The latter procedure was
used in order to reduce the time between preparation and
observation. After incubation for 10 min, PMCs were washed in
PMEG buffer, attached to a polylysine-coated coverslip and
mounted in buffer plus 2% n-propyl gallate (Sigma) as an
antifading agent.

Birefringence of microtubules
PMCs were suspended in a drop of culture medium (30 mm Mes,
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5mM EGTA, 2mm MgSO0y,, 6.6 % sucrose (Sigma) and allowed to
settle onto a polylysine-coated coverslip. Excess fluid was wicked
away so that the PMCs were covered by just a thin film of
medium. The coverslip was mounted upside down onto a moisture
chamber consisting of a shde in which a hole was drilled, and
sealed on the bottom by a coverslip.

Microscopy
PMCs stained with DiOCg(3) or RP were viewed with the confocal
laser scanning microscope (MRC 500 or MRC 600, Biorad
Microscience Division), using the appropriate filter cubes, 488 nm
for Di0Cg4(3), and 514 nm for RP. The laser light was attenuated
with the neutral density filter wheel at its lowest setting and the
pinhole closed as far as possible. Images were recorded using a
60x oil-immersion lens (NA 1.4), averaging 10-30 scans (Kalman
filter), then contrast-enhanced on the Image 1/AT (Universal
Imaging Corporation, West Chester, PA) and photographed from
the monitor with a 35 mm Nikon camera using TMAX 400 film.

For visualization of the birefringence of phragmoplast MTs, we
used a polarization microscope (Reichert) equipped with a strain-
free objective lens (40X, NA 0.65, Olympus), a 1/302 Brace-
Kohler compensator, a mercury vapor lamp, and a rotating stage.
Images from a Dage-MTI (Michigan City, IN) series 65 video
camera were processed on the Image 1/AT. The long axis of the
cell was oriented at 45° to the axis of polarizer and analyzer, the
compensator was rotated to either add (brighten) or subtract
(darken) to the retardation effect of the object, thereby enhancing
the contrast between the birefringent object and the background.
Subsequent image processing, performed on the Image 1/AT,
involved removal of background imperfections and enhancement
of the contrast. The retardation of the phragmoplast was
estimated according to Inoue (1986): (retardation of specimen)=
(retardation of compensator)Xsin(29).

Nomarski DIC images of living PMCs were taken by exchang-
ing the compensator for a Nomarski prism and attenuating the
light source.

Results

Techniques

This study sought to minimize the impact of experimental
conditions on membrane elements, MFs and MTs. Mem-
branes are well preserved with freshly prepared parafor-
maldehyde. By contrast, actin microfilaments are frag-
mented by aldehyde fixation, even when 3%
paraformaldehyde is applied simultaneously with RP or
when fixation was attenuated to 1 % for 10 min. Treatment
of non-fixed cells with MBS in the extraction medium for
10min prior to or simultaneously with RP staining
retained MF structure and permitted the observation of
MFs in fine detail, not only in the phragmoplast but also in
fibers in the spindle apparatus and a network in the
cortical cytoplasm. Although MBS may have induced some
polymerization of MFs onto existing bundles (Wick, 1991),
this is thought to be minor, given the dramatic temporal
and spatial changes in MF organization that clearly
correlate with the particular stage of cell plate formation.
The overall changes in MF distribution as described below
are thought to represent the situation in a living cell.

A considerable effort has been made to use immunofiu-
orescence to portray MTs. We find, however, that MTs are
significantly perturbed by glutaraldehyde or paraformal-
dehyde even in the presence of the MT-specific crosslink-
ing agent ethyleneglycol-bis-succinimidylsuccinate prior
to fixation. An alternative technique employs the birefrin-
gent properties of the ordered MT arrays in the spindle
apparatus and phragmoplast (Inoue and Bajer, 1961;
Bajer, 1968). Fortunately the cell wall of the PMC is
composed of callose and not cellulose, and therefore is only



weakly birefringent. Tradescantia PMCs contain a large
number of birefringent amyloplasts, which obscure the
image of metaphase spindles to some extent, but these
organelles are excluded from the phragmoplast, making
polarization microscopy a suitable technique for visualiz-
ing MTs in living PMCs undergoing cell plate formation.
The compensator setting was chosen to show the birefrin-
gent MTs as brighter than the background (Inoue & Bajer,
1961).

