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Abstract In this study, the filamentous green alga
Zygogonium ericetorum (Zygnematales, Chlorophyta),
collected at its natural habitat in the high alps, was
investigated by light, scanning, and transmission electron
microscopy. The field samples were separated into a moist
fraction when wetted by splattering water of a nearby spring
or a desiccated one when visually dried out. Light
microscopy demonstrated a purple pigmentation of the sun-
exposed upper layers, the central position of the nucleus, and
the starch content in the pyrenoids. The smooth surface of
the cells occasionally covered with fungal hyphae was
shown by scanning electron microscopy. The cytoarchitec-
ture of moist cells revealed many vacuoles and only a thin
cytoplasmic area surrounding the two chloroplasts. The
secondary cell walls of older cells were up to 4 µm thick.
Organelle membranes as well as thylakoid membranes
occasionally showed an inversion of contrast. In the
chloroplasts, distinct areas with granular content surrounding
the pyrenoids were detected. Within the cytoplasm, electron-
dense particles with electron-translucent crystalloid structures
were observed. When desiccated samples were investigated,
the vacuoles and cytoplasmatic portions appeared destroyed,

whereas nucleus and chloroplasts generally remained intact.
The thylakoid membranes of desiccated samples showed
lumen dilatations and numerous plastoglobules. Water-
soluble extracts were separated by high-pressure liquid
chromatography that revealed two major compounds with
UV-absorbing capacities.
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Introduction

When looking for organisms that have the capacity to
survive desiccation, bare soil is a good choice (Hoppert et
al. 2004; Nienow 1996; Trainor and Gladych 1995).
Edaphic algae are at least periodically exposed to desicca-
tion stress, and this may last for prolonged time periods
depending on the habitat. Among green algae, some
filamentous Zygnematales may form soil crusts together
with cyanobacteria and lichens (Büdel 2002, 2005).

For this study, we have selected Zygogonium ericetorum
as this species forms green mats on the soil in a high alpine
habitat. The study site in the high alps was chosen because
cells are exposed to harsh environmental conditions with
short vegetation periods, high irradiation, and a chance of
natural desiccation through wind exposure (Körner 2003).
Z. ericetorum is a cosmopolite, found in a variety of
habitats, and all of them have been described as acidic and
with low nutrient content (Hoppert et al. 2004; Lynn and
Brock 1969; Pope and Pyatt 1984). Upon desiccation, this
alga forms conspicuous macroscopic paper-like sheets, and
upon rewetting a recovery of physiological processes is
possible (Hoppert et al. 2004). Sun-exposed cells turn
purple, a fact that caused debate over the nature and role of
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this pigment for a long time and is still not yet solved
(Alston 1958; Lagerheim 1895; Pope and Pyatt 1984).
Similar pigments have been described in some other
members of the Zygnematales (e.g. Hoppert et al. 2004;
Nishizawa et al. 1985; Remias et al. 2009). Despite the
surviving potential of Z. ericetorum in harsh environments,
no modern cytological studies (besides the classical works
by Fritsch (1916), Gau (1934), and Transeau (1933)) have
been performed.

In the field, the alga can be relatively easily harvested
and, as the mats contain almost exclusively this species,
samples can be subjected directly in the field to preparation
for the transmission electron microscope (TEM). As it
turned out, this is of substantial advantage when attempting
to get a reasonable picture of the ultrastructure of naturally
exposed Z. ericetorum cells. Many phenomena may not be
observable when simply using cultured material under
standard conditions.

Very limited information on structural changes as a
consequence of desiccation is available in green algae (for
a recent summary see Holzinger 2009). The situation is
different for vascular resurrection plants, where informa-
tion on structural and ultrastructural changes is available
for different species (for a recent review, see Moore et al.
(2009)). We are aware that the presently used attempt in
simply comparing “moist” versus “desiccated” field
samples is a rather simple strategy. This however allowed
us to analyze the effects of desiccation in situ, gaving
valuable information on generated changes. Algae like Z.
ericetorum are difficult to cultivate. They can survive
under standard culture conditions but cannot develop their
full potential like producing purple pigmentation in sun-
exposed layers in the field. This pigmentation is lost in
cultivated samples. In general, many aspects of adaptation
strategies may be overseen when investigating only
laboratory-grown organisms.

