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Protoplast regeneration from extruded cytoplasm
of the multicellular marine green alga 

 

Microdictyon
umbilicatum

 

 (Velley) Zanardini (Cladophorales, Anady-
omenaceae) was investigated. The early process of
protoplast formation is comprised of two steps: agglu-
tination of cell organelles into protoplasmic masses
followed by generation of a temporary enclosing en-
velope around them. Agglutination of cell organelles
was mediated by a lectin–carbohydrate complementary
system. Three sugars, D-galactosamine, D-glucosamine,

 

and 

 

�

 

-D-mannose, inhibited the agglutination process,
and three complementary lectins for the above sugars,
peanut agglutinin, 

 

Ricinus communis

 

 agglutinin, and
concanavalin A, bound to the surfaces of chloroplasts.
Agglutination assay using human erythrocytes showed
the presence of lectins specific for the above sugars in
the algal vacuolar sap. A fluorescent probe 1-(4-trime-
thylammoniumphenyl)-6-phenyl-a, 3,5-hexatriene re-
vealed that the envelope initially surrounding proto-
plasts was not a lipid-based cell membrane. However,
this developed several hours later. Simultaneous flu-
orescein diacetate and propidium iodide staining
showed that the primary envelope had some charac-
teristics of cell membranes, such as semipermeabil-
ity and selective transport of materials. Also, fluores-
cein diacetate staining showed esterase activity in the
protoplast and relocation of cell organelles and com-
partmentalization of cytoplasm during the process of
regeneration. Both pH 7–9 and salinity 400–500 mM
were found to be essentially important for the devel-
opment of the protoplast envelope. When the basic
regeneration process was accomplished, two alterna-
tive pathways of development were seen; about 70%
of one-celled protoplasts transformed into reproduc-
tive cells within 2 weeks after wounding, whereas oth-
ers began cell division and grew into typical 

 

Microdic-
tyon

 

 thalli. Quadriflagellate swarmers were liberated
from the reproductive cells, and they germinated into
mature individuals. It is therefore suggested that this
species may use the wound response as a method of
propagation and dispersal.
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The ability of some coenocytic marine algae to heal
wounds has been well studied (e.g. Menzel 1988, La
Claire II 1991). When cells are damaged in seawater,
the cytoplasm rapidly retracts from the site of injury,
and then cells quickly seal the wound with one or
more insoluble plugs composed of proteins, polysac-
charides, or both to prevent loss of the cell contents
(Mariani-Colombo et al. 1980, Pak et al. 1991). In
time, the cell recovers its original volume and shape,
and a new cell wall is then formed to repair the
wounded wall.

Moreover, several coenocytic algae, 

 

Bryopsis

 

 spp.,

 

Cladophoropsis membranacea

 

 (Ag.) Boerg., and 

 

Ernodes-
mis verticillata

 

 (Kütz.) Boerg., generated protoplasts 

 

in
vitro

 

 from the extruded protoplasm (Tatewaki and
Nagata 1970, La Claire II 1982a,b, Kobayashi and
Kanaizuka 1985, Pak et al. 1991, Kim et al. 2001).
When the cells were cut in seawater, the extruded pro-
toplasm spontaneously generated numerous new
cells. These protoplasts formed new cell walls around
themselves and eventually developed into mature
plants. Although some components of the primary en-
velope of newly generated protoplasts were identified
by ultrastructural and biochemical studies in 

 

Bryopsis

 

cells (Pak et al. 1991, Kim et al. 2001), investigations
of the mechanism and functions of this wound re-
sponse have been extremely fragmentary.

Kim et al. (2001) provided an explanation for the
process of protoplast regeneration in 

 

Bryopsis plumosa

 

and showed how the cell membrane regenerates in sea-
water. The process of membrane regeneration in-
volved two steps: formation of a temporary polysaccha-
ride envelope that primarily surrounds protoplasts and
its subsequent substitution by a lipid-based membrane.
The enclosing envelope of the protoplasts was not ini-
tially a lipid-based plasma membrane, but it had many
characteristics of cell membranes, including semiper-
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meability and selective transport of materials (Kim et
al. 2001). However, the mechanism of aggregation of
the cell organelles in seawater is not understood.

Considering their large cell size, the importance of
wound healing in coenocytic green algae is obvious.
To maintain integrity of the cell, these plants need to
heal wounds as quickly as possible. Presumably, some
species evolved the wound response and protoplast
formation as a dispersal mechanism. From quantita-
tive studies of protoplast formation in 

 

Bryopsis

 

, Kim et
al. (2001) suggested that this wound response might
be interpreted as a method of propagation, because
hundreds of new plants could be regenerated from a
single disrupted algal cell. However, before an assess-
ment can be done, it is important to extend the survey
of this phenomenon to other algal groups, including
those with multicellular systems.