Cell plate formation

The progress through cell plate formation has been
divided into four major stages: (1) initiation of cytokinesis,
(2) young phragmoplast, (3) mature phragmoplast, (4)
disintegration of the phragmoplast. The organization of
the three main constituents of the phragmoplast, mem-
branes, MFs and MTs, are compared at each stage.

Initiation of cytokinesis. During anaphase, as the
chromosomes move to the poles, an interzone emerges that
is largely devoid of organelles or clearly identifiable
structures when observed with Nomarski DIC optics
(Fig. 1A,B). Staining with DiOCg(3), however, reveals
that initially the interzone contains numerous membrane
elements that are dispersed throughout (Fig.1C). As
anaphase progresses and the chromosomes reach the
poles, these membrane elements are removed from the
interzone. The larger organelles, mainly amyloplasts and
mitochondria, become concentrated in the cortical cyto-
plasm or appressed to the proximal side of the decondens-
ing chromosomes (Fig. 1A,B).

At this stage, MFs undergo a major rearrangement. In
late anaphase, RP staining shows numerous thin MF
bundles throughout the interzone (Fig. 1E). Subsequently,
they increase dramatically, showing a preferred orien-
tation perpendicular to the cell equator (Fig. 1F). MTs also
increase sharply in the interzone. During mid-anaphase
chromosome-to-pole fibers are still evident (Fig. 1G), but
these disassemble and by late anaphase a distinctly
birefringent interzone emerges (Fig. 1H).

Young phragmoplast. Within the interzone a thin line
appears, as observed by Nomarski DIC, that marks the
inception of the cell plate (Fig.2A,B). Although the
interzone has been largely swept clear of all DiOCg(3)-
positive material, note that a faint staining begins to
appear in the equatorial plane (Fig.2C), and that this
staining increases as cell plate development proceeds
(Fig. 2D). We presume that these images are due to the
presence of Golgi vesicles and elements of ER that
specifically align in the region of the plate, while the
larger organelles, such as plastids and mitochondria,
remain in the cortical cytoplasm, or appressed to the
cytoplasmic surfaces of the re-forming nuclei.

RP staining shows a marked accumulation of MF
bundles on both sides of the membrane plate, but it is
particularly noteworthy that these bundles usually do not
cross the zone occupied by the membranes themselves.
Thus, in RP-stained phragmoplasts, one always observes a
dark line that corresponds to the cell plate itself. MF
bundles initially occupy a cylindrical volume in the center,
and subsequently shorten along the cell axis, while
expanding centrifugally towards the periphery (Fig. 2F).
Only a few thin MF bundles can be detected outside the
phragmoplast, and these usually reside in the cell cortex.

MTs undergo a rearrangement similar to that of the MF
array in the interzone; they shorten to form a broad disc
that expands centrifugally (Fig. 2G,H). However, MTs are
longer than MFs, and by contrast cross the zone occupied

by the cell plate membranes. Within the phragmoplast
MTs one can observe a thin, weakly birefringent line at
the equatorial plane (Fig. 2H) that corresponds to the
alignment of the young cell plate noted by Nomarski DIC
(Fig. 2B) and fluorescence microscopy (Fig. 2D). Although
both MTs and MFs could contribute to the exclusion of
larger organelles from the cytokinetic apparatus, we
believe that MTs dominate this activity. MTs are longer
than MFs and their location more corresponds closely than
MFs to the region from which the larger organelles are
absent.

Mature phragmoplast. As  development  proceeds
(Fig. 3A-H) aggregating vesicles coalesce to form a well-
defined cell plate (Fig. 3A). Through the addition of new
vesicles at its centrifugal edges, the plate expands and
finally makes contact with the parent cell wall (Fig. 3B).
DiOCg¢(3) staining shows that the membrane elements of
the plate, which are at first more loosely organized
(Fig. 3C), become consolidated into a tight and brightly
stained structure that extends completely across the cell
(Fig. 3D). At the edge where the plate contacts the
parental wall it is quite thin, as depicted by DiOCg(3)
staining (Fig. 3C,D), whereas in central sections the
membrane complex of the plate is much thicker
(Fig. 3C,D).

