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Summary
This work describes the characean internodal cell as a model system for the study of wound
healing and compares wounds induced by certain chemicals and UV irradiation with wounds
occurring in the natural environment. We review the existing literature and define three types of
wound response: 1) cortical window formation characterized by disassembly of microtubules,
transient inhibition of actin-dependent cytoplasmic streaming and chloroplast detachment, 2)
fibrillar wound walls characterized by exocytosis of vesicles carrying wall polysaccharides and
membrane-bound cellulose synthase complexes coupled with endocytosis of surplus membrane
and 3) amorphous, callose- and membrane-containing wound walls characterized by exocytosis of
vesicles and endoplasmic reticulum (ER) cisternae in the absence of membrane recycling. We
hypothesize that these three wound responses reflect the extent of damage, probably Ca2+ influx,
and that the secretion of Ca2+ - loaded ER cisternae is an emergency reaction in case of severe
Ca2+ load. Microtubules are not required for wound healing but their disassembly could have a
signalling function. Transient reorganization of the actin cytoskeleton into a meshwork of
randomly oriented filaments is required for the migration of wound wall forming organelles, just
as occurs in tip-growing plant cells. New data presented in this study show that during the
deposition of an amorphous wound wall numerous actin rings are present, which may indicate
specific ion fluxes and/or a storage form for actin. In addition, we present new evidence for the
exocytosis of FM1-43-stained organelles, putative endosomes, required for plasma membrane
repair during wound healing. Finally we show that quickly growing fibrillar wound walls, even
when deposited in the absence of microtubules, have a highly ordered helical structure of
consistent handedness comprised of cellulose microfibrils.
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Introduction
The ability to heal wounds is essential for the survival of organisms, and is especially well
developed in sessile plants, which are unable to escape biotic or abiotic stress. In plant cells,
rapid deposition of a wound wall is required to repair mechanical damage and plays an
important role in the defense against pathogens (e. g. Hardham et al., 2007). Apart from the
obvious economic importance of plant defense systems, the study of wound healing has
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greatly improved our understanding of biological principles (Nagai, 1993) and serves as a
model for the investigation of various cellular processes (Menzel, 1988).

The Characeae are multicellular green algae (Fig. 1A) that are considered to be closely
related to the lineage that gave rise to land plants (Qiu et al., 2008). Their multinucleate
internodal cells can attain a length of up to 20 cm. Their simple cylindrical shape and large
size, as well as the excellent imaging conditions made them a useful model system for
various research fields (Braun et al., 2007). They are famous for their rapid cytoplasmic
streaming and therefore attractive for studying the actin cytoskeleton (Williamson et al.,
1989; Foissner & Wasteneys, 2000a; Braun et al., 2007). They have also been important for
the elucidation of microtubule properties (Wasteneys & Williamson, 1989 and references
therein). In addition, internodal cells are convenient for studying various aspects of
membrane properties (Tazawa & Shimmen, 2001) as well as those of the cell wall (Proseus
& Boyer, 2006; Wei & Lintilhac, 2007).

Death of the giant internodes causes considerable loss of cytoplasmic biomass and severe
damage to the thallus (Menzel, 1988). Probably for that reason, characean internodes, like
other coenocytic algae, have developed an effective wound healing mechanism that makes
them an excellent system for studying various aspects of wound repair (Menzel, 1988). In
this article we review the existing literature about structural and dynamic aspects of wound
healing in characean internodal cells and present so far unpublished data which shed new
light on the formation and function of different wound walls. Details about wounding-
induced electrophysiological responses are found elsewhere (e.g. Shimmen, 2008).

Materials and methods
Plant material, culture conditions and wounding

Shoots of Nitella flexilis L. (Ag.), Nitella pseudoflabellata A.Br., em. R.D.W., Nitella
translucens var. axillaris (A.Br.) R.D.W. and Chara corallina Klein ex Willd., em. R.D.W.
were grown in a substrate of soil, peat and sand in 10-50 litre aquaria filled with distilled
water. The temperature was about 20° C and fluorescent lamps provided a 16/8h light/dark
cycle. Non-elongating, mature internodal cells of the main axis or the branchlets were
harvested 1 d prior to experiments, trimmed of neighbouring internodal cells and left
overnight in artificial fresh water (10−3 M NaCl, 10−4 M KCl, 10−4 M CaCl2).

Cells were wounded by 7-10 min irradiation with the HBO100 mercury lamp of a
fluorescence microscope using a 63x microscope lens and a filter cube for GFP-fluorescence
(450-490/510/515 nm) or by irradiation with a HBO50 mercury lamp in combination with a
UV filter cube (365/395/420nm). Wound responses were also induced in the confocal laser
scanning microscope (CLSM) by repeated scanning with the 375 nm laser diode at
maximum intensity and a pixel time of 0.05 ms for about 5 min (Klima & Foissner, 2011).
For chemically induced wounds, cells were treated with 50 mM CaCl2 or by 10−4 M
chlortetracycline (Sigma, Deisenhofen, Germany) (Foissner, 1990). Tungsten needles
sharpened by repeated immersion into boiling potassium nitrate were used for puncturing.