In the present study, the regeneration of proto-
plasts from the extruded cytoplasm of the multicellu-
lar alga 

 

Microdictyon

 

 is described for the first time.
Here we try to answer two questions: How do the ex-
truded cell organelles regenerate new cells 

 

in vitro

 

,
and what is the function of protoplast formation in
this species?

 

materials and methods

 

Plant material and laboratory culture. Microdictyon umbilicatum

 

(Velley) Zanardini was collected in large floating nets in estua-

rine Burrill Lake, New South Wales, Australia on 14 December
1996. The unialgal isolate was maintained at The University
of Melbourne in modified Provasoli’s medium (West and
McBride 1999) at 23–26
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 C, 10–15 

 

�

 

mol photons

 

�

 

m

 

�

 

2

 

�

 

s

 

�
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 pro-
vided by cool-white fluorescent lamps, and 12:12-h light:dark
daily photoperiod up to December 1999. Thereafter, the alga
was transferred to Kongju National University, Korea and was
grown in IMR medium (Kim and Kim 1999) at 25

 

�

 

 C, 30 

 

�

 

mol
photons

 

�

 

m

 

�

 

2

 

�

 

s

 

�

 

1

 

 provided by cool-white fluorescent lamps, and
a 16:8-h light:dark photoperiod.

 

Protoplast preparation.

 

Small pieces of thalli were cut with a ra-
zor blade and were flattened with a pincette. The extruded pro-
toplasm was collected with a pipette and was transferred to 100 

 

�

 

T

 

able

 

 1. Percentage of protoplasts with an envelope after

 

treatment with various carbohydrates.

Control 79.8 
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 4.6
D(
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)-galactose 79.2 
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)-glucose 79.5 
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-acetyl-D-glucosamine 78.2 
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-acetyl-D-galactosamine 78.6 
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)-fucose 72.2 
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)-galactosamine 7.2 
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 2.3*
D(

 

�

 

)-glucosamine 6.0 
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 3.3*
D(
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)-mannose 3.9 
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 2.3*

Cytoplasm was extruded into a solution containing each
carbohydrate. Number of protoplasts 1 h after wounding was
calculated using the equation % 

 

	

 

 (no. of protoplasmic masses
enclosed within envelope / total no. of protoplasmic masses) 

 

�

 

100. Data are the means 

 

�

 

 SD of multiple comparisons by
Tukey method, 

 

n

 

 

 

	

 

 10, * 

 

	

 

 

 

P

 

 

 




 

 0.001.

Fig. 1. The sequential process of protoplast regeneration from disrupted cells of Microdictyon umbilicatum. (a) Vegetative plant.
(b) Protoplasm is expelled from the damaged cells and spreads in seawater. (c) Extruded cell organelles aggregate in seawater. (d)
Regenerated protoplast forms an envelope within 10 min after wounding. Scale bars: a 	 100 �m, b 	 50 �m, c–d 	 10 �m.
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20-mm Petri dishes containing seawater. The protoplasts that de-
veloped were checked under the microscope, and all remnants
of the disrupted plants were carefully removed from the dish.
Culture of the protoplasts was done under the same conditions
as specified above. The treatments were repeated a minimum of
20 times.

 

Effects of pH, salinity, and ions on protoplasts regeneration.

 

The ef-
fects of pH, salinity, and ions on regeneration were studied us-
ing artificial seawater, composed of distilled water 100 mL,
NaCl 2.63 g, MgCl

 

2

 

 0.609 g, MgSO

 

4

 

 0.193 g, KCl 0.074 g, CaCl

 

2

 

0.11 g, Tris 0.1 g. pH was adjusted with HCl or NaOH. Four
ions, calcium, magnesium, potassium, and sulfur, were tested
throughout the experiments. To study the effects of calcium,
potassium, and sulfur ions on regeneration, one salt, CaCl

 

2

 

, KCl,
and MgSO

 

4

 

, was deleted from the artificial seawater in each
case, respectively. In case of magnesium, both MgCl

 

2

 

 and
MgSO

 

4

 

 were deleted. Extruded protoplasm was transferred into
a testing medium, and percentage of protoplasts enclosed
within an envelope 1 h after wounding was calculated using the
equation % 

 

	

 

 (no. of protoplasmic masses enclosed within en-
velope / total no. of protoplasmic masses) 

 

�

 

 100.