In Fig. 4A-H a series of optical sections from the cell
shown in Fig. 3C reveals in greater detail the distribution
of membranes between the central region of the plate and
its developing edges. Medial sections (Fig. 4A-D) indicate
that the bulk of the cell plate at this stage has a thickened
appearance due to the somewhat loose organization of
membrane elements. As the optical sections approach the
edge of the cell (Fig. 4E-H) the plate itself becomes
progressively thinner until it is evident only as a faintly
fluorescent line (Fig. 4H). This sequence also emphasizes
the fact that the large organelles, especially the amylo-
plasts, are confined to the cell cortex, but not in that zone
to which the phragmoplast is directed and where the cell
plate will fuse with the parental wall.

MFs show a structural pattern that is complementary to
the membranes above. Flanking both sides of the
membrane plate, the array of MF bundles shortens and
extends across the diameter of the cell plate (Fig. 3E,F).
Again, notice that MF bundles are almost completely
absent from the zone occupied by the aggregating
membrane plate. MTs continue to show a pattern that is
similar in distribution to that of MFs (Fig. 3G,H), with two
important exceptions: they are longer than MFs and in
some instances (for example, Fig. 3G) they can be observed
to traverse the zone occupied by the membrane elements
in the cell plate. Measurement of the average birefringent
retardation of the aligned MTs in mature phragmoplasts
yields values between 3 and 3.6 nm.

Disintegration of the phragmoplast. In the terminal
stages of cytokinesis a distinct, continuous, although often
wavy, cell plate is evident throughout the cell equator
(Fig. 5A,B,C,E,G). Although the distinctions between cells
with maturing phragmoplasts and those with disintegrat-
ing phragmoplasts are subtle, they are nevertheless
evident. For example, in disintegrating phragmoplasts the
plate itself, as revealed by Nomarski DIC optics, has
become quite thickened (compare Fig. 3A,B with 5A B), a
condition that is similarly borne out by the more intense
and thickened region of staining with DiOCg(3) (compare
Fig. 3C,D with 5C,D). In late stages when the two cells
begin to separate from one another, clefts form at the cell
edge (Fig. 5D), and these, in contrast to the still adjoined
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new wall, show relatively little fluorescence. The new wall
is birefringent (Fig. 5G,H), which'may be due to ordered
material within the wall itself, or to the parallel
alignment of cytoplasmic structures such as MTs and/or
lamellar ER.

The cytoskeleton, including both MFs (Fig. 5E,F) and
MTs (Fig. 5G,H) depolymerizes, normally in a centrifugal

720  C. R. Schopfer and P. K. Hepler

Fig. 1. (A-H) Initiation of
cytokinesis at late anaphase.
(A,B) Nomarski DIC images of
living PMCs show that the
meiotic apparatus occupies most
of the cell volume; the larger
organelles, such as amyloplasts
(arrowheads), are confined to the
edges of the cell. (C,D) DiOCg(3)
staining of cells at the same
stage as those shown in A,B
shows that the membrane
elements are initially rather
evenly spread throughout the
cell (C), but that as anaphase
progresses they diminish in
amount in the interzone and
accumulate in the cell cortex and
in association with the surfaces
of the condensing chromosomes
(D). (E,F) RP staining reveals
that MFs at first are rather
loosely distributed across the
interzone (E), but, by contrast
with the membranes, they begin
to accumulate in the interzone
as development proceeds (F).
(G,H) Polarized light microscopy
indicates the distribution of MTs.
In mid-anaphase (G)
chromosome-to-pole birefringence
i8 evident (asterisks, G);
however, later (H), when the
chromosomes approach the poles,
the marked birefringence of the
interzone indicates a high degree
of MT organization in this
region, Bar, 5 yum. x1700.

pattern. This process is well known for MTs and is shown
in Fig. 5G, where birefringence is diminished from the
central region of the plate while still strong at its edges. A
similar sequence in degradation holds for the MFs as well.
Fig. 6A-D shows a RP-stained mature phragmoplast in an
obliquely oriented cell, which reveals that the MF's extend
completely across the cell. In a later stage, also from an



