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COMPARATIVE ULTRASTRUCTURE OF PLASMODESMATA
OF CHARA AND SELECTED BRYOPHYTES. TOWARD AN
ELUCIDATION OF THE EVOLUTIONARY ORIGIN OF
PLANT PLASMODESMATA?
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We have used transmission electron microscopy to examine plasmodesmata of the charophycean green alga Chara zey-
lanica, and of the putatively early divergent bryophytes Monoclea gottschel (liverwort), Notothylas orbicularis (hornwort),
and Sphagnum fimbriatum (moss), in an attempt to learn when seed plant plasmodesmata may have originated. The three
bryophytes examined have desmotubules. In addition, Monoclea was found to have branched plasmodesmata, and plas-
modesmata of Sphagnum displayed densely staining regions around the neck region, as well as ring-like wall specializations.
In Chara, longitudinal sections revealed endoplasmic reticulum (ER) that sometimes appeared to be associated with plas-
modesmata, but this was rare, despite abundant ER at the cell periphery. Across al three fixation methods, cross-sectional
views showed an internal central structure, which in some cases appeared to be connected to the plasma membrane via
spoke-like structures. Plasmodesmata were present even in the incompletely formed reticulum of forming cell plates, from
which we conclude that primary plasmodesmata are formed at cytokinesis in Chara zeylanica. Based on these results it
appears that plasmodesmata of Chara may be less speciaized than those of seed plants, and that complex plasmodesmata

probably evolved in the ancestor of land plants before extant lineages of bryophytes diverged.
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Plants are divided into cells that remain cytoplas-
mically connected via plasmodesmata. Several workers
have emphasized the unity of the plant body, and have
stressed the importance of plasmodesmata in maintain-
ing cell-to-cell communication within the plant as an
integrated organism (Niklas, 1989; Kaplan and Hage-
mann, 1991; Lucas and Wolf, 1993). It has been sug-
gested that plasmodesmata may serve as channels for
simple diffusion and complex molecular trafficking,
and that plant development at the cell, tissue, and organ
levels may be regulated by means of plasmodesmatain
the apical meristem (Lucas, Ding, and Van der Schoot,
1993; Duckett et al., 1994; Epel, 1994; Lucas, 1995;
Lucas et al., 1995).

Many researchers have examined the ultrastructure of
primary plasmodesmata in seed plants (L 6pez-Saez, Gi-
ménez-Martin, and Risuefio, 1966; Hepler, 1982; Gun-
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ning and Overall, 1983; Robards and L ucas, 1990; Ding,
Turgeon, and Parthasarathy, 1992; Botha, Hartley, and
Cross, 1993 and references cited therein), which are
formed at cytokinesis when endoplasmic reticulum (ER)
is incorporated into the forming cell plate (Hepler, 1982).
The ER that passes through the plasmodesma forms what
is commonly accepted as the desmotubule. The model for
plasmodesmatal ultrastructure proposed by Ding, Tur-
geon, and Parthasarathy (1992), based on tobacco tissue
preserved by high-pressure freezing and freeze substitu-
tion, suggests that particles are associated with the inner
leaflet of the plasma membrane and the outer leaflet of
the desmotubule, and that spoke-like extensions connect
the plasma membrane and the desmotubule in the ex-
panded central regions of mature plasmodesmata. This
model is supported by more recent work using chemically
preserved grass tissue (Botha, Hartley, and Cross, 1993).
Other features of seed plant plasmodesmata include nar-
row neck regions that may be associated with sphincters
(Oleson and Robards, 1990), and ring-like wall special-
izations (Badelt et al., 1994).

The present study focuses on the ultrastructure of plas-
modesmata of charophycean algae and putatively basal
bryophytes in an attempt to further elucidate the evolu-
tionary origin of seed plant plasmodesmata. Land plants
(embryophytes), including the bryophytes, appear to be
a monophyletic group that arose from an ancestor held
in common with certain modern charophycean green al-
gae (Graham, Delwiche, and Mishler, 1991; Mishler et
al., 1994; McCourt €t al., 1996). Common ancestry sug-
gests that modern seedless plants and charophytes can be
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used in tracing the evolution of more complex features
of seed plants. Therefore, we used a comparative ap-
proach to ascertain when the complex features of higher
plant plasmodesmata may have arisen.