 

Carbohydrate experiment.

 

The carbohydrates used in this study
are listed in Table 1. Each carbohydrate was dissolved in seawa-
ter to a final concentration of 0.1 M. Sodium hydroxide
(NaOH) was used to adjust pH of the solutions containing each
sugar to 8. Protoplasm was extruded into a solution containing
each sugar, and the number of regenerated protoplasts was
counted 1 h after wounding.

 

Agglutination assay and monosaccharide inhibition of crude ex-
tract.

 

To prepare a crude extract of the algal vacuolar sap, 20 g
of fresh material were cut into small pieces with scissors in 900
mM NaCl artificial seawater, pH 6, and squeezed through sev-
eral layers of a nylon mesh (90 

 

�

 

m pore size) to remove the cell
walls. Thereafter, the extract was centrifuged at 5000

 

g

 

 for 20
min to sediment out cell organelles and debris, and the super-
natant was adjusted to 450 mM NaCl and pH 8, followed by cen-
trifugation at 12,000

 

g

 

 for 30 min. The supernatant was concen-
trated to 4 mL by ultrafiltration using an Amicon filter model
8200 (Millipore Corp., Bedford, MA), 75 psi (5.3 kg

 

�

 

cm

 

�

 

2

 

) and
used for agglutination assay.

For the investigation of agglutinating activity, we followed
protocols described by Hori et al. (1986). U-shaped microtiter
plate wells were used in this test. These well plates are designed
in such a way that if there is no agglutination, the cells sink to
the bottom; therefore a dot is created. When there is agglutina-
tion, the agglutinated cells disperse in the solution and distrib-
ute evenly on the bottom of the well without forming a dot. A

serial 2-fold dilution of the crude extract was made in a final
volume of 25 

 

�

 

L saline in microtiter plate wells, and 25 

 

�

 

L
erythrocyte suspension was added sequentially to each well. For
the monosaccharide inhibition test, a serial 2-fold dilution of
inhibitory sugar solution (0.2 M) was made in a final volume of

Fig. 2. Time-lapse photography of early protoplast regeneration. Scale bar, 10 �m.

Fig. 3. The size distribution and survival rate of the regen-
erated protoplasts. Size distribution (line) was studied 1 h after
wounding as follows: the total number of protoplasts that were
generated from the extruded cytoplasm was considered as
100%, and the percentage of protoplasts of each size group was
calculated from the total number of protoplasts. For survival
rate (bars), the number of protoplasts of each size group was
considered as 100%, and the percentage of protoplasts, which
remained intact 24 h after formation, was calculated in each
size group using the equation % 	 (no. of cells 24 h/no. of
cells 1 h) � 100.
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25 

 

�

 

L saline in microtiter plate wells, and 20 

 

�

 

L erythrocyte
suspension and 5 

 

�

 

L crude extract were added sequentially to
each well. Saline solution (25 

 

�

 

L) was added instead of the in-
hibitory sugar solution as the control.

 

Application of fluorescent probes.

 

For cellulosic cell wall stain-
ing, Calcofluor White M2R (Sigma Chemical Co., Vienna, Aus-
tria) was diluted in artificial seawater at pH 8 to a concentration
of 0.1 mg

 

�

 

mL

 

�

 

1

 

 and was used for 5–10 min. After a seawater
wash, protoplasts were mounted in enriched seawater and ex-
amined under a UV filter (U-MWG, Olympus [Tokyo, Japan],
330–380 nm excitation filter, 420 nm barrier filter). As an indi-
cation of the viability of protoplasts, fluorescein diacetate (FDA)
and propidium iodide staining was performed over a time
course (Oparka and Read 1994). FDA is a vital stain that detects
specific enzyme reactions within the cytosol. FDA is a nonfluo-
rescent molecule taken up passively into the cell. If the cell is
alive, the cell membrane transports this substrate actively into
the cytosol, where it is divided by esterases and subsequently
fluoresces green when excited under a UV light. For FDA stain-
ing, one drop of the stock solution of FDA (Sigma; 1–5 mg

 

�

 

mL

 

�

 

1

 

in acetone) was diluted in artificial seawater at pH 8 and was ap-
plied to the regenerated protoplasts over time. For propidium
iodide staining, 1–5 mg

 

�

 

mL

 

�

 

1

 

 stock solution of propidium io-
dide (Sigma) dissolved in distilled water was diluted to a con-
centration of 100 

 

�

 

g

 