Fig. 2. (A-H) Young
phragmoplast. (A,B) Nomarski
DIC images of living cells shows
the first sign of plate formation
in the cell equator (arrowhead,
A). At a slightly later stage (B),
the plate is visible as a disc that
extends across the interzone.
(C,D) DiOCg(3) staining indicates
that membrane elements,
although largely eliminated from
the interzone, start to
accumulate as nodules in the
equatorial plane (arrowhead, C)
and later align in a more
complete and well-oriented plane
(arrowhead, D). The large
organelles remain in the cortical
cytoplasm or appressed to the
surface of the re-forming nuclei.
(E,F) RP staining shows that the
number of MF's near the plate
increases dramatically. MF's are
oriented preferentially normal to
the equator, and, with only a few
exceptions, do not pass through
the plane of the plate.

(G,H) Polarized light microscopy
indicates that the array of
birefringent MTs in the
interzone becomes shorter and
expands towards the periphery
(compare G and H). In H, a faint
line (arrowhead), which is more
weakly birefringent than the
bulk interzone, represents the
early membrane plate. x1700.

obliquely oriented cell, the MFs in the central region of the of -the cell plate. However, their association with the
cell plate have broken down, leaving only those at the phragmoplast is complex (Fig. 8A-D). Initially, when the

circumference (Fig. 7A,B), which now appear as a wreath. interzone first emerges during mid-anaphase, there are
membranes throughout. But by late anaphase these are
Discussion swept out of the interzone, perhaps by the forming

palisade of phragmoplast MTs (Fig. 8A). Membranes then
Membrane elements constitute a conspicuous component reappear, and are evident as part of the developing cell
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plate confined to the equatotrial plane of the interzone
(Fig. 8B,C). As known from EM studies (Hepler and
Newcomb, 1967; Schmiedel et al. 1981; Gunning, 1982;
Hepler, 1982; Nakamura and Miki-Hirosige, 1988), these
membrane elements are composed of ER and Golgi
vegicles that aggregate in a discrete plane where the two
arrays of MTs overlap (Hepler and Jackson, 1968). The
larger organelles, e.g. amyloplasts, however, are com-
pletely excluded. As the phragmoplast disintegrates, the
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Fig. 3. (A-H) Maturation of the
phragmoplast. (A,B) Nomarski
DIC images show a distinct plate
in the cell equator that extends
across the entire cell (B),
contacting the parental cell wall.
(C,D) DiOCqg(3) staining indicates
that the membrane plate
becomes progressively
consolidated. Note, especially in
D, that whereas the plate itself
i8 intengely stained the regions
immediately flanking both sides
have a greatly reduced density of
membranes. As the plate extends
centrifugally to the edges of the
cell its distal, more newly
formed, regions are thin
compared to the central portions
(arrowhead, C). Also note that
the larger organelles have now
been swept out of this portion of
the cortical cytoplasm (compare
A,B with C,D). (E,F) RP staining
shows a dense array of short MF
bundles arranged on both sides
of the membrane plate, but
conspicuously absent from the
plate region itself.

(G,H) Polarized light microscopy
reveals that the array of
shortened MTs forms a
continuous disc in the cell
equator. MTs extend into the
zone occupied by membranes.
The dense palisade of MTs, being
longer and more strictly
organized than MFs, effectively
excludes amyloplasts from the
cytokinetic apparatus, and
appears to be responsible for
clearing the cortical cytoplasm at
the zone of cell plate—parental
wall contact (H). The extremely
briefringent material in the
upper part of G is an oxalate
crystal that unfortunately
imposed itself. x1700.

well-defined plate of membrane elements persists, and
even increases, perhaps to account for the thickening of
the cell wall that arises in this zone (Fig. 8D). These
observations augment those previously made from EM
studies and provide a more complete impression of the
source, specific location and dynamics of membrane
elements that contribute to cell plate formation.

MF's are a consistent component of the phragmoplast. In
late anaphase, they concentrate in the interzone and later



Fig. 4. (A-H) Serial optical sections of the same cell shown in Fig. 3C. Medial sections (A,B,C) show a dense accumulation of
DiOCg(3)-positive membrane elements in the cell equator. Towards the periphery, the membrane plate is thinner. Optical sections
through the periphery (F, G, H) provide a face view of the thin line of membrane elements that comprise the plate near the cell
edge. Focusing on the plasma membrane (H), the margin of the membrane plate contacting the plasma membrane can be seen.
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form a dense array in which the individual elements are
oriented preferentially normal to the membrane plate.
Thus they are similar, but not identical, in distribution to
MTs, being confined to a narrower zone flanking both sides
of the plate. While some of the MFs may be derived from
the array that penetrated or encaged the mitotic—meiotic
apparatus (unpublished observations; and Schmit and
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Fig. 5. (A-H) Disintegration of
the phragmoplast.