In vivo staining and inhibitor treatments
Cells were pulse labeled for 10 min with 10 μM FM1-43 (N-(3-triethylammoniumpropyl)-4-
(4-(dibutylamino)styryl)pyridinium dibromide; Invitrogen, Darmstadt, Germany), an
endocytic marker, diluted from a 500 μM stock solution in distilled water. The acidotropic
dye LysotrackerTred DND-99 (LTred; Invitrogen; 1 mM stock solution in dimethyl
sulfoxide, DMSO) was used at 1 μM. Mitochondria were stained with a 1 μM solution of
Mitotracker orange CMTMRos (Invitrogen; 1 mM stock solution in DMSO). The ER was
visualized by 1 μM freshly prepared 3, 3′ dihexyloxacarbocyanine iodide (DiOC6;
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Invitrogen; 10 mM stock solution in DMSO). LTred, Mitotracker orange and DiOC6 were
applied for 30 min. LTred- and DiOC6-stained cells were washed for 10 min in artificial
fresh water before use, Mitotracker orange-labelled cells were washed up to 30 min in order
to reduce unspecific cell wall staining.

Calcofluor white (Sigma; 0.1 %) and purified aniline blue (Biosupplies, Melbourne; 0.03
mg/ml) were used to identify cellulose and callose, respectively.

The actin cytoskeleton was stained by perfusion with 0.32 μM Alexa Fluor 488-phalloidin
(Invitrogen, Eugene, Oregon; 6,6 μM stock solution in methanol) diluted in perfusion
solution as described (Foissner, 2004). Microtubules were labeled by perfusion with 2μM
Paclitaxel, Oregon Green 488 conjugate (Invitrogen, 1 mM stock solution in DMSO).

Cells were exposed to 50 μM dichlorobenzonitrile (Serva, Heidelberg, Germany) diluted
from a 10 mM stock solution in ethanol. Inhibitors were applied 30 min before wounding
and remained present in the medium during and after wounding.

All dyes and inhibitors were diluted with artificial fresh water. Controls containing the
solvents only had no visible effect on cytoplasmic streaming, wound healing or
internalization of dyes.

Immunofluorescence
The procedure for immunofluorescence of actin was as described in (Foissner et al., 1996).
Briefly, actin was labelled by monoclonal mouse anti-actin N350 (Amersham,
Buckinghampshire, England) at a concentration of 1:100. The secondary antibody was an
FITC-conjugated sheep anti-mouse IgM (Silenus, Victoria,Australia) used at 1:80.

Confocal scanning microscopy
The confocal laser scanning microscopes (CLSMs) used in this study were a Zeiss (Jena,
Germany) LSM 510 coupled to an Axiovert inverted microscope and a Leica (Mannheim,
Germany) TCS SP5 coupled to a DMI 6000B inverted microscope. Images were taken as
described in (Schmoelzer et al., 2011).

Images produced by the CLSM software were further processed with Adobe Photoshop
(Adobe Systems) or Amira (Visage Imaging, Berlin, Germany). All images presented in this
study are single sections unless otherwise stated.

Transmission electron microscopy and negative staining
Internodal cells of N. flexilis were chemically fixed with 2 % glutaraldehyde dissolved in
0.1 M phosphate buffer, pH 7, postfixed in 1 % OsO4 (both from Sigma) and further
processed as described (Foissner, 1988b).

Polysaccharides were localized according to Thiery’s method (Plattner & Zingsheim, 1987).
Sections of chemically fixed cells were mounted on formvar coated gold grids, oxidised in 1
% periodic acid, washed in distilled water, incubated in 0.2 % thiocarbohydrazide in 20 %
acetic acid for 2-12 hours, washed in dilute acetic acid and distilled water, incubated in 1 %
aqueous silver proteinate for 30 min, washed in distilled water and viewed without further
staining. Silver proteinate was omitted on control sections.

Calcium was localized by fixation in 5 % glutaraldehyde containing 2 % potassium
antimonate and postfixation in 1 % OsO4 and 1.5 % potassium antimonate precipitation with
antimonate as described in (Foissner, 1998).
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For negative staining, internodal cells with UV-induced windows were fixed in 2 %
glutaraldehyde dissolved in 0.1 M phosphate buffer, pH 7, postfixed in 1 % OsO4 (both
from Sigma). Cells were then cut into cylinders from which the cytoplasm was removed by
careful sucking with a pipette. The cytoplasmic cylinder was opened flat with the aid of fine
needles, transferred to a carbon coated formvar grid and stained with 1 % uranyl acetate.
Sections or negatively stained samples were viewed in a Phillips EM 400 electron
microscope (Eindhoven, The Netherlands) or in a Zeiss (Oberkochen, Germany) Leo
electron microscope.

Field emission scanning electron microscopy
Internodal cells of N. flexilis treated with 50 mM CaCl2 for 3-6 h were fixed in 1 % (v/v)
glutaraldehyde dissolved in PEM buffer (25 mm PIPES [1,4-piperazinediethanesulfonic
acid], 0.5 mm MgSO4, 2.5 mm EGTA, pH 7.2) as described (Sugimoto et al., 2000). After
rinsing three times in PEM buffer, cells were cut into cylinders which were opened
longitudinally with fine scissors or a razor blade. These cell fragments were either extracted
in 1 % TritonX-100/PBS for 30 min or bleached in 0.1% (v/v) sodium hypochlorite for 40
min or boiled in acetic acid and nitric acid and distilled water (8:1:2) for 30 min . After
thoroughly rinsing in distilled water, samples were osmicated in cold 0.5% (v/v) OsO4 for
15 min, rinsed in distilled water, and dehydrated through a graded ethanol series (30%, 50%,
70%, 95%, and 100% three times, 15 min for each step). Specimens were critical point dried
using CO2, mounted on stubs with double-sided sticky carbon tape, inner surface facing
upward, and coated with platinum at 2.4 mA for 195 s. Cell wall fine structure was
examined on a Hitachi S4500 Field emission scanning electron microscope (FESEM;
Hitachi, Tokyo, Japan).