Charophycean algae include organisms with a wide
range of body types, from unicells (desmids) and un-
branched filaments (Spirogyra, Mougeotia), to the more
complex branched filamentous or parenchymatous bodies
of Coleochaete and Charales (Graham, 1993). Based on
molecular, biochemical, and cellular evidence, Coleo-
chaete and the Charales are thought to be the closest
extant algal relatives to land plants (Graham, Delwiche,
and Mishler, 1991; Manhart, 1994; McCourt et a., 1996),
and it is in these more complex charophytes that plas-
modesmata are known to occur (Graham, 1993). Graham
and Kaneko (1991) pointed out that cell division mech-
anisms of charophycean algae exhibit an evolutionary
progression from furrowing with a rudimentary phrag-
moplast in Zygnemataceae (unbranched filaments), to
centrifugal cell plate formation with a plant-like phrag-
moplast in the complex forms that possess plasmodes-
mata. Since cytokinesis in Chara is known to involve a
plant-like phragmoplast and entrapment of ER in the
forming cell plate (Pickett-Heaps, 1967b), it seems rea-
sonable to expect that the internal structure of its plas-
modesmata might be similar to that of seed plants, hence
we chose to examine this member of the Charales.

Pickett-Heaps (1967b, fig. 27; 1968, figs. 23, 24) and
Kwiatkowska and Maszewski (1986, fig. 17) have dem-
onstrated ER traversing plasmodesmata in Chara. How-
ever, Pickett-Heaps (19674, b) also reported that in older
walls plasmodesmata contain various substructures that
do not appear to be directly connected with the ER. Fur-
thermore, Spanswick and Costerton (1967) found internal
structure in only a few Nitella translucens plasmodes-
mata, and Fischer and MacAlister (1975) and Franceschi,
Ding, and Lucas (1994) did not observe ER in plasmo-
desmata of Chara corallina. In addition, Franceschi,
Ding, and Lucas (1994) found no plasmodesmata in
young cell plates of Chara corallina, concluding that all
plasmodesmata in that species are formed secondarily.
The internal structure and formation of plasmodesmatain
the Charales are thus controversial.

Little previous ultrastructural or physiological work
has been done on bryophyte plasmodesmata. Two studies
of internal transport in bryophytes support a concept of
complex plasmodesmatal structure compatible with the
function of molecular trafficking (Rydin and Clymo,
1989; Trebacz and Fensom, 1989). The latter authors
showed that internal transport in the liverwort Cono-
cephalum conicum is similar to that in cells of Nitella
with respect to rate of transport and reaction to pressure
changes, and concluded that transport was similar in a
filament and in a tissue. Wall pits with perforations that
are thought to be plasmodesmatal channels have been
described in various liverworts (Hébant, 1978; Giordano
et al., 1989; Ligrone and Duckett, 1994). Similar plas-
modesmatal connections occur in the leaflets (Schnepf
and Sych, 1983), stem, and fascicles (Baker, 1988) of the
Sphagnum gametophore. We have found only two reports
documenting the occurrence of seed-plant-like plasmo-
desmata with desmotubules in bryophytes; that of
Schnepf and Sawidis (1991) on protonemal filaments of
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the moss Funaria hygrometrica, and that of Ligrone and
Duckett (1994) on the thallus of the liverwort Asterella
wilmsii.

Phylogenetic relationships among the seedless plants
are incompletely resolved, but it appears that bryophytes
are basal to the tracheophytes, and that the liverworts
may be the earliest divergent bryophytes (Mishler and
Churchill, 1984, 1985; Waters et al., 1992; Mishler et al.,
1994). To increase the chances of finding features reflect-
ing those of the common ancestor of both bryophytes and
vascular plants, rather than derived features of bryo-
phytes, we chose taxa for which there is evidence of rel-
atively early divergence within each of the three bryo-
phyte divisions. Monoclea is considered by Schuster
(1984) to be a basal liverwort because it exhibits a syn-
thesis of features found in other liverworts. In addition,
archesporial cells of Monoclea are monoplastidic (Brown
and Lemmon, 1992), and monoplastidy is a pleisio-
morphic plant characteristic thought to have been inher-
ited from the charophycean green algal ancestors of land
plants. Characteristics that suggest Notothylas is an early
divergent hornwort include a thallus that stops apical
growth after fertilization, synchronous spore production,
and poorly developed pseudoelaters (Hyvonen and Piip-
po, 1993; Hasegawa, 1994). Sphagnum is considered to
be a basal moss taxon based on analysis of chloroplast
ribosomal RNA genes (Mishler et al., 1992) and on var-
ious sperm characteristics, including presence of a single
starch grain in a solitary plastid, a character shared with
hornworts (Garbary, Renzaglia, and Duckett, 1993).
Therefore, we examined the ultrastructure of plasmodes-
mata of Monoclea, Notothylas, and Spohagnum.