(A,B) Nomarski DIC, as well as
the other optical methods,
reveals a thickened cell plate,
although at this stage it may
still be strongly wrinkled
(A,C,E,G). Only later, the plate
straightens (B, H) and forms a
rigid structure. (C,D) DiOCg(3)
staining shows that the
membranes throughout the plate
aggregate tightly. In D the two
daughter cells are beginning to
pull away from one another,
creating small clefts at the cell
marginsg (arrowhead, D).

(E,F) RP staining indicates that
the MFs, formerly concentrated
at cell plate (E), depolymerize at
the completion of cytokinesis (F).
Only a few weakly labeled MFs
are detectable, whereas RP-
positive material is observed at
the cell cortex especially on the
poleward surfaces of the cell
(small arrowheads, F). (G,H).
Polarized light microscopy shows
the disintegration of the array of
phragmoplast MTs. As shown in
G, MTs first depolymerize in the
central region, leaving a ring of
MTs at the edge of the plate
(arrowheads, G), which later also
disappear (H). Note that the
birefringence of the new cell
wall (H) is opposite in sign to
that of the phragmoplast MTs.
x1700.

Lambert, 1990), the massive accumulation at subsequent
stages requires new polymerization of F-actin in the
phragmoplast. This has been shown directly in endosperm
cells (Schmit and Lambert, 1990) where a differentially
labeled population of MFs arises in the cell plate.

A particularly noteworthy feature of our current
investigation is the observation that MFs usually do not



Fig. 6. (A-D) RP staining of mature phragmoplasts. Serial optical sections through a tilted phragmoplast show that at this stage
MF bundles are present throughout the plane of the plate. B is an optical section through the central region of the MF array.
Peripheral sections A and D show that MFs are oriented preferentially normal to the plate, and are absent from the narrow plane
occupied by the membranes (arrowheads, A,D). X1700.

Fig. 7. (A,B) RP staining of a disintegrating phragmoplast. The oblique view shows that MFs in the central region of the
phragmoplast are depolymerized, leaving a wreath-shaped array at the periphery of the equator. Bar, 5§ m. x2000.
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Fig. 8. (A-D) Summary diagrams show the pattern and distribution of membranes and the cytoskeleton during cell plate
formation. (A) At late anaphase the interzone has been swept clear of most membranes; however, both MTs, depicted as tubules,
and MFs, depicted as barbed fibers, become concentrated in this region. Amyloplast are pushed to the cortical regions of the cell.
(B) As cytokinesis proceeds, membrane elements, including small vesicles and elements of ER, shown as small black dots and
stippling, aggregate in the equatorial region of the interzone, giving rise to the young cell plate. Both MTs and MFs shorten in
length, as the phragmoplast as a whole expands centrifugally towards the edges of the cell. (C) The growing cell plate extends to
the edges of the cell. MTs and MFs occur throughout the width of the cell at this point. Notice that the amyloplasts have been
cleared from those region of the cell cortex to which the growing cell plate is directed. (D) In late stages of cytokinesis membranes
have consolidated in the central part of the plate, while vesicles still accumulate at its edges. MTs and MFs have depolymerized in

the central region of the plate but are also present at the edges.

cross the plane of the plate. Some previous studies
(Gunning and Wick, 1985; Kakimoto and Shibaoka, 1987;
Palevitz, 1987; Seagull et al. 1987) show a dark line that
corresponds to the cell plate, but have not reported the
sharp discontinuity of RP staining at the cell plate noted
herein, even in comparable cells such as PMCs of lily
(Sheldon and Hawes, 1988) and eggplant (Trass et al.
1989). The use of the confocal microscope, by providing
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optical sections that are not confused by fluorescence
above and below the plane of focus, may be responsible for
the clarity of images produced herein. It is also possible
that the images are misleading and that actin MFs indeed
do extend into and through the plate like MTs. For
example, when actin MFs are closely associated with
membrane elements it is conceivable that they cannot be
stained with RP. Other methods should be used, therefore,



to either confirm or reject the absence of MFs in the plane
of the cell plate.