Results
The unwounded internodal cell

A schematic longitudinal section through an internodal cell is shown in Fig. 1B which is
based on numerous light and electron microscopical studies about characean algae. The cell
wall contains cellulose microfibrils embedded in a matrix of pectins and hemicellulosic
polysaccharides (Neville & Levy, 1984; Sorensen et al., 2010, 2011). The cytoplasm
consists of a cortical, stationary layer outside the endoplasm, which is well-known for its
conspicuous unidirectional cytoplasmic streaming. The cortical layer is dominated by
helically arranged chloroplast files. Cortical ER and cortical mitochondria (not shown) are
sandwiched between the outer surface of the chloroplasts and the plasma membrane.
Cortical actin filaments and microtubules are present along the plasma membrane and have
an orientation that is predominantly transverse to the longitudinal axis in elongating
internodes and random in non-elongating mature cells (Figs 1B and C; Wasteneys &
Williamson, 1987). The endoplasm contains numerous Golgi and multivesicular bodies,
mitochondria, peroxisomes and up to several thousand nuclei. Cytoplasmic streaming is
generated through the interaction of myosin-coated cisternae of the inner ER and the
subcortical actin filament bundles situated along the inner surface of the chloroplast files
(Figs 1B and D; reviewed by Shimmen 2007). Depending on the species, solid carbohydrate/
protein inclusions or crystals of organic material are found in the inner regions of the
endoplasm or within the large, central vacuole. In the light, characean internodes display
alternating bands of acid and alkaline pH (Fig. 1E), a property which is important for
inducing local wound responses when cells are exposed to certain toxic chemicals (Foissner,
1989).

Local wounding of internodal cells triggers a series of reactions that is independent of the
wound type and only the magnitude of injury determines the extent of the wound response.
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In the following section we describe – in the order of severity - three morphologically
different types of wound responses induced by UV light or chemicals and we compare these
experimentally obtained data with the healing of wounds that occur in the natural
environment of these algae. These wound responses appear to be highly conserved and are
similar in all species investigated so far.

Cortical windows
The weakest morphologically detectable wound response in characean internodal cells is the
irreversible detachment of the stationary, cortical chloroplasts (Fig. 2A). Such “windows”
were first used by Kamitsubo to enable visualizing the subcortical actin bundles by DIC
microscopy (Kamitsubo, 1972). A convenient way for producing chloroplast-free areas is
spot-like irradiation with the UV-lamp of a fluorescence microscope for several minutes or
with the laser light of a CLSM. The (at least partial) detachment of chloroplasts is also a
prerequisite for the healing of more severe wounds, which is associated with exocytosis of
organelles and can be induced by longer UV-irradiation or by chemicals (see below). The
first visible sign of damage is the interruption of active endoplasmic mass streaming in the
irradiated area, which is probably caused by local influx of external Ca2+ (Williamson &
Ashley, 1982). This leads to an accumulation of cytoplasm in the upstream (endoplasm
delivering) region of the wound, which then travels passively over the damaged area until it
is drawn away at the unwounded downstream region. At the same time a rounding of the
previously ovate chloroplasts can be observed. The chloroplast files in the irradiated area
then detach from the cortex and perform undulating movements before they are released into
the endoplasm together with their associated actin bundles. Vesicles sometimes accumulate
in the window but rarely fuse with the cell membrane. Their saltatory movements
correspond to the transient formation of a small and loose actin meshwork. After several
hours, continuous actin filament bundles are regenerated by elongation of the bundles
outside the window (Fig. 2B; (Williamson et al., 1984, Williamson & Hurley, 1986). Their
orientation reflects the previously passive endoplasmic flow in the injured area (Williamson
et al., 1984). In the window, a cortical actin filament meshwork is absent, suggesting that it
has been recruited to actin bundles in the absence of chloroplasts (Foissner et al., 1996). Full
recovery is indicated by uninterrupted, active cytoplasmic streaming across the window (see
trajectories of fast moving organelles in Figs 2C and D). The window remains free of
chloroplasts but mitochondria occasionally contact the region near the plasma membrane
and remain attached for seconds or minutes before they are released and carried away with
the streaming endoplasm (Fig. 2C). The ER is divided into a mesh like cortical ER adjacent
to the plasma membrane and fast moving inner ER tubes and cisternae as in control regions
in spite of the absence of chloroplasts (Fig. 2D).

