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Abstract

Phragmoplastin, a dynamin-like GTPase, is associated with cell plate formation in plants. We expressed a phragmoplastin-GFP

construct (PhrG) under the control of a 35S promoter in transgenic tobacco plants. High levels of expression of this chimeric protein

in transgenic plants were confirmed by Western blot analysis. T1 seedlings formed morphologically normal cotyledons, but most

were unable to develop beyond the first pair of true leaves. Only 5�/10% of the seedlings could develop into small plants whose

progenies continued to exhibit severe growth defects. The primary root growth was arrested after 7 days and no lateral roots were

formed. The mature primary root meristem consisted of disorganized isodiametrically enlarged cells and no recognizable quiescent

center or collumela. Adventitious root primordia were initiated in the hypocotyl, but completely arrested at an early stage and

contained differentiated treachery elements. The orientation of cell plates was abnormal, suggesting a possible defect in its

positioning. However, unlike other cytokinesis mutants, no binucleate or polyploid cells were found. Fluorescence image cytometry

studies indicated that PhrG root meristem cells had 2C levels of DNA and appear to be arrested in G1 stage of the cell cycle. Heavy

callose deposition was observed at the nascent cell plate and callose accumulation persisted in new cell walls. Electron microscopy

revealed unusual electron dense substances in the maturing cell plate and accumulation of multivesicular bodies around the cell

plate. Since phragmoplastin interacts with callose synthase complex, its overexpression may affect accumulation of callose arresting

plant growth due to perturbation in cell division progression. # 2002 Published by Elsevier Science Ireland Ltd.
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1. Introduction

The process of cell plate formation is initiated by

fusion of Golgi-derived vesicles to create a de novo

structure in the center of phragmoplast [1]. Cytokinesis

is completed when the growing cell plate reaches and

fuses with the parental cell wall [2�/4]. Phragmoplastin is

a dynamin-like GTPase, which has been localized at the

phragmoplast [5] and has been shown to interact with a

subunit of callose synthase complex in yeast 2-hybrid

studies [6]. Callose is found in all growing cell plates;

however, in young cell walls it disappears, except at

plasmodesmata [7]. Callose is not found in Golgi vesicles

and is synthesized soon after vesicle fusion at the

forming cell plate [1,2]. As the cell plate matures into a

cell wall, callose is replaced by cellulose [2]. Changes in

cell wall carbohydrate composition may have an impact

on cell division and cell fate [8]. Unique carbohydrates

in the cell wall have tissue and cell specific distribution

and may be involved as positional cues for development

or cell fate [9].

The role of cell division in development has not been

fully resolved and it has been suggested that division in

itself does not regulate development [10]. It is possible

that some plant cell cycle genes may play a role in
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development [11,12]. For example, when a dominant

negative form of the cell cycle gene for cdc2a kinase was

overexpressed in Arabidopsis , there was a loss of

organization and arrest of embryos [13]. However,
when cdc2a kinase was similarly disrupted in tobacco,

meristems arrested post-embryonically, but differen-

tiated into morphologically normal tissues [14]. The

Arabidopsis root meristemless mutant, affecting a glu-

tathione biosynthesis gene, causes loss of cell division in

root meristems and leads to the differentiation of

meristematic cells into normal tissues [15]. A similar

tobacco mutant, rootless , also causes cessation of
division in postembryonic roots and does not affect

cell files or architecture of the root tip [16]. Other cell

cycle genes have an effect on organ morphology. For

instance, an inhibitor of cyclin dependant kinase (ICK)

leads to changes in leaf shape and anatomy when

overexpressed in Arabidopsis [17]. Mutations in devel-

opmental genes, such as hobbit , disrupt the root

quiescent center leading to a loss of cell division
[18,19]. Other mutations, such as wuschel and zwille ,