�

 

mL

 

�

 

1

 

 with enriched seawater. The fluoro-
chrome was applied to the protoplasts for 5 min and then
examined under a blue filter (U-MWIG, Olympus, 450 nm exci-
tation filter, 520 nm barrier filter) while still immersed in the
stain. Algal nuclei were stained with the DNA-specific fluoro-
chrome DAPI (4

 

�

 

,6-diamidino-2-phenylindole, Sigma) using a
heat fixation method. Regenerated protoplasts that attached to
coverslips were dipped in 5 

 

�

 

g

 

�

 

mL

 

�

 

1

 

 DAPI solution in seawater
for 5 min, and then the coverslips were slightly heated over a
boiler for a few seconds. After staining, protoplasts were mounted
on slides in the DAPI solution and were examined under a UV fil-
ter. For membrane staining, 1-(4-trimethylammoniumphenyl)-6-
phenyl-a, 3,5-hexatriene (TMA-DPH, Sigma) was dissolved in
DMSO (Sigma) to a final concentration of 3 mM. The fluoro-
chrome was applied to the regenerated protoplasts at various
times after wounding and cells were examined under a UV filter.

To stain the carbohydrates on the surface of chloroplasts,
the vacuolar-sap-free cell organelles were obtained as follows.
Protoplasm was extruded in 900 mM NaCl artificial seawater of
pH 6 and centrifuged at 8000

 

g

 

 for 2 min. The supernatant was
removed, and the chloroplasts were resuspended in 450 mM
NaCl artificial seawater of pH 6. Fluorescein isothiocyanate
(FITC)-labeled lectins, concanavalin A, peanut agglutinin, and

 

Ricinus communis

 

 agglutinin (Vector Laboratories, Burlingame,
CA), were diluted in PBS to a final concentration of approxi-
mately 10 �g�mL�1. The lectins were added to the vacuolar-sap-
free chloroplasts and were incubated for 1 h at room tempera-
ture. The unbound lectin was removed by a seawater wash, and
materials were examined under a blue filter.

Microscopy. An Olympus BX50 microscope was used for fluo-
rescence microscopy. FDA staining of protoplasts and FITC-
labeled lectin staining of chloroplasts were examined with a
Fluoview II (Olympus) confocal microscope. Photographs were
taken with Polaroid digital camera (Polaroid, Cambridge, MA)
and Olympus PM-C35 photocamera with Kodak Gold III 100
color film (Kodak, Rochester, NY).

results
Microdictyon umbilicatum has flat, reticulate, monos-

tromatic blades formed by multibranched filaments
of multinucleate cylindrical cells. The growing tips of
cells fuse to adjacent cells by adhesion of cell wall
polysaccharides. Branches do not fit closely to each
other, so that a rather regular open network is formed
(Fig. 1a). Reproduction has never been recorded for
this species, although a life history involving a gameto-

phyte phase with biflagellate isogametes and a sporo-
phyte phase with quadriflagellate spores is recorded
for other species, M. okamurae Setchell and M. japoni-
cum Setchell (see Hori 1994).

Process of protoplast regeneration. When the plant cells
were cut and squeezed out, the protoplasm flowed away
from them and spread in seawater (Fig. 1b). The ex-
truded cell organelles aggregated rapidly, and numer-
ous tiny irregularly shaped protoplasmic masses were
formed (Fig. 1c). The binding between cell organelles
became tighter within several minutes, and protoplas-
mic masses changed from irregular to spherical in shape
and were covered with an envelope in 5–10 min (Figs.
1d and 2). When protoplasts were mechanically dis-
rupted again in seawater, new protoplasts were never re-
generated. About 10 to 20 protoplasts were formed from
the protoplasm extruded from a single disintegrated cell
of approximately 130 � 65 �m (length/width).

Sizes of the resultant protoplasts were rather con-
stant, averaging about 10–20 �m in diameter, through-
out the experiments regardless of the wounding condi-
tions (Fig. 3). Survival of the protoplasts was partially
dependent on their size. No protoplast less than 9 �m
in size survived more than 24 h after wounding. The
survival rate of protoplasts did not increase with size
greater than 20 �m diameter (Fig. 3). The number of
nuclei in the protoplasts was irregular and varied even
among the cells of the same size. Thus, protoplasts of
approximately 10 �m diameter usually contained only
one nucleus and larger cells contained 1 to 3 or more
nuclei (Fig. 4, a and b). These results suggest that the
cell organelles come out independently, not in regular
clusters, when the cells are damaged, and protoplast as-
sembly occurs spontaneously.