Cortical microtubules persist (Kriskovich & Richmond, 1988) or disappear from the
irradiated area (Foissner & Wasteneys, 1999). In case of disappearance they regenerate
approximately at the same time as the actin bundles. In small windows (with a diameter of
up to 30 μm) the orientation of microtubules is random as in control unwounded regions. In
larger windows cortical microtubules are aligned more or less parallel to the actin filament
bundles although they are not in intimate contact with each other (Fig. 2A and B). Inhibitor
experiments suggest that these surviving or regenerated microtubules are flow-aligned
(Kriskovich & Richmond, 1988; Foissner & Wasteneys, 1999). Microtubule reorientation by
hydrodynamic forces of actomyosin-driven cytoplasmic streaming has also been reported
from leek epidermal cells (Sainsbury et al., 2008). Conversely, actin filaments have been
shown to be aligned along microtubules during recovery from drug-induced disassembly in
epidermal cells of Arabidopsis thaliana (Sampathkumar et al., 2011).
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Fibrillar wound walls
A more severe type of wound response is observed when a wound wall (fibrillar or
amorphous) becomes deposited in the cortical window. Fibrillar wound walls are
morphologically and chemically similar to the normal cell walls and consist of cellulose
microfibrils embedded in a matrix of pectins and hemicelluloses (Foissner, 1990; 1992;
Sorensen et al., 2010; 2011). They can be induced by treatment with 50 mM CaCl2 in
internodal cells of the genus Nitella but not in those of Chara. Wound walls induced by
CaCl2 or other chemicals (see below) appear preferentially at the alkaline bands that form to
enable CO2 uptake in adjacent acid bands where photosynthesis is more active (Bulychev et
al., 2001; Foissner, 1989). Inhibition of pH banding by photosynthesis inhibitors or dark
treatment causes a uniform pH at the cell surface and immersion of internodes in wound-
inducing chemicals then has either no effect when dissolved at low pH or induces wound
wall deposition along the entire cell surface when applied at pH 8.5 or higher, which is
lethal for the cells (Foissner, 1989).

The first stages of the wound response are the same as described above for cortical
windows. New images presented in this study show that microtubules disassemble and
chloroplasts detach from the cortex (Figs 3A and C) but that reorganization of the actin
cytoskeleton is much more pronounced. Dense meshworks of randomly oriented actin
filaments are present beneath wounds and in the cortical regions adjacent to wounds (Figs
3B and C). They support the saltatory movement of vesicles to and away from the wound.
Many of the vesicles fuse with the plasma membrane and secrete their content (principally
pectic polysaccharides) while their membrane delivers cellulose synthase complexes. EM
images showed that excess plasma membrane is recycled from these wound sites via coated
vesicles (Foissner, 1990). Here we illustrate that the plasma membrane beneath the forming
and the mature wound wall is stained by FM-dyes also after pulse-labelling, i.e. when FM-
dyes are no longer present in the medium while the wound wall is secreted (Figs 3D and E).
Thus, the numerous FM1-43-fluorescent organelles in the wound cytoplasm not (only)
represent early endosomes derived from the plasma membrane but also include FM1-43-
stained vesicles which fuse with the plasma membrane. These may represent secretory
vesicles to which the FM dye is redistributed like in growing pollen tubes (Parton et al.,
2011) or “recycling endosomes” representing later endocytic stages. FM1-43-labelled
organelles are also involved in the regeneration of a continuous plasma membrane beneath
amorphous wound walls (see below and Klima and Foissner 2011).

The morphology of the wound walls depends on the rate of the wound wall synthesis and
this rate is dependent on the intensity of alkaline banding, which can be manipulated by light
and the supply of bicarbonate (e.g. Lucas, 1975). Transmission electron microscopy and
polarization microscopy have both indicated that quickly grown wound walls consist of
groups of protuberances with concentric or helical orientation of cellulose microfibrils
(Foissner, 1990). Here we present FESEM images showing that thick bundles of cellulose
microfibrils wrap around each other consistently in a right-handed, three-dimensional helical
pattern (“cone helix”; Figs 3F and G). The surface of slowly grown wound walls, by
contrast, consists of smooth bulges and their cellulose microfibrils lack any preferred
orientation (Fig. 3H). Wound walls formed in the presence of the cellulose synthesis
inhibitor, dichlorobenzonitrile are also formed by exocytosis of vesicles linked with
membrane recycling (Foissner, 1992) but, consistent with the failure to produce crystalline
cellulose, they comprise a loose network of Golgi-synthesized pectic and hemicellulosic
polysaccharides interwoven by a loose network of few cellulose microfibrils (Fig. 3I).
Cellulose microfibrils with a random orientation typical of non-elongating cells are present
at the regions of the cell on which the wound wall is built (Fig. 3J).
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Microtubules and continuous actin bundles are regenerated after completion of the fibrillar
wound wall formation, which lasts up to 24 hours. Regenerated microtubules are
preferentially located in the clefts between the wound wall protuberances and far from the
regenerated actin bundles (Foissner, 1990). Their orientation is mostly random. However,
microtubules at the tip of slowly growing bulges are exposed the hydrodynamic shear forces
exerted by endoplasmic flow and are parallel to the streaming direction (Foissner, 1990).

Amorphous wound walls
The most severe wound response, the deposition of amorphous wound walls, can be induced
by treatment of cells with chemicals that have Ca2+-ionophore-like properties, such as A
23187 and chlortetracycline. These wound walls form preferentially at the alkaline regions
of cells and their size can be manipulated by the pH and the Ca2+ content of the medium
(Foissner, 1988a; 1989; 1990). The dependency of wound wall deposition on an alkaline pH
could also be demonstrated by local treatment with Sephadex beads soaked in wound-
inducing chemicals. This causes deposition of wall material at the acid regions of the cells
when the pH of the Sephadex-medium was adjusted to pH of 8.5 or higher (Foissner, 1991).
The deposition of amorphous wound walls induced by local, prolonged UV irradiation is
independent of the pH banding pattern (Klima & Foissner, 2011).