affect the central zone of the shoot apical meristem and

result in the reduction of cell division [19,20]. The shoot

meristemless prevents the formation of the shoot apical

meristem (SAM) and causes enlargement and fusion of

embryonic shoot [21]. Thus, cell division appears to be

neither upstream nor downstream of developmental

patterning, but is an integral part of it.
Recently, an increasing number of cytokinesis-defec-

tive plant mutants have been described [4,22] (for review

see Ref. [1]). Most of the cytokinesis mutations have

been found to be lethal and associated with the

formation of an abnormal cell plate [23�/28]. Some

cytokinesis mutants with apparently normal cell plate

have also been reported [29]. Mutants, such as keulle ,

knolle , and cytokinesis defective , result in the partial or
complete lack of the cell plate, creating binucleate or

polyploid cells [29,30]. The Knolle protein is a cytokin-

esis-specific syntaxin that facilitates the homotypic

fusion of vesicles at the forming cell plate and knolle

mutants show impaired vesicle fusion [28]. The maize

tan1 and Arabidopsis ton/fass mutations cause misor-

ientation of the plane of cell division, but nevertheless

develop leaves of normal shape [31�/33].
We have shown that phragmoplastin forms helical

structures which may wrap around the vesicles to form

tubules [34], similar to those formed by dynamin in the

presence of GTP-g-S [35]. Strikingly, many dumbbell-

shaped vesicle-tubule-vesicle (VTV) structures have been

observed on the forming cell plate [2]. A possible

common thread between dynamin and phragmoplastin

appears to be that they both form tubular structures in a
process possibly controlled by the regulation of their

GTPase activity [34�/36]. A PCR based screen for T-

DNA mutants found an insertion that knocked out

expression of one of the Arabidopsis homologs of

phragmoplastin, ADL1A [37]. This mutant had growth

arrested at the early seedling stage, with stunted roots

and unexpanded leaf primordia. However, no obvious

defects were observed in cytokinesis or in the anatomy
of the shoot apical meristem.

To further elucidate the role of phragmoplastin in cell

plate formation, we generated transgenic tobacco plants

overexpressing phragmoplastin. Transgenic plants ex-

hibited a decrease in mitotic index (MI), formed oblique

cell plates and accumulated callose at the forming cell

plate. In addition, multivesicular bodies were observed

in the vicinity of the forming cell plate.

2. Materials and methods

2.1. Plant materials and growth conditions

Tobacco (Nicotiana tabacum cv. Xanthi) seeds were
sterilized in 70% ethanol for 5 min followed by treat-

ment with 50% Clorox bleach/0.1% Tween-20 for 10

min. Seeds of transgenic plants were germinated on MS

medium (4.3 g/l MS salts, 5 g/l sucrose and 9 g/l agar

containing 100 mg/l kanamycin) in a controlled envir-

onment chamber at 239/1 8C under constant light. For

seed propagation, seedlings were transferred to Metro

Mix and grown in a greenhouse at 259/2 8C. The plants
were fertilized with 20 mM NH4NO3 in half-strength

Hoagland’s nutrient solution once a week.

2.2. Plant transformation

Transgenic tobacco plants were obtained through

Agrobacterium -mediated leaf disc transformation using
the plasmid pBI121-EGP [5], expressing the coding

sequence for soybean phragmoplastin fused with GFP

(PhrG). Control plants were transformed with pBI-GFP

that expresses the GFP protein under the control of the

CaMV 35S promoter. Plants were also transformed with

CaMV 35S::phragmoplastin without the GFP fusion.

They did not appear different to those with the GFP

fused phragmoplastin (PhrG) and hence the latter was
used in these experiments to facilitate observations.

2.3. Protein extraction and Western blot analysis

Sterile seeds were germinated on MS medium contain-

ing 100 mg/l kanamycin. Ten-day-old seedlings were

homogenized in liquid nitrogen and resuspended in
SDS-loading buffer. Western blot analysis was per-

formed as described previously, using antibodies against

soybean phragmoplastin [5,38].
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2.4. Measurements of root growth

For root growth measurements, T1 seeds of control

and PhrG plants were sown and aligned individually on
Petri dishes containing MS medium. The plates were

placed vertically and maintained in a tissue culture room

at 26 8C. The length of the primary roots from the base

of the hypocotyl to the root tip was measured and

recorded weekly for 4 weeks after germination.