FDA staining was used to examine the viability of
newly generated protoplasts and the permeability of
the primary envelope. A dramatic decrease in the
number of viable protoplasts was observed within the
first 3 h after wounding, as shown by FDA staining
(Table 2). About 35% of the protoplasts lost viability
by 3 h after formation. Although the cells were still en-
closed within an envelope and outwardly they looked
intact, esterase activity was lacking. The nonviable
protoplasts degenerated by 12 h after wounding, but
those that were able to survive until that time began to
develop a cell wall.

Calcofluor White staining revealed that regenera-
tion of the cell wall began around 20 h after the pro-
toplast formation. About 11% of cells were labeled at
that time, and over 90% developed a cell wall 48 h af-
ter wounding (Fig. 4c). The development of a cell
wall was not dependent on initial size of the proto-
plasts. Once the protoplasts developed a cell wall,
most (over 80%) survived and began to grow in en-
riched seawater. During the next week after wound-
ing, the newly regenerated cells increased in size sev-
eral times from their original volume (up to 140 �m).
Thereafter, two alternative pathways of development
were seen. About 70% of one-celled protoplasts be-
came reproductive and formed quadriflagellate zoo-
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spores within 2 weeks after wounding (Fig. 5, a–c).
The others began cell division and grew into typical
Microdictyon thalli that also formed similar reproduc-
tive cells eventually (Fig. 5, d–h). In both cases,
quadriflagellate swarmers were liberated through an
aperture that developed at the end of slightly pro-
truded portion of the cell wall (Fig. 5, a–c, h). These
zoospores germinated into mature plants that were
morphologically identical to those developed from
the protoplasts except that the lower segments of
their thalli produced numerous rhizoids (Fig. 5, i and
j). Usually, one reproductive cell produced up to 100
swarmers. The swarmers were of oval shape, 10–15
�m in length, which is almost the same as that of most
protoplasts regenerated from the extruded cytoplasm.

Characteristics of protoplast enclosing envelope. FDA and
propidium iodide were applied to the protoplasts to
test for the integrity of the enclosing envelope. When
protoplasts were suspended in seawater containing
FDA at the first 1 h after formation, strong labeling
appeared within the cells in 5 min (Fig. 6, a and b).
The labeling increased significantly during the next
hour and was evenly distributed within the cell (Fig.
6c). The amount and distribution of fluorescence did
not change until 10 h after the protoplast formation.
Thereafter, it was observed only in the peripheral re-
gion of the cells, indicating that their cytoplasm be-
came compartmentalized and a vacuole was formed
(Fig. 6d). Interestingly, esterase activity was not ob-
served inside the vacuole. The protoplasts were not
stained with propidium iodide, indicating their enve-
lopes were not leaky.

To determine the nature of the protoplast enclos-
ing envelope, TMA-DPH was applied to the regener-
ated protoplasts at various times after wounding. This
fluorescent probe specifically stains cell membranes

(Mulders et al. 1986). When TMA-DPH is applied to a
cell, its molecules embed between the lipid bilayer
and fluoresce blue under UV excitation, thereby visu-
alizing the cell membrane. When TMA-DPH was ap-
plied to the protoplasts during the first 2 h after
wounding, no staining of the envelopes occurred
(Fig. 7a). Thereafter, a very thin dim labeling in
patches was visible on the protoplast surfaces, but this
was unstable and faded easily (Fig. 7b). The labeling
became stronger around 12 h after wounding, and a
thin homogeneous line on the surfaces of protoplasts
was observed, but it was still dim and quite unstable
under a UV light. Strong labeling appeared 24 h after
the protoplast formation, the time when development
of the cell wall began (Fig. 7c).

Aggregation of cell organelles. The aggregation of cell
organelles and the following formation of the primary
envelope were pH dependent (Fig. 8). When the algal
cells were chopped and extruded into artificial seawa-
ter, the cell organelles aggregated best at pH 7–9,
which is the normal pH of seawater, but vacuolar-sap-
free cell organelles could not aggregate in this condi-
tion. The tight binding between cell organelles was
not observed at a pH lower than 6 or higher than 10.
Therefore, we hypothesized that some materials in
the vacuolar sap mediate aggregation of the cell or-
ganelles.

To determine if aggregation of the cell organelles
is mediated by a lectin–carbohydrate complementary
system, a carbohydrate inhibition experiment was per-
formed with various sugars (Table 1). Protoplasm was
extruded into a solution containing each sugar, and
the number of regenerated protoplasts was counted 1 h
after wounding. The agglutination of cell organelles
and formation of protoplast envelopes were inhibited
by D-galactosamine, D-glucosamine, and �-D-mannose.