Microtubule depolymerisation and detachment of chloroplasts are the first signs of damage
during amorphous wound wall formation. Local reorganization of the actin cytoskeleton is
even more pronounced than observed beneath fibrillar wound walls. Huge meshworks of
randomly oriented actin filaments are present beneath the plasma membrane, between the
detaching chloroplasts and in the cortex of neighboured regions, where chloroplasts are still
anchored (Fig. 4A). Numerous actin rings, spirals and polygons with diameters between 2
and 30 μm are seen in the relatively stagnant endoplasm beneath the wound (Fig. 4A, inset).
They are often but not always associated with the surface of nuclei or the surface of
detached chloroplasts. Secretory vesicles, identified by their size (up to 500 nm in diametre;
Foissner, 1988a and b) and refractive properties in DIC, move along the actin filaments
towards and away from the wound area and occasionally become immobilized at the cell
periphery (Fig. 4B). The spreading of their content has been documented with video-
enhanced microscopy (Foissner et al., 1998). In addition, FM-stained organelles gather at
the wound and are deposited together with their fluorescent membranes. Some of them are
also stained by Lysotracker red indicating an acidic content (Fig. 4C). The third organelle
known to be involved in the formation of the amorphous wound wall is the ER, which
gathers at the wound and becomes deposited (Fig. 4D) along with the secretory and other
vesicles. These ER cisternae are heavily loaded with calcium, as visualized by precipitation
with antimonate (Fig. 4F) or staining with alizarin red (Foissner, 1998). ER deposition is
thus responsible for the high calcium content of the amorphous wound walls, which is also
evident from the intense chlortetracycline-fluorescence (Foissner, 1988a) indicating
membrane-bound calcium (Fig. 4E; Caswell & Hutchison, 1971; Schneider et al. 1983). The
deposition of amorphous wound walls is associated with pronounced ion fluxes. Ca2+

disappears from the medium and the membrane potential becomes more positive (Foissner,
1989; Homblé & Foissner, 1993).

The secretion of secretory vesicles, putative endosomes and ER cisternae takes place
without membrane recycling (“compound exocytosis”; Pickett & Edwardson, 2006).
Crystalline cellulose is absent from the amorphous wound walls. Present instead is callose, a
polysaccharide that is neither found in fibrillar wound walls nor in the normal cell wall
(Foissner, 1989, 1992). The end of wound healing, after less than one hour of chemical
exposure, is indicated by a continuous plasma membrane (Fig. 4G) which is probably
formed by the fusion of secretory vesicles and putative endosomes (Klima & Foissner,
2011), as described above for fibrillar wound walls. Excess membrane is then recycled via
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coated pits and coated vesicles and, eventually, a thin fibrillar wound wall is deposited.
Finally, continuous actin bundles are regenerated over the wound. Amorphous wound walls
have a flat, smooth surface. Regenerated microtubules are thus mostly exposed to
endoplasmic flow and aligned parallel to the streaming direction (not shown).

Wound walls induced by mechanical damage, pathogens and alkaline banding
In their natural environment, characean internodes are exposed to mechanical damage by
water currents and animals, which cause bending, often culminating in rupture of the cell
wall. Cell wall holes are sealed by conspicuous solid inclusions which are expelled
automatically due to the turgor of the cell (Figs 5A-C). These solid inclusions, called
“echinate bodies” in the genus Nitella because of their fuzzy surface, form within
membrane-bound compartments located at the inner regions of the streaming endoplasm
and, depending on the species, are eventually delivered to the large central vacuole (Fig.
1B). They consist of polysaccharides covered by a protein layer which appears to glue the
solid inclusions with each other and with the cell wall (Foissner, 1988b). Onto this external,
passively formed wound plug, a bipartite wound wall is actively deposited (Klima &
Foissner, 2011). The outer layer resembles the amorphous wound wall in formation,
morphology and chemistry (Fig. 5B-E). It consists of the contents and membranes of
secretory and FM-stained organelles (Figs 5 B and E) and of cisternae of the ER (Fig. 5 D)
and contains callose (Fig. 5G). The inner, membrane-free layer has the characteristics of the
fibrillar wound wall and consists of cellulose microfibrils embedded in a pectin-rich matrix
(Fig. 5F).

Local, fibrillar or amorphous wound walls or a combination of both are found beneath
invading fungal hyphae and beneath bacteria, which colonize and degrade the primary and,
occasionally, also the secondary walls of older cells (Fig. 5H).

Finally, deposition of fibrillar wound walls with a diameter of up to 20 μm can often be
observed at the alkaline regions of cells exposed to high light intensities (Fig. 5I). In old,
degenerating internodes fibrillar wound walls are distributed over the whole surface.

Discussion
The characean internodal cell as a model system for studying wound responses

Characean internodal cells readily react to wounding and show different types of wound
responses. The morphological and physiological criteria used for their classification are
summarized in Table 1 and reflect the extent of damage and the severity of the response.
Accordingly, we distinguish between cortical window formation (detachment of chloroplasts
in the absence of wound wall deposition), the formation of fibrillar wound walls (exocytosis
of vesicles coupled with membrane recycling, a process similar to the formation of the
normal cell wall) and the deposition of amorphous wound walls (exocytosis of vesicles and
ER cisternae without membrane recycling). The property of internodes to react differently
but reproducibly to damage caused by chemicals, light or puncturing make the characean
internodal cell a useful model system for studying various aspects of wound healing, as well
as rapid cell wall growth, such as that occurring during tip growth e.g. (Krichevsky et al.,
2007) or the formation of wall ingrowths in transfer cells (Offler et al., 2003).