2.5. Mitotic index and nuclear DNA contents

Root tips (2 mm long) of tobacco seedlings were fixed
in FAA solution (5% formalin: 5% acetic acid: 50%

ethanol) mixed with phosphate buffered saline (50/50)

for 2 h followed by a rinse in 1:1 ratio of 95% alcohol

and 37.5% HCl for 2 min. The root tips were stained

with 1 mg/ml of 4?-6?-diamin-dino-2-phenylindole

(DAPI; Sigma Chemical Co.) in PBS for 20 min. The

cells were viewed under an Axiophot Zeiss microscope

with appropriate filters for DAPI. The mitotic index was
calculated as the percentage of cells with condensed

chromatin or cells at mitosis. Longitudinal sections of

root tips (2 mm long) were made with a razor blade

under a dissecting microscope. The fluorescence inten-

sity of nuclei in the columella, meristematic areas and

elongating region were measured using Scion Image

software package b3b [39]. The DNA contents of the

control plant guard cells were used as internal standard
(2C; [40]). For this purpose, epidermal cell layer from a

leaf was peeled and treated in the same manner as

above.

2.6. Light microscopy

Root tips of 4-week-old plants were fixed in FAA

solution for 4 h, dehydrated in alcohol series and
infiltrated with paraffin (Paraplast). Sections (8 mm)

were stained with 1% Safranin O in 50% alcohol and 1%

Fast Green in 95% alcohol. The sections were viewed

and photographed under an Axiophot Zeiss microscope

(Carl Zeiss, Inc.).

2.7. Histochemical staining for callose

Root tips were fixed in FAA solution for 2 h and

rinsed with a 1:1 solution of 95% ethanol: 37.5% HCl for

2 min. The tissue was washed thoroughly with PBS and

the samples were stained with Aniline blue (1 mg/ml) in

PBS for 20 min to detect callose [41], followed by

staining with ethidium bromide (1 mg/ml) for 2 min to

detect nuclei. The root tips were squeezed between a

glass slide and a cover slip to release cells. The cells were
viewed using a fluorescent microscope with appropriate

filters and images were recorded digitally. The percen-

tage of the cell walls with callose was measured as the

total number of new cell walls stained with Aniline blue

divided by the total number of the root tip cells counted.

These are the minimum estimates since the concentra-

tion of callose at the cell plate was not taken into
consideration.

2.8. Electron microscopy

Root and shoot tips (2�/3 mm long) of 4- to 10-day-

old seedlings were fixed in 2% glutaraldehyde in 75 mM

phosphate buffer, pH 7.2 and were post fixed in 2%

osmium in the same buffer. An acetone dehydration

series was performed and the samples were embedded in
Spurr resin. Ultrathin sections were stained with uranyl

acetate followed by lead citrate. Micrographs were taken

using a Phillips CM12 transmission electron microscope

(Philips Electronic Instruments Co., Mahwah, NJ) at 60

kV.

3. Results

3.1. Overexpression of phragmoplastin arrests growth of

transgenic plants

Our previous results demonstrated that a chimeric

phragmoplastin-GFP (PhrG) protein is targeted to the

forming cell plate when expressed in cultured tobacco

BY-2 cells [5]. Cells expressing PhrG were elongated,
divided slowly compared to the control cells expressing