Table 2. Percentage of viable protoplasts determined by FDA staining over time.

1 h 2 h 3 h 6 h 9 h 12 h
68.45 � 3.3 46.5 � 3.5 33.3 � 2.9 33.6 � 0.5 30.9 � 2.3 92.0 � 3.9

FDA was applied to the regenerated protoplasts at various times after wounding. Although all protoplasts were enclosed within
envelopes at 1–9 h after wounding, some cells did not show esterase activity. At 12 h, all nonviable cells lost the enclosing membrane,
and most cells that had a membrane possessed esterase activity. The % viability was calculated using the equation % 	 (no. of
fluorescing cells/ total no. of cells) � 100. Values are the means of 10 comparisons � SD.

Fig. 4. DAPI staining and Calcofluor White staining of the regenerated protoplasts. (a and b) DAPI staining shows irregular
number of nuclei in protoplasts. Note that protoplasts of almost similar size have different number of nuclei. (c) Calcofluor White
staining indicates that regeneration of the protoplast cell wall begins 20 h after wounding. A bright blue labeling can be seen 48 h af-
ter the protoplast formation. Scale bars: a–c 	 10 �m.

Fig. 5. Development of the protoplast over time. (a) Protoplast with swarmers 2 weeks after wounding. Arrow shows liberation
aperture for the swarmers. (b) Liberation of swarmers. (c) Quadriflagellate swarmer released from the protoplast. (d–g) Micrographs
of the protoplasts taken at different times after wounding. (h) Some cells become reproductive over time and swarmers are formed si-
multaneously in large numbers from the ordinary segments of the thallus. (i) The swarmers lost flagella and began to grow (arrow).
( j) Swarmers eventually grew into mature plants identical to those developed from the protoplasts except that the lower segments of
their thalli developed numerous rhizoids (arrow). Scale bars: a–f, h–i 	 10 �m; g, j 	 50 �m.
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Percentage of protoplasts decreased dramatically from
79.8% in control to 3%–7% in treatment with those
sugars. The presence of the above sugar moieties on
the surface of chloroplasts was verified with their com-
plementary FITC–lectins (Fig. 9, a–d).

When crude extract of the vacuolar sap was added
to human erythrocytes, strong agglutinating activity
was observed, but this was inhibited when the above
sugars were added to the crude extract (Fig. 10). The
inhibitory effect of D-galactosamine and D-glucosamine
was very strong. Even 0.01 M solution of those sugars
could inhibit the agglutinating activity of the crude
extract. The treatment of �-D-mannose showed the
inhibitory effect only at 0.2 M solution (Fig. 10). The
inhibitory effect did not become stronger even when
all three sugars were treated simultaneously. When
crude extract was treated to vacuolar-sap-free chloro-
plasts, it could aggregate chloroplasts effectively at pH
7–9. These results suggest that there are lectins in the
vacuolar sap that mediate the aggregation of cell or-
ganelles when exposed to seawater.

The depletion of salts, magnesium, potassium, and
sulfur from artificial seawater showed no effect on ag-
gregation of the cell organelles, suggesting that the
lectins may not need these salts for agglutinating activ-
ity. However, in artificial seawater lacking calcium and
magnesium, the number of protoplasts surrounded by

an envelope was lower than that in the solutions lack-
ing potassium and sulfur (Fig. 11). The protoplasts
degenerated very rapidly in the solutions that lacked
calcium and magnesium. The optimum salinity for
the aggregation of the cell organelles was 400–500
mM NaCl, which is the normal salinity of seawater.
These data indicate that these lectins become effec-
tive in the salinity condition close to seawater. Also,
protoplasts swelled or shrank according to the salinity
of the solution, indicating that the primary envelope
is semipermeable.

discussion
The process of protoplast regeneration from the

disrupted cells in M. umbilicatum was similar to that in
B. plumosa (Huds.) Ag. except for the initial size of
protoplasts (Kim et al. 2001). The regeneration pro-
cess was basically composed of five stages: aggregation
of the cell organelles in seawater, changes in proto-
plasmic masses from an irregular to a spherical shape,
formation of a primary envelope, development of a
lipid-based cell membrane, and development of a cell
wall.