MATERIALS AND METHODS

Specimen collection and culture—A culture of unknown prove-
nance, which we identified as Chara zeylanica (based on Wood, 1967),
was obtained from a soil-water tank that has been maintained in our
laboratory for >20 yr. An unidentified charalean protonema was col-
lected from Spring Lake in Green Lake County, Wisconsin. Specimens
of Monoclea gottschei were collected from municipality Orocovis, bar-
rio Ala de la Piedra, Toro Negro Commonwealth Forest, Puerto Rico
in late February of 1994, and kept alive on wetland soil in a terrarium.
Notothylas orbicularis was collected from Carter County, Tennessee.
Capsules were surface sterilized in 20% Clorox for 30 min, with soni-
cation for the first 5 min, rinsed and sliced open, and spores sown on
agarized Guillard’s medium (Sigma). A single thallus was eventually
subcultured and propagated vegetatively on agarized half-strength
Knop’s medium (Schofield, 1985). Sphagnum fimbriatum was collected
from Jyme Bog in Oneida County, Wisconsin in July of 1993. Capsules
were surface sterilized for 5 min in a solution of 5% Clorox in water,
rinsed, and left to dry in a closed but not sealed petri dish. When the
capsules dried they released spores into the dish. These were retrieved
by adding a few drops of water to the dish with a Pasteur pipette, then
pipetting out the spore-laden drops onto a plate of agarized half-strength
Knop’s medium (Schofield, 1985). We examined the resulting proto-
nemal plates rather than the apices of mature shoots, since this juvenile
stage might be more likely to retain ancestral features than would the
adult.

Preservation and electron microscopy—Shoot tips of Chara zeyla-
nica were fixed in three different ways. (1) Stepwise chemical fixation
(SCF), which we designed especially for charalean algae, was based on
Taylor's (1988) work on the osmotic effects of buffers and fixatives on
Nitella flexilis. Progressively higher concentrations of glutaraldehyde in
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25 mmol/L phosphate buffer (pH 7) were introduced as follows: 0.5,
1.0, 1.5, and 2.0%, with shoot tips immersed in each solution for 30
min. Following the primary fixation, tissue was rinsed in buffer three
times for 10 min each, postfixed for 1 h in 1% osmium tetroxide, rinsed
three times for 10 min each in water, and stained for 30 min in a 0.5%
agueous solution of uranyl acetate (UA). Specimens were then dehy-
drated in a graded ethanol series, infiltrated in two steps with Spurr’s
resin, embedded, and polymerized in a 70°C oven. (2) Potassium fer-
ricyanide (KFe) postfixation to enhance ER and other membranes was
adapted from Hepler (1982). This differed from SCF in that 0.8% po-
tassium ferricyanide [K;Fe(CN)g] was included along with osmium in
the postfixation, no UA was used, dehydration was with acetone, and
infiltration took place in three steps. (3) High-pressure freezing (HPF)
took place in a buffered sucrose solution modified from Ding, Turgeon,
and Parthasarathy (1992). Shoot tips were immersed in a 20 mmol/L
HEPES buffer solution (pH 8.5) containing 2 mmol/L CaCl,, 2 mmol/L
KCI, and 0.2 mol/L sucrose for 30—60 min and frozen with a Balzers
HPMO010 high-pressure freezer (Balzers Union, Liechtenstein), the buf-
fered sucrose solution also being used to fill in space not taken up by
the specimens in the planchettes. Specimens were freeze substituted
with 1% osmium in acetone at —80°C for 3 d, —20°C overnight, brought
sowly to room temperature over a period of 2 h, rinsed with pure
acetone, and infiltrated, embedded, and polymerized as for SCF above.
The unidentified charalean protonema was preserved via SCFE

Specimens of Monoclea and Notothylas were sliced in fixative into
pieces of <2 mm?. Three-week-old Sphagnum protonemal plates were
fixed whole, on a chunk of agar on which they had been growing.
Fixation was with 2% glutaraldehyde in 0.05 mol/L phosphate buffer,
pH 7, for 4.5 h, with occasional agitation, followed by six 10-min rinses
in the phosphate buffer. Specimens were postfixed for 2 h in 2% os-
mium tetroxide, dehydrated in a graded acetone series (10 min each
solution, 100% three times), infiltrated with Spurr’s resin in three steps
(50%—1 h, 75%—1 h, and 100%—overnight, with a fresh change of
100% the next day), embedded, and polymerized overnight in fresh
100% resin in a 70°C oven.

Thin sections (silver-gold) were cut using a Sorvall MT2-B Ultra
Microtome with a Dupont diamond knife, stained for 5-10 min with
agueous Reynold's lead citrate, and viewed using a JEOL JEM-1200
EX electron microscope at either 60 or 80 kV. For Chara zeylanica,
nodes of the main axis as well as branch nodes were examined. Sections
of Monoclea and Notothylas were cut tangential to the edge of the
thallus on a lobe near a meristematic notch, while those of Sphagnum
were cut parallel to the protonemal surface. Using the terminology for
dorsiventral thalli employed by Renzaglia (1978), the sections cut were
transverse and horizontal longitudinal.