GFP only, and often had altered cell division orienta-

tion. To study how these changes may affect the

architecture of a plant, we expressed PhrG in tobacco

plants and examined 25 independent transgenic lines in

detail. Twenty lines displayed variable phenotypes,

including chlorotic leaves and arrested growth of the

primary root, shoot and adventitious roots (Fig. 1B).
The leaves of all transgenic lines appeared etiolated and

had an expanded central vein with greatly reduced blade

area. The primary roots were stunted and no lateral

roots emerged in the majority (90%) of seedlings. These

phenotypes were the same as those from plants over-

expressing phragmoplastin alone (see Section 2). Con-

trol plants expressing GFP alone did not display any

visible phenotype (Fig. 1A).
Progeny from transgenic PhrG line No. 2 exhibited a

3:1 segregation ratio for kanamycin-resistance, suggest-

ing that there was only one T-DNA insertion in this

transgenic line. Southern blot analysis of genomic DNA

confirmed that the transgene was inserted in a single

locus (data not shown). This line was used in rest of the

experiments. In the T1 population of PhrG line No. 2,

90% of the seedlings were unable to grow beyond the
stage of first or second pair of true leaves and died as a

consequence. About 10% of the plants survived and

were able to set seeds, although the plant size and seed
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numbers were very much reduced compared to the

control plants. Progeny from the surviving plants

continued to exhibit severe (90%) and mild (10%)

mutant phenotypes. The latter type expressed very low

levels of the transgene (data not shown), which may be

due to cosuppression of the endogenous phragmoplastin

gene in these lines. The reason for the continued

variability is, however, not clear.

Western blot analysis using the purified antibody to

soybean phragmoplastin showed a unique protein band

in transgenic plants (94 kDa: Fig. 2B, lane 2) that

corresponded to the size of the chimeric protein of GFP

(26 kDa) plus phragmoplastin (68 kDa), confirming that

the chimeric protein is expressed in PhrG plants. An

additional band (68 kDa) corresponding to the tobacco

native phragmoplastin was also visible in both control

and transgenic plants, resulting from a cross-reaction

[38]. These data also suggest that the expression of the

native phragmoplastin was not affected in PhrG lines

due to the insertion of the chimeric phragmoplastin

gene.

3.2. Overexpression of PhrG affects orientation of the cell

plate

We analyzed the pattern of cell plate formation

during early female gametophyte development in trans-

genic plants that were able to grow until flowering.

Longitudinal sections of ovules at early stages of

megaspore development showed that at the 4-cell stage,

the orientation of the cell wall was altered compared to

that of control plants (Fig. 3). The orientation of cell

plates was altered between megaspores one and two and

between megaspores three and four (Fig. 3B), suggesting

that cell plate formation in both mitosis and meiosis is

affected in the transgenic lines. While the cell plate was

completed in both types of megaspores, the divisions

Fig. 1. Phenotypes of tobacco transgenic plants overexpressing

phragmoplastin (PhrG). (A) Control seedlings transformed with GFP

alone. (B) Transgenic seedlings expressing PhrG. Note that whereas

cotyledons were apparently normal, the first pair of true leaves

(arrows) in transgenic plants remained small and the central vein or

entire leaf area was chlorotic. Most of the mutant plants did not

develop beyond the first pair of true leaves.

Fig. 2. SDS-PAGE and Western blot analysis of protein extract from

leaves of the control and PhrG seedlings. (A) Total proteins were

extracted from 10-day-old seedlings and resolved on SDS-PAGE

followed by staining with Coomassie blue. M, molecular weight

markers in kDa; Lane 1, control seedlings transformed with pBI-

GFP; Lane 2, PhrG transgenic seedlings. (B) Western blot of the same

samples as in (A) except that the molecular markers were replaced by

prestained protein markers. Purified rabbit IgG against E. coli -

expressed soybean phragmoplastin [38] was used as primary antibody

and horseradish peroxidase-conjugated goat IgG against rabbit IgG

was used as the second antibody and detected by the ECL Western blot

system (Amersham). 94 kDa (arrow), GFP-phragmoplastin protein; 68

kDa (arrowhead), native phragmoplastin.