Considering that the cell organelles are expelled
independently but not in regular clusters when the
plant cells are damaged, it is essential to assemble all
important cell organelles in a very short time and to

Fig. 6. Fluorescence micrograph of FDA staining of the protoplast. (a) FDA is transported into the cell and subsequently fluo-
resces green when divided by cellular esterases. (b–d) Confocal laser scanning micrographs of FDA staining of the protoplasts taken
at various times after wounding. Artificial colors indicate fluorescence intensity inside the protoplast that increases from green to
white. (b) Strong labeling appears within the protoplast at 1 h after wounding. (c) Esterase activity inside the protoplast increases
over time and therefore labeling becomes stronger. (d) Cytoplasm becomes compartmentalized 10 h after the protoplast formation
and labeling occurs only on the periphery of the cell. Scale bars, 10 �m.

Fig. 7. TMA-DPH staining of the re-
generated protoplasts. (a) The absence
of blue color on the surface of the proto-
plast indicates that the enclosing enve-
lope is initially not a lipid-based cell
membrane. (b) Some fragments of lipid
membrane begin to incorporate into the
envelope forming patches. (c) Regener-
ation of the protoplast membrane is
complete and a bright blue labeling ap-
pears. Scale bar, 10 �m.
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exclude other contaminating particles in seawater.
Therefore, the presence of a specific recognition/
binding system between cell organelles is expected.
Our data indicate that agglutination of cell organelles
might be mediated by a lectin–carbohydrate comple-
mentary system, because the agglutination process
was inhibited when D-galactosamine, D-glucosamine,
and �-D-mannose were added to the solution. Com-
plementary FITC–lectin labeling showed the presence
of these sugar moieties on the surface of chloroplasts. An
agglutination assay using human erythrocytes showed

that lectins specific for the above sugars were present
in the vacuolar sap. Partial purification of lectins by
using agarose bound sugar affinity chromatography
showed more than two types of lectins involved in the
aggregation of cell organelles in this species (unpub-
lished data).

Cell surface carbohydrates have been reported as
primary markers for cell–cell recognition events in
many organisms (Wassarman 1987, Sharon and Lis
1989, Karlsson 1991). Such recognition systems depend
on complementary binding between carbohydrate moi-
eties of glycoconjugates on one cell with specific sugar-
binding proteins (lectins) on another cell (Sharon and
Lis 1989, Kim 1997). Gamete recognition in some al-
gae is mediated by such a carbohydrate-receptor system
(Wiese and Shoemaker 1970, Bolwell et al. 1979, 1980,
Kim and Fritz 1993a,b, Schmid 1993, Kim et al. 1996,
Kim and Kim 1999). It is interesting because our data
suggest that such a recognition system might work on
even the chloroplast membranous system. Further
work is required to isolate and characterize the individ-
ual molecules of this recognition mechanism.

Our data from experiments using TMA-DPH indi-
cate that the primary envelope is not a lipid mem-
brane. It initially is composed of other molecules and
then changes to a lipid-based membrane. In our pre-
vious study using Nile Red and various enzymes, we
showed that the primary envelope of protoplasts in B.
plumosa is composed of polysaccharides, then changes
to a polysaccharide–lipid complex, and finally is sub-
stituted by a lipid-based membrane (Kim et al. 2001).
From an ultrastructural study on protoplast regenera-

Fig. 8. Effects of pH on aggregation of extruded proto-
plasm and formation of protoplasts. Bars on the top show stan-
dard deviation. n 	 10.

Fig. 9. The binding of FITC-conjugated lectins to
the chloroplasts. (a) Differential interference micro-
graph of the chloroplasts. (b–d) Confocal laser scanning
micrographs of the chloroplasts labeled with FITC-con-
canavalin A (b), FITC-peanut agglutinin (c), FITC-Rici-
nus communis agglutinin (d). Scale bar, 5 �m.
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tion in Bryopsis maxima Okamura, Pak et al. (1991)
also suggested that the primary envelope might not
be a lipid membrane. These results indicate that de-
velopment of the protoplast membrane requires at
least several hours and during this time the enclosing
envelope performs the functions of cell membranes,
that is, it defines the protoplast boundaries and main-
tains the essential differences between the cytosol and
the extracellular environment.