An increase in cytosolic Ca2+ concentration determines the extent of the wound response
The available data (type of wound induction and response of the cell) suggest that a rise in
cytosolic free Ca2+ coming either from internal stores (Thiel et al., 2003) and/or from the
apoplast or the medium determines the extent of wounding and the response of the cell. It
has long been known that a sudden increase in cytosolic free Ca2+ stops cytoplasmic
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streaming in characean internodal cells (Williamson & Ashley, 1982), is involved in the
organization of the actin cytoskeleton (e.g. Zhang et al., 2011), in the induction of
exocytosis (Thiel et al., 1995), in callose synthesis (Luna et al., 2011) and in mediating the
plant’s response to wounding (Dombrowski & Bergey, 2007). We therefore hypothesize that
a small Ca2+ influx (or release from internal stores) causes the arrest of cytoplasmic
streaming and the detachment of chloroplasts (window formation; Fig. 6A and B). A
moderate influx of Ca2+ can be induced by high CaCl2 concentration in the medium and, in
addition to the changes described above, this leads to a reorganization of the actin
cytoskeleton and to exocytosis of vesicles coupled with membrane recycling (deposition of a
fibrillar wound wall; Fig. 6C). During high Ca2+ influx caused by treatment with
ionophores, vesicles fuse not only with the plasma membrane but also with cisternae of the
ER in the absence of membrane recycling (deposition of an amorphous wound wall; Fig.
6D). The ER cisternae are heavily loaded with calcium and their deposition into the
extracytoplasmic space could be an efficient emergency reaction to Ca2+ overload (Foissner,
1998).

In their natural environment characean algae are wounded mechanically or by pathogens.
The wound walls are often bilayered, with an outer layer having the characteristics of an
amorphous wound wall and an inner, fibrillar layer (Klima & Foissner, 2011 and this study).
The outer, amorphous wound wall is probably used for Ca2+ seclusion and rapid sealing by
callose whereas the inner, fibrillar wound wall confers mechanical stability. We show also
that high photosynthetic activity in characean internodes is often correlated with wound
responses at the alkaline bands of cells indicating enhanced Ca2+ fluxes over the plasma
membrane in these regions. The benefit of increased carbon assimilation in acid bands
comes at the cost of an enhanced “weakness” of the plasma membrane at the alkaline
regions.

Putative endosomes involved in membrane repair
It has previously been shown that – in addition to secretory vesicles and ER-cisternae - FM-
stained organelles accumulate and are deposited in the periphery of cells irradiated locally
with 375 nm at high laser intensity (Klima & Foissner, 2011). These organelles deliver the
FM-fluorescence of regenerated, continuous plasma membrane and thus appear to be
involved in plasma membrane repair during formation of amorphous wound walls. New
images presented in this study show an FM-fluorescent plasma membrane beneath fibrillar
wound walls although cells were pulse-labelled before treatment. This suggests that the
numerous FM-fluorescent organelles at fibrillar wounds represent not only organelles
involved in membrane retrieval but also organelles involved in membrane delivery. Recent
data indicate that these “secretory or recycling endosomes” carry the Rab GTPase ARA6
supposed to be an endosomal marker in Arabidopsis thaliana (Ebine & Ueda, 2009). FM-
fluorescence recycling has also been suggested for unwounded cells because, in contrast to
the plasma membrane of higher plants, the plasma membrane of characean internodes
remains stained for at least 24 hours after pulse labelling (Klima & Foissner, 2008).

That there is no general delivery of organelles towards the wound is evident from the
behaviour of nuclei and mitochondria, which are excluded from and – in the case of
mitochondria - even appear to escape the wound cytoplasm when the amorphous wound
wall is deposited (Klima & Foissner, 2011).

The cytoskeleton plays a pivotal role in the wound response
Local wounding destroys existing cellular polarities and establishes new ones. In cells
without inherent polarity like the diffusely elongating internodal cells, local wounding
induces transient changes in cytoarchitecture, which is reminiscent of tip-growing cells such
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as pollen tubes or root hairs in which cell wall-forming organelles are transported to the
growing end (Higaki et al., 2011). These changes in cytoarchitecture are mainly due to
reorganization of the actin cytoskeleton, which provides the tracks for targeted delivery of
wall forming organelles. In this article we show that the extent of the wound response,
which is apparently correlated with the extent of Ca2+ influx, is also correlated with the
degree of actin reorganization. Especially notable is the formation of numerous actin rings at
the highest stress intensity, i.e. during the deposition of amorphous wound walls. Actin rings
are occasionally observed in unwounded characean and other cells (e.g. Chaidee et al., 2008;
Smertenko et al., 2010). The number of actin rings in tobacco BY-2 cells could be
significantly reduced by omitting the growth regulator auxin from the medium and it has
been suggested that actin rings represent a storage form for surplus actin (Smertenko et al.,
2010). In cells of Chenopodium rubrum, the number of actin rings increases significantly
when suspension cultures are exposed to heat shock at a temperature of 41° C, which is
correlated with specific ion fluxes (Chaidee et al., 2008). This could indicate that the
formation of actin rings is involved in stress sensing or stress response or, at least, reflects a
specific status of the cytoplasm.