Fig. 3. Effect of overexpression of phragmoplastin on the orientation

of the cell plate in female gametophyte of tobacco. Longitudinal

sections through ovule: (A) control; (B) PhrG plants. Note the

transverse cell walls in both mitotic and meiotic cell divisions in (A),

while oblique cell walls in the PhrG megagametophytes. The numbers

1�/4 represent products of successive meiotic and mitotic cell divisions

of megagametophyte initial. Cell No. 1 represents the megaspore cell.
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were not transverse as observed in the control female

gametophyte (Fig. 3A). It is possible that this misor-

ientation may affect megaspore development, which is

indicated by the very small number of seeds produced by
PhrG plants.

3.3. Decrease in mitotic index and arrest of root growth

in PhrG seedlings

Measurements of the root length indicated that the

radicles (embryonic root) of both the control and PhrG

seeds emerged from the seed coat at the same time (at

about day 3 after seed imbibition). The root began to
grow in the control seeds immediately, but growth of the

PhrG roots was severely retarded. This limited growth

was primarily due to cell expansion since the mitotic

activity was very low in this tissue (see below). This was

apparent because of the difference in the sizes of cells in

the control and PhrG roots. The primary roots of the

control plants showed rapid growth during the first

week and steady growth for another 3 weeks of
observation, with secondary roots appearing around

9�/10 days (Fig. 4(A), filled circles). In PhrG seedlings,

growth was severely retarded after 1 week and no

secondary roots were formed (Fig. 4(A), open circles).

To determine the rate of cell division in root tips of

the PhrG plants, the mitotic index (MI) was measured.

As shown in Fig. 4(B), the MI of the PhrG roots was

much lower than that of the control plants and dropped
steadily to zero within 2 weeks after germination. The

MI of the control plants was :/1.5% at day 13, which

was higher than that at day 7 in the PhrG plants. Aniline

blue staining showed that the percentage of the cell walls

with callose in PhrG cells steadily increased to 15% by

day 13 (Fig. 4C) when the MI dropped to zero (Fig. 4B).

However, very little callose was found in the control cell

walls during the second week.

3.4. Loss of the quiescent center and arrest of the cells at

the G1 phase in PhrG roots

Root architecture in PhrG seedlings showed a dis-

organized cell mass that lacked distinct cell files. No

quiescent center or columella could be recognized

anatomically compared to control at the same age
(Fig. 5). The enlarged and vacuolated cells in the PhrG

root meristem may indicate the loss of undifferentiated

state of the meristematic initials. In addition, irregular

cubic shape of the cells indicated that they had under-

gone isodiametric expansion. This is in contrast to root

meristems which have stopped dividing due to the

disruption of cell cycle [14], or in the hobbit , rml , or

rootless mutants, where there is no disruption of the cell
files and expansion remains axialized [15,16]. This

indicates that PhrG overexpression did not simply shut

down cell division, but allowed some divisions which

disrupted cell files and the architecture of the RAM

prior to cessation of all divisions.

To determine the phase of the cell cycle in which the

root meristem cells were arrested, we measured DNA

contents of the root cells including columella, meriste-

matic area and elongating region. The relative DNA

contents in these regions was compared to nuclei of

wild-type leaf guard cells which are presumed to be 2C

as in Arabidopsis [40]. No cells containing 4C DNA were

detected in the root tip region of 3-week-old PhrG

seedlings (Fig. 5D), whereas a significant number of

control root tip cells contained 4C DNA (two sets of 2C

nuclear DNA in the S phase; Fig. 5C). This suggests that

the PhrG root cells may be arrested at the G1 phase of

the cell cycle. However, this phenotype is indirect, as

phragmoplastin is unlikely to affect cell cycle progres-

Fig. 4. Rate of cell division and the growth of roots in control and

PhrG transgenic plants. (A) Root growth during the first 4 weeks after

germination. (B) Mitotic indices of root tip cells stained with DAPI.

(C) Callose accumulation at the cell plate and new cell walls. Root

tissue was stained with Aniline blue and the fluorescent labeled new cell

walls were recorded at different time intervals (see Fig. 7).
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sion, based on its proposed role in building cell plate [1].