RESULTS

Mature plasmodesmata of Chara zeylanica have neck
constrictions that are discernible in longitudinal section
(Figs. 1, 2) aswell asin transverse section (Fig. 3). Neck
constrictions are observed in transverse section by com-
paring diameters of plasmodesmata in the median region
of the wall, where sections are cut through the larger
central cavities (Fig. 3, right), with diameters of the nar-
rower neck regions near the edge of the wall, next to the
cytoplasm (Fig. 3, left). Internal ultrastructure of the plas-
modesmata seen in longitudinal view (Figs. 1, 2, 8, 9,
10) is difficult to interpret in all three treatments. In the
plasmodesma in Fig. 1 there is alinear internal structure
(arrow), but despite the presence of abundant ER at the
cell periphery (Fig. 8, arrowhead), plasmodesmata were
observed only occasionally to have ER closely associated
with them (Figs. 1, 2, 9, 10, arrowheads). Such associated
ER was seen more often in the HPF treatment (Figs. 9,
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10), even though ER did not stain well in this treatment.
In transverse view, on the other hand, internal structure
is frequently evident (Figs. 3, 4, 7, 11), even at low mag-
nification (Fig. 3, arrowheads). Some plasmodesmata al so
display short linear extensions that radiate out from the
plasma membrane (Fig. 3, arrow). Figs. 4, 7, and 11 dem-
onstrate, in all three treatments of Chara zeylanica, pres-
ence of a central structure (arrows) that appears to be
connected to the plasma membrane via spoke-like struc-
tures (aligned with arrowheads). In addition, a central
structure was found in plasmodesmata of the protonema
of an unidentified charalean species (Fig. 6, arrow). The
apparent central structure in longitudinal view of a pro-
tonema plasmodesma (Fig. 5, arrowhead) may be a
glancing section of the plasma membrane in the fore-
ground.

During cytokinesis in Chara zeylanica, ER is incor-
porated in the forming cell plate (Fig. 12, large arrow-
head). Associated with the plate are coated vesicles (Fig.
13, arrow) that are much larger than the diameters of
nearby plasmodesmata (Fig. 13, arrowheads). Plasmodes-
mata are found in very young plates that are from 25 to
50 nm thick (Figs. 12—14, small arrowheads), and in re-
ticulate, incompletely formed edges of cell plate where
they connect with the mother cell wall (Fig. 15, arrow-
heads). Cell plate formation occurs simultaneously across
the cell, except for the edges, which lagged behind (Fig.
15).

In Monoclea, Notothylas, and Sohagnum longitudinal
views of plasmodesmata show a desmotubule that con-
nects to ER in the cell proper (Figs. 16-19, 20, 24, 29,
large arrowheads). Transverse views also show a des
motubule in plasmodesmata of all three bryophytes. In
the only transverse view we have of a plasmodesma in
Monoclea (Fig. 19, small arrowhead), the internal struc-
ture observable is the desmotubule. Transverse views of
plasmodesmata of Notothylas and Sphagnum appear to
display, in addition to the desmotubule (Figs. 21-23, 25—
27, arrows), spoke-like structures that connect the des-
motubule to the plasma membrane (Figs. 23, 26, 27,
aligned with small arrowheads).

Found in Sphagnum, but not in the other genera, are
ring-like wall specializations (Fig. 28, arrowheads) and
connected short, linear structures that appear to extend to
the plasma membrane (Figs. 26, 27, aligned with big ar-
rowheads). Fixation with potassium ferricyanide reveals
densely staining regions that are associated with necks of
plasmodesmata in Sphagnum (Fig. 29, arrows). Branched
plasmodesmata (Figs. 16, 17) were found in Monoclea.
No evidence for neck constrictions near the plasma mem-
brane—ell wall interface is evident in any of the three
bryophytes.