Microtubules are not required for wound wall deposition but their disassembly is one of the
earliest detectable signs of damage. This could, in combination with other factors, be an
important signal for early stages of wound responses. In unwounded internodal cells,
depolymerisation of microtubules enhances reversible, cytochalasin-dependent
reorganization of the actin cytoskeleton (Foissner & Wasteneys, 2000b). A possible scenario
is that the formation of an actin meshwork beneath wounds is aided by the release of a
microtubule-associated protein (discussed in Foissner & Wasteneys, 2000b; compare Deeks
et al., 2010). In wheat, microtubules have been described to be involved in sensing low
temperature stress and their disassembly has been assumed to be a trigger for cold
acclimation (Abdrakhamanova et al., 2003). In Arabidopsis, adaptation to salt stress requires
microtubule disassembly (Wang et al., 2007).

Ordered deposition of cellulose microfibrils in the absence of microtubules
The exact role of microtubules in the ordered deposition of cellulose microfibrils is still a
matter of dispute. On the one hand, cortical microtubules interact with cellulose synthase
(CESA) trafficking compartments and appear to affect their positioning at the plasma
membrane (Gutierrez et al., 2009). On the other hand, CESA complexes have been reported
in the absence of microtubules to move in parallel order at oblique angles to the cell axis
(Paradez et al., 2006) and highly ordered transverse orientations of cellulose microfibrils
have been observed in the Arabidopsis microtubule mutant mor1-1 (Sugimoto et al., 2003).
The FESEM images of fibrillar wound walls revealed a helical arrangement of cellulose
microfibrils. These findings confirm that the highly structured cell walls produced do not
require microtubules for their deposition or for their complex morphology. They indicate,
however, that a critical rate of cellulose synthesis is necessary for the presumed self-
assembly of cellulose microfibrils into helical aggregates (compare Mulder et al., 2004;
Emons et al., 2007). A possible scenario is that activated cellulose synthase complexes
default to new helical trajectories that respond to and assist the deposition of membrane
indentations. This altered behaviour could be driven by membrane heterogeneities, which
have been suggested to play a role in altering cellulose crystallinity in Arabidopsis (Fujita et
al., 2011). Radial Ca2+ diffusion gradients could also “trap” synthase complexes into helical
trajectories so that they are forced to deposit cellulose microfibrils towards the interior of the
cell.
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Fig. 1.
Characean internodal cell organization and pH banding. (A) A thallus of Nitella translucens.
Arrow indicates an internodal cell from the main axis. (B) Schematic representation of the
cytoarchitecture of an internodal cell (longitudinal section), drawn approximately to scale.
Left arrow indicates cortical actin filaments and microtubules, right arrow points to the
subcortical actin filament bundles. Ch = chloroplast, cV = central vacuole, G = Golgi body,
ER = endoplasmic reticulum, M = mitochondrion, MVB = multivesicular body, N =
nucleus, PM = plasma membrane, PW = primary wall, SW = secondary wall, v = vesicle, V
= subvacuole. (C) Cortical microtubules (green) and actin filaments (red) in an internodal
cell of N. translucens stained by perfusion with fluorescent taxol and fluorescent phalloidin.
(D) High resolution SEM image of subcortical actin bundles located at the inner surface of
chloroplast files (N. flexilis; Triton-extracted). (E) pH banding pattern of an internodal cell
of N. translucens visualized by phenol red. Pink regions indicate regions of net H+ influx,
which generates an extracellular alkaline pH. Bars are 1 cm (A, E), 10 μm (C) and 5 μm (D)
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Fig. 2.
“Healed” windows induced by local irradiation with UV of internodal cells of Nitella
flexilis. (A) Regenerated microtubules (green) visualized by immunofluorescence. Note how
orientation of many microtubules is parallel to the autofluorescent chloroplast files (red) in
the window and transverse to the files in the neighbouring unwounded region. (B) Negative
stain preparation of the cortex. Black arrow indicates an actin filament bundle, white arrow
indicates a microtubule. Arrow head indicates a coated pit. (C) Cortical mitochondria. Two
images were taken at 75 sec intervals and subtracted from each other in order to show
displacement. Most mitochondria were immobile and appear grey; moving organelles are
black and white, respectively. Streaks are trajectories of fast organelles in the endoplasm.
(D) DiOC6-stained mesh-like cortical ER and subcortical ER tubes (streaks) in the
endoplasm. Ch = chloroplast at the border of the window. Bars are 400 nm (B), 10 μm (C
and D) and 20 μm (A).
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Fig. 3.
Fibrillar wound walls induced by treatment of internodal cells of Nitella flexilis with 50 mM
CaCl2. Images were taken after 2 h (A, D, E), 6 h (B, C, F, G, I) and 24 h (H) treatment. (A)
Microtubules are absent where a fibrillar wound wall (fWW) is deposited. Short
microtubules visualized by perfusion of fluorescent taxol (arrows) are present near the
wound (compare with Fig. 1C). (B and C) A dense meshwork of actin filaments stained by
perfusion with fluorescent phalloidin is present during the deposition of a fibrillar wound
(white arrow in B). The black arrow indicates a subcortical actin bundle. The DIC image C
corresponds to the left side of image B. (D and E) FM1-43-stained plasma membrane and
organelles (D) at protuberances (*) of a forming fibrillar wound wall. E is the corresponding
DIC image. (F and G) Quickly formed fibrillar wound walls consisting of groups of
protuberances (F) in which cellulose microfibrils wrap around each other to form a right-