This may be due to a delay in symplastic signals that

normally affects cell growth [8]. No multinucleate or

polyploid cells were found in PhrG seedlings, indicating

that cell plates in PhrG roots were completed and had

not degenerated as in several cytokinesis mutants.

3.5. Arrest of adventitious root primordia in PhrG root

Secondary roots in control plants began to develop

during the second week of germination. The PhrG plants

did not form any secondary roots but rather initiated

several adventitious root primordia along the lower

hypocotyl region after 3�/4 weeks (Fig. 6A). These

adventitious root primordia arrested at a very early

stage and were unable to develop further into lateral

roots. Cells in these primordia differentiated into vessels

and tracheid-like structures (Fig. 6B). Unlike the

primary root, the cells of the entire lateral root meristem

had differentiated into a very unusual cell type. This

indicates that, in addition to loss of division and

differentiation, there was an alteration of cell fate in

cells expressing PhrG.

Fig. 5. Root meristems of control and PhrG transgenic seedlings. (A, B) Longitudinal sections of root tips of 4-week-old control and PhrG seedlings.

Root tips were fixed and embedded in paraffin, stained with Safranin O and Fast Green. Note the loss of quiescent center and columella cells in PhrG

roots. (C, D) Relative ploidy levels of root tip cells. QC, quiescent center.

Fig. 6. Adventitious root primordia in the hypocotyl region of PhrG

seedlings. (A) Four-week-old tobacco seedlings were fixed and stained

with Safranin O and Fast Green. Multiple adventitious root primordia

(arrow) emerged on the lower hypocotyl of the PhrG seedling. (B)

Enlarged view of a longitudinal section of an adventitious root

primordium. Note the tracheid and vessel-like structures in the

primordium that has not yet emerged from the cortex.
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3.6. Increased deposition of callose at the cell plate and

its persistence in new cell walls in the PhrG seedlings

We have recently observed that phragmoplastin
interacts with callose synthase at the forming cell plate

[42]. To determine if the overexpression of phragmo-

plastin had any effect on callose deposition at the

nascent cell plate, we localized callose by fluorescence

microscopy using Aniline blue staining [41]. The cell

plate of the control plants was stained as a thin line with

few punctuated structures (Fig. 7C, arrow). In root tips

of 1-week-old PhrG seedlings (in which low cell division
activity existed; Fig. 4B), the intensity of callose staining

in the nascent cell plates was much higher than that in

the control plants. Cell plates were stained as a very

bright and thick lens-shaped structure (Fig. 7D, arrow).

About 15% of the cells in the 2-week-old root tips of

PhrG seedlings, including columella, meristematic and

elongating regions, had a part of the cell wall stained

with Aniline blue (see Fig. 4C). Although the MI in the
root of PhrG cells was very low at this time, callose

appeared to persist in mature cell plates of these cells.

The accumulation of callose in PhrG cells may be due to

a higher rate of callose synthesis and/or a delay in its

degradation that occurs normally during cell plate

maturation [1].

3.7. Formation of large vesicles on the cell plate and

accumulation of multivesicular bodies in cells

overexpressing phragmoplastin

We analyzed the ultrastructure of the forming cell

plate in the PhrG cells and compared it with the control

cells (Fig. 8). While the structure of the forming cell

plate in control cells was similar to that described by

Samuels et al. [2], the developing tubular network in

PhrG cells contained more electron dense material (Fig.

8C,D). Numerous large vesicular bodies (arrows in Fig.

8C) were found to be associated with the forming cell
plate and many multivesicular bodies appeared (Fig.

8D). These structures are not present in the control cell

plate (Fig. 8A). In addition, the angle of cell plate fusing

with the parental cell wall is altered making an oblique

cell wall as observed in BY2 cells overexpressing

phragmoplastin [5].