DISCUSSION

This study provides support for the reports of Pickett-
Heaps (1968) and Kwiatkowska and Maszewski (1986)
that ER traverses plasmodesmata in Chara at some lo-
cations. In addition, it presents detailed information about
the ultrastructure of plasmodesmata in Chara zeylanica.
Important features shared by plasmodesmata of plants
and Chara zeylanica are neck constrictions and a central
structure from which spoke-like extensions appear to
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Figs. 1-11. Charalean plasmodesmata preserved via SCF (Figs. 1-6), KFe (Figs. 7-8), and HPF (Figs. 9-11). All are of Chara zeylanica,
except Figs. 5 and 6, which are of an unidentified charalean protonema. 1, 2. Longitudinal views in branch node. ER (arrowheads) appears to be
closely associated with these plasmodesmata. Also note neck constrictions. A central linear structure (arrow) can be seen in the plasmodesmata in
Fig. 1. Bars = 100 nm. 3. Transverse views in branch node, a number of which (arrowheads) have internal structure, and one of which (arrow)
has small linear extensions radiating from the plasma membrane. Smaller profiles near neck regions near the cytoplasm are at left, while wider
profiles deeper in the wall are at right. Bar = 200 nm. 4. Transverse view in branch node. Note central structure (arrow), and spoke-like structures
that appear to connect the central structure to the plasma membrane (aligned with small arrowheads). Bar = 50 nm. Figs. 5, 6. Unidentified charalean
protonema. 5. Longitudinal view of plasmodesma from branch axis with apparent central structure (arrowhead) that may be a glancing section of
plasma membrane. Bar = 100 nm. 6. Transverse view from main axis with central structure (arrow). Bar = 50 nm. 7. Transverse view of
plasmodesma in main axis. Note central structure (arrow), and spoke-like structures that appear to connect the central structure to the plasma
membrane (aligned with small arrowheads). Bar = 40 nm. 8. ER (arrowhead) along new wall of peripheral cell, transverse view of main axis node.
Bar = 500 nm. 9. Central cell wall, transverse view of main axis node. Longitudinal view of plasmodesmata that appear to have ER (arrowheads)
closely associated with them. Bar = 200 nm. 10. Longitudinal view of branch axis. ER (arrowheads) closely associated with plasmodesmata. Bar
= 200 nm. 11. Transverse view of plasmodesma in main axis with central structure (arrow), and spoke-like structures that appear to connect the
central structure to the plasma membrane (aligned with small arrowheads). Bar = 50 nm.

connect directly to the plasma membrane. While these
features are not as prominent or as common in Chara
zeylanica as they are in higher plants, it is possible that
numerous modifications in plasmodesmatal ultrastructure
may well have occurred during the several hundred mil-
lion years since charophycean algae and plants diverged
from a common ancestor. The €electron-opaque structures
that appear to radiate with the outer edge of the plasma

membrane are in agreement with those described by
Franceschi, Ding, and Lucas (1994) in Chara corallina.
Similar structures have been reported in ferns and in bar-
ley (Badelt et al., 1994).

Our results for Chara are consistent across three fix-
ation treatments, providing some assurance that the in-
ternal structures that are reported here are not artifacts.
In the HPF treatment there is a difference in appearance
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Figs. 12-15. Cytokinesis in Chara zeylanica. Preservation via KFe (Figs. 12, 14, 15) and HPF (Fig. 13). Bars = 500 nm. 12. Longitudinal
view of branch node in which peripheral cell is being cut off. ER (large arrowhead) is trapped in the forming cell plate, and plasmodesmata (small
arrowheads) are already present when the plate is only 36 nm thick. Figs. 13-15. Longitudinal views of plasmodesmata in branch axis. 13. Plate
ranges in width from 25 nm where plasmodesmata (small arrowheads) traverse it, to 50 nm elsewhere. Note coated vesicle (arrow) has a greater
diameter than do nearby plasmodesmata. 14. Plasmodesmata (small arrowheads) traverse the plate aong its length. Plate is 50 nm thick. 15.
Reticulate edge of plate as it fuses with mother cell wall (right). Plasmodesmata (small arrowheads) are present in the reticulum.

Figs. 16-19. Monoclea. 16, 17. Longitudinal views of branched plasmodesmata with internal ER (arrowheads). Bars = 125 nm. 18, 19.
Longitudinal views of plasmodesmata showing that ER traversing the plasmodesma is continuous with ER in the cell proper (large arrowheads).
Fig. 19 contains a transverse view of a plasmodesma (small arrowhead), with desmotubule visible in center. Bars = 200 nm.
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Figs. 20-23. Notothylas. 20. Longitudinal view of plasmodesma in which plasmodesmatal ER is seen to connect to ER in cell proper (arrow-
head). Bar = 200 nm. 21, 22. Plasmodesmata curve in the wall so that both longitudinal and transverse views are seen. Desmotubules are indicated
(arrows) in transverse view. Bars = 100 nm. 23. Transverse views showing desmotubules (arrows) and spoke-like structures that appear to connect
the desmotubule to the plasma membrane (aligned with small arrowheads). Bar = 50 nm.