Materials and methods

Sampling site and cultivation methods

Mats consisting of Z. ericetorum (Kütz.) from the high alps
at the “Schönwieskopf” (GPS data: N 46°50.998′, E 11°
00.903′ reported with Garmin eTrex) near Obergurgl,
Ötztal, Austria (2,350 m a.s.l.) were collected during the
summer seasons of 2007 and 2008 (June, July) on sunny
days in the early afternoon. The field samples were
separated in “moist” when wetted by splattering water of
a nearby spring or “desiccated” when visibly dried out. The
pH of the spring was measured at pH=5.9. Samples were
either fixed directly at the growing site (see below) or
transferred to liquid Bold’s basal medium (Bischoff and

Bold 1963) for cultivation, incubated at ∼30 µmol photons
m−2 s−1, 12°C, 12/12 h light/dark regime, and stored at the
Culture Collection of the University of Innsbruck (Gärtner
1996).

Light microscopy and staining procedures

For light microscopy, either an Olympus BH-2 light
microscope (Olympus, Tokyo, Japan) with a ProgRes C10
plus Jenoptic digital camera and PICed Cora image analysis
software (Jomesa Meßsysteme) or a Zeiss Axovert 200 M
microscope (Carl Zeiss AG, Oberkochen, Germany), using
a Zeiss Axiocam MRc5 camera with Zeiss Axiovision
Software for image generation, was used. Algal filaments
were stained with one of the following solutions: methylene
blue for cell walls and general staining, Lugol`s iodine
solution for starch, Sudan IV (pre-dissolved in isopropanol)
solution for lipids. For nuclear visualization, cells were
stained with 2 µM syto 16 dye (Molecular Probes,
dissolved in water from 1 mM stock in DMSO). After the
latter staining, fluorescence images were captured with a
Zeiss filter set 09 (excitation BP 450-490 nm, emission LP
515 nm long pass). Additionally, autofluorescence was
recorded using the Zeiss filter set 01 (excitation 365/12 nm,
emission LP 397 nm).

Scanning electron microscopy

For scanning electron microscopy (SEM) investigation,
moist field samples of Z. ericetorum were first transferred
into distilled water and dehydrated in a series of ethanol
with increasing concentration (30 min each). For chemical
dehydration, the material was transferred to formaldehyde-
dimethyl-acetal (FDA, dimethoxymethane) for 24 h, fol-
lowed by FDA for 2 h (for methods, see Gerstberger and
Leins (1978) and Tschaikner et al. (2008)). The sample was
critical-point-dried with liquid CO2 using FDA as inter-
medium, sputter-coated with gold–palladium, and exam-
ined with a Philips XL20 SEM microscope at 10 kV.

Transmission electron microscopy

Moist and desiccated field samples and cultivated algae
were fixed either in 10 mM caccodylate buffer, pH=6.8,
containing 1.25% glutaraldehyde, or in 50 mM caccodylate
buffer, pH=6.8, containing 2.5% glutaraldehyde for 1.5 h.
After extensive rinsing steps, samples were postfixed,
respectively, in 10 or 50 mM cacodylate buffer containing
1% OsO4 for 14–17 h at 4°C. Alternatively, samples were
fixed by a potassium hexacyanoferrate fixation protocol or
high-pressure freeze fixation followed by freeze substitu-
tion with 1% OsO4, 0.2% uranyl acetate in acetone (for a
summary of the methods and their original citations, see
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Holzinger et al. (2009)). All samples were dehydrated in
increasing ethanol concentrations, embedded in Spurr´s resin
or low-viscosity embedding resin (Agar Scientific, England).
Ultrathin sections (60 nm) prepared with a Leica Ultracut
were counterstained with uranyl acetate and Reynold’s lead
citrate and investigated at a LIBRA 120 transmission
electron microscope at 80 kV. Images were captured with a
ProScan 2k SSCCD camera, camera controller: “sharp:eye”
controlled with OSIS iTEM software.

High-pressure liquid chromatography

Water-soluble algal constituents were analyzed by diode
array detector (DAD) high-pressure liquid chromatography
(HPLC), using an Agilent 1100 ChemStation with a
Phenomenex Rezex RCM resin column, thermostated at
80°C. The solvent was ultrapure water with a flow rate of
0.6 ml/min and each run lasted for 30 min. Sample
preparation: algal filaments were freeze-dried on glass fiber
filters for 24 h and disintegrated with a grinding mill
according to Remias and Lütz (2007). Afterwards, the
material was suspended in 2 ml ultrapure water. Prior to
injection, the extract was centrifuged (10,000×g, 10 min)
and filtered through a 0.45-µm syringe filter.