handed helix (G). (H) Slowly formed fibrillar wound wall in which protuberances lack
helical shape. (I) Wound wall grown in the presence of a cellulose synthesis inhibitor (50
μM DCB dissolved in 50 mM CaCl2). (J) Cellulose microfibril orientation in the secondary
cell wall onto which the wound walls are deposited. F-J are FESEM images of the inner
surface of wound walls and cell walls, respectively, and obtained after hypochlorite
extraction of cytoplasm and membrane content (F-I) or after acid treatment (I). Bars are 500
nm (J), 2 μm (G), 5 μm (D and E), 10 μm (A and I) and 20 μm (B and C, F, H)
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Fig. 4.
Amorphous wound walls induced by treatment of internodal cells of Nitella flexilis with
10−4 M chlortetracycline for one hour (A, F and G) and by 2 min local irradiation with UV
of internodal cells of Chara corallina (B-E). (A) Actin cytoskeleton beneath a forming
amorphous wound wall visualized by immunofluorescence. Note numerous actin rings and
polygons (inset). Continuous actin bundles are present outside the wound. (B-D)
Accumulation of secretory vesicles (B) and of FM1-43- (green) and Lysotracker red-stained
organelles (C) and of DiOC6-stained ER (D) in UV-irradiated areas. (E) The yellow
chlortetracycline-fluorescence of the wound walls indicates membrane-bound calcium. (F-
G) TEM images of amorphous wounds. Black antimonite deposits in F indicate high
calcium concentrations in the amorphous wound wall (aWW) and in the ER cisternae (arrow
in F). Faint granules in G indicate polysaccharides visualized by the Thiery method. Note
remnants of secretory vesicles (sV) and ER (small arrow) in the amorphous wound wall,
which is already covered by a continuous plasma membrane (large arrow). Bars are 1 μm
(G), 5 μm (F), 10 μm (B-E), 20 μm (inset in A) and 50 μm (A)
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Fig. 5.
Wound walls induced by mechanical damage (puncturing), by bacteria and wound walls at
alkaline regions of a cell exposed to high light intensity. (A-G) Puncture wounds in
internodal cells of Chara corallina. (A) Bright field image of a healed wound. A fibrillar
wound wall (arrow) is seen around the wound plug (P). (B and C) FM1-43 (green) and
Lysotracker red-stained organelles are deposited near the wound plug (P) and around
damaged chloroplasts (*) in early stages of wound healing (15 min after puncturing). C is
the corresponding bright field image. (D) DiOC6-stained ER deposited at a wound 30 min
after puncturing. (E and F) Wound plug (P) and FM1-43-fluorescent amorphous wound wall
of a healed wound. A continuous FM1-43-fluorescent plasma membrane (arrow) is seen
along the non-fluorescent inner, fibrillar wound wall 60 min after puncturing). F is the
corresponding bright field image. (G) 3-D reconstruction of the inner surface of a healed
puncture wound showing parts of the callose containing outer wound wall stained by aniline
blue (yellow) and the calcofluor-labelled inner cellulosic wound wall (cyan), which is
continuous with the normal cell wall. (H) Fibrillar wound wall (fWW) beneath bacteria (B)
digesting the cell wall of an internodal cell of Nitella flexilis. Ch = chloroplast. (I) Wound
walls (arrows) stained by Calcofluor at an alkaline region of a C. corallina internodal cell
exposed to high light intensity (50 μmol m−2 s−1) for 10 days. Bars are 1 μm (H), 10 μm (B,
C, E, F), 40 μm (A, D), 50 μm (I) and 75 μm (G)
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Fig. 6.
Schematic representation of early stages of wound responses in the cortex of characean
internodal cells showing the major components involved, and the presumed Ca2+ influx. (A)
In unwounded control cells and regions cortical actin filaments (black lines and dots) and
microtubules (blue lines and dots) are present at the plasma membrane beneath the cell wall
(CW). Continuous subcortical actin bundles are aligned along the stationary chloroplast (Ch)
files. Secretory vesicles (sV) and putative endosomes (e) are present in the endoplasm and in
the cortex. (B) Cortical window formation. Minor damage causes a small influx of external
Ca2+ into the cytoplasm (red arrows and dots). This leads to the disassembly of the cortical
cytoskeleton and of the subcortical actin bundles and to the detachment of chloroplasts. (C)
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Deposition of a fibrillar wound wall. Moderate Ca2+ influx causes accumulation of secretory
vesicles and endosomes, which move along a newly formed actin meshwork. The presence
of coated vesicles (cV) indicates that vesicle fusion with the plasma membrane is coupled
with endocytosis of excess membrane. (D) Deposition of an amorphous wound wall. High
Ca2+ influx causes not only accumulation of vesicles but also of Ca2+-loaded ER cisternae.
Exocytosis of vesicles and ER takes place without endocytosis and excess membranes
remain trapped within the amorphous wound wall.
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Table 1

Characteristics of wound responses in characean internodal cells

WINDOWS FIBRILLAR
WOUND WALLS

AMORPHOUS WOUND
WALLS

typical treatment local UV ≥5×10−2 M CaCl2 Ca2+ ionophore A 23187
chlortetracycline

reorganization of actin
cytoskeleton

minor moderate extensive (actin rings)

exocytosis no vesicles fuse with
the plasma
membrane

vesicles fuse with the
plasma membrane, with
other vesicles and with

ER-cisternae

endocytosis no sufficient (numerous
coated vesicles)

insufficient
(few coated vesicles)

membrane residues in
WW

none absent present

characteristic
polysaccharide

none crystalline cellulose callose

DCB-treatment no effect alters wound wall
structure

no difference

Ca2+ content of WW no low high

notable changes in
external ions and
membrane potential

no no yes

presence of phenolics
(autofluorescence)

none low high

time ca 6 h 10-24 hours >1 hour
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