between the central structure, which is well stained, and
intracellular ER, which is difficult to see. Such differ-
ences are also apparent in HPF tobacco plasmodesmata
(Ding, Turgeon, and Parthasarathy, 1992). Generally, in
plant tissues fixed by different methods, membranes as-
sociated with plasmodesmata appear modified in com-
parison with those that are not associated with plasmo-
desmata. For example, there appear to be no H+-ATPases
in plasma membranes associated with plasmodesmata,
while they are associated with intracellular plasma mem-

brane (Fleurat-Lessard, 1995), and differences have been
reported in the preservation of desmotubules and intra-
cellular ER (Hepler, 1982; Oleson and Robards, 1990)
and between plasma membrane inside and outside plas-
modesmata (Ding, Turgeon, and Parthasarathy, 1992). In
addition, various degradative chemical treatments have
been found to affect intercellular membranes differently
from those in the cell proper, possibly indicating that con-
nections between the desmotubule and intracellular ER
are not as strong as are connections between desmotubule
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Figs. 24-29. Sphagnum. 24. Longitudinal view showing ER (arrowheads) traversing plasmodesma. Bar = 200 nm. 25-27. Transverse views
showing desmotubules (arrows). Bars = 100 nm. 26, 27. Spoke-like structures appear to connect the desmotubule to the plasma membrane (aligned
with small arrowheads), and linear extensions appear to connect the plasma membrane to ring-like wall specializations (aligned with large arrowheads
that touch ring-like wall specializations). Bars = 50 nm. 28. Longitudinal views of plasmodesmata displaying apparent ring-like wall specializations
(small arrowheads). Bar = 200 nm. 29. KFe, longitudinal view. ER is seen entering plasmodesma (arrowhead). Neck regions (arrows) stain densely.
Bar = 200 nm.



September 1997]

and intercellular plasma membrane (Tilney et al., 1991;
Oparka, 1994; Turner, Wells, and Roberts, 1994).

While we cannot rule out the possibility that cross-
sectional thickness is such that neck constriction profiles
have been interpreted as central plasmodesmatal struc-
tures, and that the spoke-like structures are linear exten-
sions radiating out from the plasma membrane of a neck
constriction, the plasma membrane thickness in the fig-
ures presented in this paper is much greater than it would
be if the central structure was a neck constriction. Fur-
thermore, the central structure does not exhibit typical
unit membrane structure, while the plasma membrane
does. It is curious that longitudinal views do not clearly
demonstrate ER traversing plasmodesmata, since we ob-
served ER being trapped in a forming cell plate. How-
ever, it may be difficult to routinely demonstrate plas-
modesmatal ultrastructure via electron microscopy, be-
cause ER may be out of the plane of section (Esau and
Thorsch, 1985), or because the cross-sectional size of the
plasmodesma is small in relation to the thickness of the
section (Robards and Lucas, 1990). In addition, it may
be that the desmotubule is less stable than the plasma
membrane inside the plasmodesma, as was demonstrated
in protonemata of the moss Funaria (Schnepf and Sa-
widis, 1991).

We present evidence that primary plasmodesmata are
formed during cytokinesis in Chara zeylanica. Primary
formation of plasmodesmata is demonstrated by entrap-
ment of ER in forming cell plate, and by presence of
plasmodesmata in very young walls (as indicated by wall
thickness), including the reticulate, forming edge of a
new cell plate as it attaches to the mother cell wall.

Our results with respect to plasmodesmatal ultrastruc-
ture and formation of plasmodesmata in Chara zeylanica
differ from those of workers studying other charalean
taxa (Spanswick and Costerton, 1967; Fischer and
MacAlister, 1975; Franceschi, Ding, and Lucas, 1994) in
that we found internal plasmodesmatal structure, as well
as primary plasmodesmata formed during cytokinesis.
We believe that these differences may be attributable to
species or to fixation method. A brief survey of fixation
methods reveals that details of charalean plasmodesmatal
ultrastructure are more often observed when low concen-
trations of fixative and low osmolarity buffers are used
(Pickett-Heaps, 1968; Kwiatkowska and Maszewski,
1986; the present study) than with a harsher fixation pro-
tocol (Spanswick and Costerton, 1967; Fischer and
MacAlister, 1975; Franceschi, Ding, and Lucas, 1994). It
is unclear whether plasmolysis, which might be associ-
ated with fixation, would substantially alter plasmodes-
matal substructure (Oparka, 1994; Oparka, Prior, and
Crawford, 1994; Bewley, 1995), but changes in osmolar-
ity have been found to affect neck constrictions (Schulz,
1995). Schulz (1995) suggested that HPF may be prob-
lematic for preservation of plasmodesmata because cryo-
protectants may affect osmolarity and because freeze sub-
stitution requires an extended fixation period.