Results

Light microscopy

When viewed under the light microscope, moist field
samples from the sun-exposed upper layers of the Z.
ericetorum mats had a purple appearance, both in younger
(Fig. 1a) and older (Fig. 1b) developmental stages. The
cylindrical cells were typically 18–20 µm wide and two to
four times longer than broad, depending on the number of
divisions performed. The two chloroplasts were pillow-
shaped, surrounded by small unpigmented particles. The
nucleus is found in the center of the cells (Fig. 1a, g). Due
to additional duplications, older filaments contained shorter
cells, and the cell walls reached a width of up to 4 µm.
Upon cultivation, the cells lost their purple coloration, and
the axial chloroplasts appeared light green (Fig. 1c). When
stained with methylene blue, the cell walls of young cells
became visible, and especially in vicinity to the chloroplasts
blue dots were obvious (Fig. 1d). After staining with
Lugol’s iodine solution, two pyrenoids were visible in the
chloroplasts of each cell (Fig. 1e), whereas staining with
Sudan IV did not yield any particular coloration of a
distinct structure (Fig. 1f). Fluorescence microscopical
observation of syto 16-stained cells gave a clear visualiza-
tion of the central nucleus combined with a little back-
ground fluorescence in the vacuoles and the marked red

autofluorescence of the chloroplasts (Fig. 1g). When
exciting unstained cells with a wavelength of 365 nm, a
marked blue fluorescence in distinct parts of the cells was
visible (Fig. 1h).

Scanning electron microscopy

Z. ericetorum filaments had a smooth surface without any
particular ornamentation (Fig. 2a, b). The algal mat
contained virtually only this species; occasionally, smaller
diatoms were observed (Fig. 2b). The ends of the cells were
also smooth; when broken apart, a small cell wall ring
remained at the top (Fig. 2c). Most interestingly, several
cells were covered with filament-like structures, presumably
fungal hyphae (Fig. 2d). These structures grew centrifugally
away from the cellular surface. Minute spore-like objects,
presumably of fungal origin, covered the whole surface of
older cells (Fig. 2e).

Transmission electron microscopy

Z. ericetorum was extremely difficult to fix for transmission
electron microscopy. Most of the initial attempts using
50 mM cacodylate buffer and 2.5% glutaraldehyde, a
potassium hexacyanoferrate fixation protocol, or attempts
using high-pressure freeze fixation followed by freeze
substitution failed to give a reasonable preservation of the
ultrastructure (data not shown). When reducing the buffer
concentration to 10 mM and the glutaraldehyde content to
1.25%, a reasonable proportion of the highly vacuolated cells
showed good preservation of the ultrastructure (Figs. 3, 4, 5,
and 6). Moist (Figs. 3, 4, and 5) and desiccated (Fig. 6) field
samples were fixed separately. During the observation at the
TEM, younger and older cells could be distinguished. It is
important to state that all samples shown here have been
directly fixed in the field at the collecting site.

The cells are dominated by two chloroplasts, each with a
pillow-shaped central part (Fig. 3a–d) holding the pyrenoid
(Fig. 3a–d) and irregular radiating processes (Fig. 3a, b).
The pyrenoid was surrounded by large starch grains, filling
up most of the space (Fig. 3a–d). The central part of the
pyrenoid appeared dense, electron-opaque, and invaginated
by tubular structures (Fig. 3c). Most interestingly, the
central pyrenoid was occasionally surrounded by round
structures with a diameter of about 1 µm (Fig. 4a, b), filled
in part with dense granular material (Fig. 4b).

The cells had several closely arranged larger vacuoles
(Fig. 3a, b). While in younger cells the vacuoles had a
homogenous electron-opaque appearance (Fig. 3a), in older
cells the vacuoles had granulated contents (Fig. 3b).
Toward the chloroplast, these vacuoles became fragmented.
A “bubble-like” appearance of membranes was seen in the
vicinity of the chloroplasts (Fig. 3a, b). The cytoplasmic
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portion was hardly visible and appeared mostly granulated
and electron-dense, including organelles like mitochondria
(Fig. 4c, d) and Golgi bodies (Fig. 4d). Golgi bodies often
showed an “inverted” contrast with electron-translucent
membranes. In older cells of Z. ericetorum, the cell walls
were up to 4 μm thick and rigid (Fig. 5a–c). These cell
walls contained a clearly distinguishable outer layer
(Fig. 5b). In the regions where two cells of a filament
meet, an electron-dense line was visible between the
individual cells (Fig. 5c) and additional layers could be
distinguished (Fig. 5c). Fungal hyphae on the outer surface
of the cell wall were occasionally observed (Fig. 5d).