4. Discussion

4.1. Overexpression of phragmoplastin affects the rate of

cell division in both root and shoot meristems

Several cytokinesis mutants, including cyt1 , cyd1 ,

keule , knolle , ttn and tso1, form incomplete cell walls,

develop partial cell plates or produce multinucleated/

polyploid cells [23�/27,29�/31]. The phenotype of the
PhrG plants was different from those and other cytokin-

esis mutants described to date [1]. Embryo development

in most cytokinesis mutants is affected; an exception is

cyd1 , which displays abnormality in the whole plant

from shoot and vegetative meristem to differentiated

cells [30]. The process of cytokinesis in PhrG cells, once

started, was able to proceed to completion. However,

callose accumulation, which normally disappears as the
cell plate matures into a cell wall, persisted much longer

in PhrG cells. This may indicate either an overaccumula-

tion of or failure to remove callose, or a delay in cell

plate maturation altogether. This phenomenon resulted

in alteration of the direction of cell plate elongation as

observed earlier in BY2 cells [5] and was also apparent

in megagametophyte cell division (Fig. 3). A perturba-

tion in cell plate growth appears to result in the
complete arrest of growth of the root and shoot

meristems.

The loss of RAM structure and the arrest of

adventitious root primordia in the PhrG plants are quite

different from rootless and root meristemless , which

cause the loss of meristematic activity without disrupt-

ing the structure of RAM. It was also different from the

hbt (hobbit ) mutant reported to have no recognizable
quiescent center and no mitotically active RAM [18]. In

a T-DNA knockout mutant of one of the Arabidopsis

phragmoplastin homologs, ADL1A, growth was also

arrested without affecting the SAM organization,

although RAM structure was not described [37]. These

mutants could be rescued by the addition of sucrose,

which might indicate growth was arrested due to lack of

carbon supply. This is consistent with yellowing of the
leaves and suggests that phragmoplastin has other

functions in the cells. A chloroplast localized isoform

of phragmoplastin has been identified [43]. There are, in

Fig. 7. Aniline-blue staining of callose on the forming cell plates of

tobacco root tip cells. Root tips of the control (A) and PhrG seedlings

(B) were fixed and stained with Aniline blue and ethidium bromide.

Cells were photographed using a differential interface contrast (DIC)

lens. Arrows indicate the position of cell plates. Fluorescent micro-

graphs of the same field were taken using a UV filter (C, D). The cell

plate of the control plants (C) was stained as a thin line, whereas that

of the PhrG seedlings (D) was seen as a thick, lens shaped structure.
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addition, 16 isoforms of this sequence in Arabidopsis [1],

which suggests a wider role of this group of proteins in

plant development.
Since phragmoplastin can form heterodimers [34] and

multiple forms of phragmoplastin occurs in a cell, it is

likely that other interactions play some role in the

complete arrest of growth. It is interesting to note that

differentiation proceeded in the lateral root primordia in

the absence of new cell generation from the meristem.

These data suggest that the initiation of new primordia,

their maintenance and differentiation are distinct and

independent processes. Furthermore, the reduction in

MI and alteration in the pattern of cell plate formation

does not affect organ formation, which is consistent

with the tangled mutant in maize [4,32].

4.2. Persistence of callose in phragmoplastin-

overexpressing cells appears to slow down cell plate

maturation

The cell plate and young cell walls of the PhrG

seedlings contain more callose than those of the control

cells (Fig. 7). The callose persists for 2�/3 weeks post

germination when there is no mitotic activity in this

Fig. 8. Electron micrographs of the forming cell plates in control and PhrG root cells. (A) The T-junction area of the cell plate in a control cell. The

direction (arrow) of the growing cell plate (c) was almost perpendicular to the mother cell wall (w). Golgi bodies (G) are present in the T-junction

area. Oil bodies (O), but not vacuoles, are found in the path of the growing cell plate. (B) The middle section of the cell plate the same control cell

shown in (A). The cell plate is a continuous structure of interconnected tubules. (C) Forming cell plate in PhrG cell. Multivesicular bodies (MV) filled

with electron-dense material are present in this area. Cell plate vesicles (small arrow) are found to fuse with the multivesicular bodies. The large arrow

points to the direction of the growing cell plate that is not perpendicular to the parental cell wall and results in the formation of oblique cell plate (see