Potassium permanganate fixation, which highlights
membranes (Hayat, 1970; Bozzola and Russell, 1992),
resulted in spectacular views at lower magnification of
ER traversing plasmodesmata in Zea mays root tips (L u-
cas, Ding, and Van der Schoot, 1993), though no fine
structural details of plasmodesmata at higher magnifica-
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tion were presented. We tried this method (3% KMnO,
in 0.05 mol/L pH 7 phosphate buffer for 2 h at 4°C) on
Chara zeylanica, but found that it caused much artifac-
tual damage, producing an amorphous cytoplasm and in-
distinct plasma membrane. Furthermore, potassium per-
manganate is thought to denature proteins (Hayat, 1970),
so even with modification of this technique, we would
not expect to see fine details of plasmodesmata if there
were proteinaceous particles associated with the desmo-
tubule wall and the inner plasma membrane leaflet, as
suggested for plants by Ding, Turgeon, and Parthasarathy
(1992), Botha, Hartley, and Cross (1993), and Lucas,
Ding, and Van der Schoot (1993).

Additionally, different developmental stages could also
explain differences between the results presented here
and those of other authors. There is a great range in the
sizes of charalean plasmodesmata, and there seems to be
some correlation between the size of an individual plas-
modesma and its location in the thallus (Spanswick and
Costerton, 1967; Fischer, Dainty, and Tyree, 1974). A
general size range of 25-50 nm was found in Chara zey-
lanica, but this does not include branched plasmodes-
mata, in which the central cavity may be 400 nm or more
(Spanswick and Costerton, 1967; Franceschi, Ding, and
Lucas, 1994), or apparent coalescence of (for example)
four, 80-nm plasmodesmata into one plasmodesma of 200
nm in diameter (M. E. Cook, personal observation, un-
published data).

Given this great variety in diameter, it seems reason-
able that plasmodesmata in different parts of the thallus
may be specialized for different purposes. The 45-kDa
size exclusion limit (SEL) reported for Nitella and ob-
tained from internodal cells in the main axis (Kikuyama
et a., 1992) suggests that these cells could be modified
for axial macro molecular transport by developmental
loss of any internal ER substructure at the plasmodes-
matal connections with nodal cells, or by initial devel-
opment of plasmodesmata devoid of internal ER. Thefor-
mer idea is supported by Pickett-Heaps's (1967b) obser-
vations that ER is trapped in the cell plate during cell
division in Chara, but that central structures of plasmo-
desmata in older cells lack connections to the ER. Alter-
natively, the degree of evolutionary loss of internal plas-
modesmatal structure may vary with location in the cha-
ralean thallus or among taxa.

Based on previously published data, Chara plasmo-
desmata exhibit a range in diameter of 25-100 nm, in-
cluding the plasma membrane (Pickett-Heaps, 1967a,
1968; Kwiatkowska and Maszewski, 1986; Franceschi,
Ding, and Lucas, 1994). Plasmodesmata described in this
paper have diameters ranging from 12 to 27 nm at the
neck constrictions, and from 25 to 50 nm in the center.
These measurements are generally in keeping with those
in the model of Ding, Turgeon, and Parthasarathy (1992)
of higher plant plasmodesmata, in which the neck aver-
ages 24 nm and the central cavity 35 nm. Given the sim-
ilarities between size and structure of charalean plasmo-
desmata and those of higher plants, it is curious that their
SELs of 45 kDa and 1 kDa (Lucas and Wolf, 1993 and
references therein), respectively, are so different. Citov-
sky (1993) identified a relationship between the SEL and
the channel size of higher plant plasmodesmata, with the
channel size (2.5 nm, according to Ding, Turgeon, and
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Parthasarathy, 1992) being alittle larger than the globular
particle of 2 nm, which corresponds to the 1-kDa SEL
(Robards and Lucas, 1990 and references therein). Lucas
and Wolf (1993) suggested that since a 9-nm globular
particle corresponding to the 45-kDa charalean exclusion
l[imit is much smaller than the inner diameter of a plas-
modesma, globular proteins may be associated with the
plasma membrane, preventing larger particles from pass-
ing through. This suggested feature in charalean algae is
the same as in higher plants, except that no internal ER
was described in Charales by these workers. But Kiku-
yama et al. (1992) stated that since a 45-kDa SEL was
obtained after 24 h following injection of fluorescein-
conjugated protein in Nitella, then an accurate compari-
son with higher plants would be to wait 24 h in those as
well, rather than just the customary few minutes, if plant
cells could be stabilized that long. It would also be useful
to conduct an SEL experiment on Chara zeylanica to test
the consistency of the results of Kikuyama et al. (1992)
among charalean species.