The primary envelope is initially not a lipid mem-
brane; nevertheless, it has many characteristics of the
cell membrane. The protoplasts swelled or shrank ac-
cording to the salinity of the solution, indicating that
the primary envelope is semipermeable. Moreover,
FDA staining showed that the primary envelope al-
lowed entry of this substrate into the protoplast. The
esterase activity, as shown by FDA staining, appeared
at the very beginning of the regeneration process.
The polarization of cytoplasm required a longer time
than the protoplasts of B. plumosa, which seem to de-
velop a vacuole as soon as the protoplast becomes sur-
rounded by primary envelope. This may be due to the
small size of the protoplasts in Microdictyon. However,
propidium iodide could not penetrate the envelope
when the protoplasts were alive. It is possible that the
fragment of cell membrane embedded in the polysac-
charide envelope is responsible for this transmem-
brane movement of selected substances. The frag-
mentary insertion of cell membrane into the primary
envelope during the first 12 h as shown by TMA-DPH
staining may support this idea.

Wound response has been studied for many differ-
ent groups of algae, but it was considered only to be a
healing process to maintain the integrity of the thallus
(O’Neil and La Claire II 1984, Shihira-Ishikawa 1987,
Menzel 1988, Kim and Fritz 1993c, Nawata et al. 1993,

Kim et al. 1995, Waaland 1990). However, in coeno-
cytic green algae, the wound-induced protoplast for-
mation seems to play a significant role in asexual re-
production. There are reports on intracellular proto-
plasm reticulation and subsequent contraction into nu-
merous aplanospores/protoplasts in two marine green
algae, Boergesenia forbesii (Harvey) Feldmann and Ven-
tricaria ventricosa (Olsen et West), caused by incuba-
tion of the algae in the double concentrated seawater
or by perforation of their cell wall with a pincette or a
needle (Enomoto and Hirose 1972, La Claire II 1982a,b,
1987, O’Neil and La Claire II 1984, Nawata et al.
1993). However, the nature of the resulting spheres
was not identified, and they were termed either as
aplanospores (Enomoto and Hirose 1972, Nawata et
al. 1993) or protoplasts (La Claire II 1982a,b, 1987,
Nawata et al. 1993).

Fig. 10. Inhibition experiment of hemagglutination activ-
ity of the crude extract by various sugars. A serial 2-fold dilution
of inhibitory sugar solution starting from 0.2 M was made from
left to right. Dotted wells represent the inhibition of hemagglu-
tination activity. Three sugars, �-D-mannose, D-galactosamine,
and D-glucosamine, showed inhibition. Lane A, �-D-mannose;
B, D-galactosamine; C, D-glucosamine; D, D-galactose; E, D-glu-
cose; F, N-acetyl-d-glucosamine; G, L-fucose; H, One third titer
of �-D-mannose, D-galactosamine, and D-glucosamine treated
simultaneously.

Fig. 11. Effects of ions (A) and salinity (B) on aggregation
of extruded protoplasm and formation of protoplasts. (A) The
abscissa represents ions missing from the artificial seawater. (B)
The abscissa represents molar concentration of sodium chlo-
ride in the artificial seawater. The number of protoplasts in
control treatment was considered as 100% and the percentage
of protoplasts, which remained intact 24 h after formation was
calculated in each treatment group using the equation % 	
(no. of cells 24 h / no. of cells 1 h) � 100. Bars on the top show
standard deviation. n 	 10.



183PROTOPLAST REGENERATION IN M. UMBILICATUM

Although there are brief mentions of protoplast
formation in vitro in Cladophoropsis membranacea and
Ernodesmis verticillata (La Claire II 1982a,b), the ability
to form protoplasts from the protoplasm extruded di-
rectly into the seawater (in vitro) was described in de-
tails only in Bryopsis spp. (Tatewaki and Nagata 1970,
Kobayashi and Kanaizuka 1985, Pak et al. 1991, Kim et
al. 2001). The process of protoplast regeneration
from disrupted cells may be an even more effective
propagation method if the protoplast can generate
numerous swarmers in a short time. In Microdictyon,
about 70% of one-celled protoplasts transformed into
reproductive cells within 2 weeks after wounding,
whereas others began cell division and grew into ma-
ture plants that eventually started reproduction. On
average, each reproductive cell produced about 100
quadriflagellate swarmers that germinated into ma-
ture individuals. Other evidence supporting this hy-
pothesis is that the protoplast regeneration process
occurs best in ordinary seawater at normal pH and sa-
linity. It is noteworthy that this Microdictyon strain
never showed any reproduction during years of labo-
ratory culture before this experiment.

Considering the large size of the cell in the coenocytic
green algae, the importance and benefit of propagation
by protoplast formation is obvious; however, more stud-
ies at a field ecology level are necessary for a better un-
derstanding. Regeneration of protoplasts from the sub-
cellular fractions may be an important model system for
the study of such processes as the interaction of various
cell organelles, formation of various hybrid cell types,
and especially development of the cell membrane.
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