Within the cytoplasm, electron-dense structures with an
electron-translucent crystalloid content were observed in
moist and desiccated samples (Figs. 5b and 6a).

When desiccated filaments were fixed, a severely
damaged appearance of the cytoplasmic and vacuolar
portion of the cells was visible (Fig. 6a–d). Vacuoles

appeared lacerated and the cytoplasmic portion was in most
parts electron-dense and accumulated (Fig. 6a). Numerous
electron-dense particles were observed throughout the
cytoplasm, in part with an electron-translucent crystalloid
content (Fig. 6a). In contrast, the nucleus (Fig. 6a) and
chloroplasts of the desiccated samples did not appear
severely damaged, the latter structure showing thylakoid
membranes with lumen dilatations (Fig. 6b–d). These
chloroplasts contained a substantial amount of plastoglobules
(Fig. 6a, d). The starch grains appeared to be reorganized,
with an electron-translucent appearance and electron-dense
surrounding (Fig. 6c, d).

HPLC analysis of constituents

At a wavelength of 230 nm, the DAD-chromatogram of Z.
ericetorum showed two main peaks of water-soluble com-
pounds. The spectrum of the first peak at retention time

Fig. 1 Light and fluorescence
microscopic images of Z.
ericetorum. a Moist field sam-
ples of younger cells with purple
pigmentation, nucleus (arrow)
in the center; b moist field
samples of older cells with rigid
cell walls (arrows) and purple
pigmentation; c cultivated cells,
no purple pigmentation; d culti-
vated cells stained with methy-
lene blue; e cultivated cells
stained with Lugol’s iodine so-
lution, starch grains in the pyre-
noid are stained dark (arrows);
f cultivated cells stained with
Sudan IV; g cultivated cell
stained with syto 16 dye,
nucleus in the center of the cell
(arrow), red autofluorescence
of the chloroplasts; h autofluor-
escence (excitation 365/12 nm,
emission LP 397 nm filter) of
cell from moist field sample;
areas with bright blue fluores-
cence are marked with arrows.
Bars 10 µm
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7.9 min had an absorption peak at 270 nm and a shoulder at
380 nm as well as a slight absorption in the visible region.
The spectrum of the second peak with a retention time
18.7 min had different characteristics with absorbance only
at less than 330 nm and a maximum at 280 nm.

Discussion

This study described in detail the structural and ultrastruc-
tural aspects of Z. ericetorum, collected in a high-mountain

soil crust, its habitat known for harsh environmental
conditions (Körner 2003). To our knowledge, this was the
first study investigating the ultrastructure of this species in
detail. Most interestingly, in desiccated samples, the nucleus
and chloroplasts remain generally intact. Moreover, the
occurrence of two UV-absorbing compounds could be of
great significance for the species’ adaptation to the environ-
mentally stressful habitat. The chemical nature of these
water-soluble compounds, however, remains to be identified.

The observed cell architecture was well in accordance
with earlier observations (Fritsch 1916; Pope and Pyatt

Fig. 2 Scanning electron micro-
graphs of moist field samples of
Z. ericetorum. a Overview of
the filaments; b detail, several
algal cells are covered with
filament-like structures, presum-
ably fungal hyphae (arrows); c
terminal region of a filament; d
surface of an algal cell covered
with filament-like structures
(arrow); e individual filament
covered with spore-like objects
(arrows). Bars a 200 µm, b
50 µm, c–d 10 µm
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1984; Transeau 1933). The cells were cylindrical and
contained two pillow-shaped chloroplasts with processes.
The description of the chloroplast shape in the literature is
rather vague, ranging from ovoid, weakly star-shaped,
pillow-shaped, or more indefinite with irregular radiating
processes (Brook and Johnson 2002). It appeared interest-
ing that besides one not very-well-preserved overview
image (Hoppert et al. 2004) that did not allow to depict
much detail, no further images are available that visualize
the ultrastructure of Z. ericetorum cells. From our own
experiences, this might be due to the observation that
standard procedures failed in preserving the ultrastructure
well enough. Initially, we were surprised that chemical
fixation protocols suitable for a wide range of chlorophy-
cean green algae (e.g. Holzinger 2000; Holzinger et al.
2006; Kiermayer 1968; Meindl 1987; Pickett-Heaps 1972;
Remias et al. 2009; Tschaikner et al. 2007) lead to a poor
preservation of the ultrastructure in Z. ericetorum. This is
likely related to a high osmotic value in the Z. ericetorum
cells. Fritsch (1916) described that 15% sodium chloride
(equivalent to ∼2.5 M) was necessary to generate plasmol-
ysis in the cells. Negative effects of high osmotic values
that may lead to inverted contrast of membranes were
described earlier, especially after high-pressure freeze

fixation and freeze substitution (Wesley-Smith 2001).
However, it remained contradictory that a reduction of the
buffer concentration may yield better results.