The striking and specific associations of MFs with the
phragmoplast are augmented by several other studies
showing the similar localization of related proteins
including myosin (Parke et al. 1986), troponin T (Lim et al.
1986), an actin-associated calcium-dependent protein
kinase (Putnam-Evans et al. 1989), and phosphoproteins
(Vandre et al. 1986). Taken together these observations
strongly indicate the involvement of an actomyosin-based
transport system within the cytokinetic apparatus. Ultra-
structural studies of phragmoplasts treated with heavy
meromyosin also reveal a symmetrical distribution of MFs
with the arrowheads pointing away from the plate
(Kakimoto and Shibaoka, 1988). The MF polarity of the
phragmoplast thus resembles that of actin on both sides of
the Z disc in a muscle fiber. Interestingly, the motion of
particles in the phragmoplast is towards the equatorial
plane, as is the motion of myosin relative to the Z disc in
muscle. Cytoplasmic streaming in plant cells is yet
another example in which particles are propelled opposite
to the direction of the arrowheads (Kersey et al. 1976).
These observations are consistent with the idea that actin
contributes to inward motion of Golgi vesicles during cell
plate formation. The wreath-shaped array of MFs seen in
disintegrating phragmoplasts (Fig. 7, Kakimoto and
Shibaoka, 1987) is additionally consistent with this
speculation, since it places the MFs at the growing
margin, where active transport of vesicles occurs.

MTSs are the most prominent component of the phragmo-
plast. They are partially derived from remnants of
interzonal spindle (Fig. 1G). Zhang et al. (1990) showed
directly in living cells, using fluorescently labeled tubulin
as a probe for spindle and phragmoplast MTs, that a
marked interzone apparatus always exists, but that its
component MTs coalesce and increase in structural
intensity with the formation of the phragmoplast. The
transition involves new nucleation, which has been
demonstrated for endosperm cells (Vantard et al. 1990) to
occur mainly at the cell plate, where the plus ends of the
MTs intermingle with the ER network and aggregating
Golgi vesicles (Euteneuer et al. 1982).

It is reasonable to imagine that MTs, as well as MFs,
participate in the movement of dictyosome vesicles into
the cell plate. Although cell plates may appear abnormal
in the presence of the actin-MF-modifying drug, cytochal-
asin (Palevitz and Hepler, 1974; Gunning and Wick, 1985;
Venverloo and Libbenga, 1987; Cho and Wick, 1991), they
usually form, indicating that motile elements besides MFs
are probably functioning. The obvious candidates are the
phragmoplast MTs. It is further interesting to speculate,
given the known polarity of these MTs, that a plus-end-
directed motor, possibly kinesin (Vale, 1987), generates
the inward flow of dictyosome vesicles. Additional studies
are needed to test this postulate and to determine further
the relative contribution of actin-based and tubulin-based
motile systems in the formation of the cell plate.

The close structural association between membranes
and the cytoskeleton, especially MTs, in the plane of the
plate invites speculation about possible functional re-
lationships. The membranes could control the local
calcium ion concentration and thereby promote MT
assembly or disassembly (Hepler et al. 1990). This idea is
strengthened by studies using chlortetracycline (Saunders
and Hepler, 1981; Schmiedel et al. 1981), which indicate an
increase in membrane-associated calcium in the region of
the plate. In addition to a role in regulation of the local

calcium level, membranes might provide a structurally
defined locus that stabilizes new MT formation and assists
in their growth (Hepler et al. 1990).

In summary, the distribution of membranes during cell
plate formation can be closely correlated with the pattern
of MFs and MTs. Membrane elements are concentrated in
a distinct plane, from which MFs, based on RP staining,
are absent. By contrast, the membranes enmesh with MTs
in the equatorial zone where the latter are known to
interdigitate at their plus ends. While there is reason to
suspect that both cytoskeletal components contribute to
membrane accumulation, it is also plausible that mem-
branes contribute to the formation, stabilization and
breakdown of the cytoskeleton.
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