Our results differ from those of Franceschi, Ding, and
Lucas (1994) in that we found primary plasmodesmata
formed during cytokinesis in Chara zeylanica, while they
reported that in Chara corallina plasmodesmata are
formed secondarily by vesicles fusing with the plasma
membrane and releasing enzymes that hollow out the
wall, first into a funnel shape, and finally into a straight
tube 35-50 nm in diameter. We found similar vesicles
fusing with the plasma membrane in young walls of
Chara zeylanica, but plasmodesmata were already pres-
ent, and no funnel-shaped plasmodesmata were observed.
Furthermore, the size of the vesicles was much larger
than the plasmodesmata, so it seems unlikely that a ves-
icle containing wall-degrading enzymes could act pre-
cisely enough to create these plasmodesmata.

Although we were unable to resolve internal structure
other than the desmotubule in Monoclea, we observed
spoke-like structures connecting the desmotubule with
the plasma membrane in Notothylas and Sphagnum, and
smaller linear structures radiating out from the plasma
membrane in Sphagnum. Examination with a magnifying
glass of micrographs in Schnepf and Sawidis (1991, fig.
3) and Ligrone and Duckett (1994, fig. 5E) reveals that
both of these features are present in another moss and in
a liverwort, respectively. We did not observe neck con-
strictions at the cell wall-plasma membrane interface in
our micrographs or in those of Schnepf and Sawidis or
Ligrone and Duckett. This characteristic of plasmodes-
mata in vascular plants (Oleson and Robards, 1990) and
in mature plasmodesmata of Chara zeylanica does not,
therefore, appear to be correlated closely with internal
structure. In addition, the apparent ring-like wall special-
izations observed around plasmodesmata in Sphagnum,
while reported in ferns and in barley (Badelt et a., 1994),
were not observed in Monoclea, Notothylas, or Chara
zeylanica, and are therefore likely to be evolutionarily
independent of internal plasmodesmatal structure. Cyto-
chalasin has been shown to affect the size and structure
of neck regions of plasmodesmata, perhaps indicating
that actin is responsible for stabilizing plasmodesmata or
even regulating intercellular transport via plasmodesmata
(White et al., 1994), hence the quality of actin preser-
vation could affect the appearance of plasmodesmata in
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preserved tissue. Given the presence of neck constrictions
in Chara zeylanica and densely staining regions and ring-
like wall specializations in Sphagnum, it would seem that
a mechanism for regulation of intercellular transport via
plasmodesmata evolved early.

We found bryophyte plasmodesmata to be similar to
those of seed plants and charalean algae. Spoke-like
structures connecting the desmotubule and the plasma
membrane have been reported in plasmodesmata in Ni-
cotiana tabacum (Ding, Turgeon, and Parthasarathy,
1992), and in the grass Themeda triandra (Botha, Hart-
ley, and Cross, 1993). Short, linear structures that radiate
from the plasma membrane have been reported in Chara
corallina (Franceschi, Ding, and Lucas, 1994) and Chara
zeylanica (this paper), in the fern Nephrolepis exaltata
(Badelt et al., 1994), and in barley, Hordeum vulgare
(Badelt et al., 1994). Spoke-like structures connecting the
desmotubule and the plasma membrane and the smaller,
linear structures that radiate out from the plasma mem-
brane are evident in plasmodesmata of lettuce, Lactuca
sativa (Hepler, 1982, fig. 14), in the water fern Azolla
pinnata (Overall, Wolfe, and Gunning, 1982, fig. 13), and
in sugarcane, Saccharum (Robinson-Beers and Evert,
1991, fig. 7).

Our consistent finding of a central structure in cross-
sectional views of some Chara plasmodesmata under
three different methods of preservation does not com-
pletely resolve the controversy surrounding the possibil-
ity that there are desmotubules in Chara, but it does in-
dicate that there is some internal structure present in plas-
modesmata of Chara zeylanica. Furthermore, our results
strongly indicate that there are primary plasmodesmata
formed at cytokinesis in Chara zeylanica. We conclude
that plasmodesmata of Chara may be less specialized
than those of seed plants, either because the complex
plasmodesmata of seed plants had not yet evolved at the
time Chara branched from a common ancestor with
plants, or because of loss of complex plasmodesmata that
are not as important in an organism such as Chara, with
its particular morphology and life style. The plasmodes-
mata of the bryophytes we examined possessed features
similar to those of seed plants. Our survey of a putatively
basal liverwort, hornwort, and moss suggests that the
complex ultrastructure of modern seed plant plasmodes-
mata probably arose before bryophytes diverged from the
seed plant lineage. Our hypotheses that (1) central struc-
tures in Chara plasmodesmata are homologous to des-
motubules and (2) that land plant plasmodesmata are
monophyletic could be tested if proteins unique to des-
motubules are eventually identified.
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