[5]). M, mitochondrion. (D) The middle section of the cell plate in the same PhrG cell as in (C). Numerous electron-light, large vesicular bodies are

found to be associated with the cell plate. These structures are not present in the control cell plate (B). The tubular structures of the forming cell plate

are filled with darker contents compared to the control cell plate shown in (B). Multivesicular bodies (MV) filled with dark deposits are seen

frequently. Scale bar for A�/D, 0.45 mm.
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tissue (Fig. 4B). A possible mechanism which may

account for this over-deposition of callose is an in-

creased activity of callose synthase or a delay in callose

degradation, which needs to be replaced by cellulose
during cell plate maturation [2]. A korrigan mutant

affecting 1,4-b-glucanase has been shown to arrest cell

plate maturation [44]. Callose synthase is turned on after

the initial vesicle fusion stage and reaches maximum

levels during the tubular network consolidation phase

when cellulose deposition starts [2]. In light of our recent

observation that phragmoplastin interacts with a cell

plate-specific callose synthase [42], it is possible that
overexpression of phragmoplastin may increase callose

synthase activity and cause the excessive deposition of

callose in the PhrG plants. The persistence of callose may

cause a delay in cell plate maturation as is also observed

in hobbit mutants.

4.3. Possible role of phragmoplastin in creating tubular

networks at the forming cell plate

EM studies using the high-pressure cryofixation

technique showed that cell plate development can be

divided into morphologically distinct steps. These in-

clude fusion of Golgi-derived vesicles, development of

the tubulo-vesicular network (TVN), generation of the

fenestrated sheet and fusion of the cell plate with the

parental wall [2,3]. Phragmoplastin appears to be

involved in the formation of tubulo-vesicular structures
at the cell plate. We have demonstrated that phragmo-

plastin contains two self-assembly domains, SA1 and

SA2 [34]. The intermolecular interaction between SA1

and SA2 leads to the formation of a polymer with a

staggered, contoured spiral structure. The helical arrays

of the phragmoplastin may wrap around the vesicles in

the cell plate region and facilitate the formation of a

vesicle-tubule-vesicle structure resembling the dumbbell-
shaped structures observed by Samuels et al. [2].

Recently, ADL1 (phragmoplastin) antibodies have

been localized around these tubular structures in en-

dosperm cells [45], supporting our model of membrane

tubulization mediated by phragmoplastin at the forming

cell plate [1].

The process of vesicle-tubule-vesicle formation may

require a precise regulation of phragmoplastin GTPase
activity. The GTP-bound form of phragmoplastin is

required for the formation of phragmoplastin helical

arrays and GTP hydrolysis depolymerizes phragmoplas-

tin [34]. The inhibition of this activity is necessary to

form long tubules and it may be facilitated by high levels

of Ca2� known to be present in the vicinity of the cell

plate [46,47]. Ca2� has been found to inhibit dynamin

GTPase activity [36] and the inhibition of GTPase
results in the formation of tubular structures [35]. The

expression of a GTPase-minus mutant of phragmoplas-

tin (PhrKM) results in the persistence of many tubular

structures in the forming cell plate (Hong, Geisler-Lee

and Verma, unpublished data), similar to what has been

shown in the expression of a dynamin GTPase mutant in

mammalian cells [48] or in the presence of GTP-g-S
[35,49]. Furthermore, such a mutation in dynamin has

been shown to alter vesicle budding from the trans-

Golgi, a situation observed in cells overexpressing

mutated phragmoplastin (unpublished data). Overex-

pression of phragmoplastin may affect membrane tubu-

lization process. The elucidation of the exact mechanism

of callose deposition at the forming cell plate may be

facilitated by detailed analysis of the callose synthase
complex that we have recently identified and isolated

and found to be interacting with phragmoplastin [6,42].
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