An interesting observation in Z. ericetorum chloroplasts
was the round structures with granular content around the
pyrenoids. These structures could contain polysaccharides.
It could also be possible that these structures are dispersed
masses of rubisco, as seen in a similar appearance in the
hornwort Anthoceros puctatus (Vaughn et al. 1992). If this
points toward a phylogenetic relationship (for details of
Zygnemophycean phylogeny, see McCourt et al. (2000)),
remains unclear. Occasionally observed cytoplasmic
electron-dense compartments with a crystalloid content
have also been reported in other green algae, but the
biological function of these organelles still remains un-
known (Holzinger and Lütz 2006; Remias et al. 2005).

Gray et al. (2007) gave a comprehensive comparison of
the physiological effects when treating desiccation-tolerant
desert algae and closely related aquatic relatives. They
reported on the survival and recovery rates after a
desiccation period in several Chlorophycean genera. The
chlorophyll fluorescence Fv/Fm value fully recovered after
rehydration in desiccation-tolerant species. However, no
structural basis for this physiological observation was

Fig. 3 Transmission electron
micrographs of moist field sam-
ples of Z. ericetorum. a Over-
view of younger cell showing
vacuoles (V) with electron-
opaque content, chloroplast (C)
with pyrenoid (P), and starch
grains (S), “bubble-like” mem-
branous structures (arrow); b
overview of older cell showing
vacuoles (V) with granulated
content, chloroplast (C) pro-
cesses and a pyrenoid (P),
mitochondria (M); c detail of the
center of the same chloroplast as
in b, central part of the pyrenoid
with tubular invaginations
(arrows), surrounded by mas-
sive starch grains (S), Golgi
body (G) in vicinity of the
chloroplast; d chloroplast of an
older cell with pyrenoid, starch
grains (S), plastoglobules
(arrow); the cytoplasmic area
appears electron dense. Bars a
and b 1 µm, c and d 0.5 µm
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given. The reason for a fast recovery of the photosystem
could lay in the ability of certain organisms to keep key
structural components intact during periods of desiccation
(Holzinger 2009; Viceré et al. 2004). In Z. ericetorum, the
chloroplasts, with occasionally occurring dilated thylakoid
membranes, and the nucleus remain intact in desiccated
samples. Hoppert et al. (2004) measured that Zygogonium-
dominated desiccated soil crusts did not show photosyn-
thetic activity, which is corroborated by our TEM data,
showing that starch grains have been modified or were
virtually absent in desiccated samples. Instead, a larger
proportion of plastoglobules (Austin et al. 2006; Ytterberg
et al. 2006) was observed in desiccated samples, pointing
toward an adaptation mechanism, also observed in higher
plants (Moore et al. 2008).

A thick and rigid cell wall of older cells of Z. ericetorum
may have additional protecting effects (Hoppert et al.
2004). The same authors state that only a small amount of
extractable polymers could be isolated from Zygogonium-
containing soil crusts. The fungus Fusarium sp. was
described as parasitic in Z. ericetorum (Hoppert et al.
2004). We have observed fungal hyphae on the surface of

the cell walls, but we have never seen any sign of
penetration of the fungus into the algal cells.

Reports of several authors (Lynn and Brock 1969; Pope
and Pyatt 1984) that lipids would make the chloroplast
difficult to be visualized have not been encountered in our
study. When applying Sudan IV, a selective stain for lipids,
no particular coloration was found. Moreover, the TEM
data did not give any signs on the occurrence of lipid
bodies as observed in other green algae from extreme
habitats (Holzinger and Lütz 2006; Remias et al. 2005,
2009).

At the moment, little is known about the vacuolar purple
pigmentation in Z. ericetorum. Despite the purple colora-
tion has been mentioned already by Lagerheim (1895), no
detailed analysis of these compounds is available. The
assumption that the compounds are water-soluble antho-
cyanins (Alston 1958) has never been proven. There are
also speculations about the occurrence of a pigment
composed of ferric ions and gallo-tannins (Allen and
Alston 1959). Gallo-tannins have been confirmed by
NMR in the related genus Spirogyra sp. (Nishizawa et al.
1985). Recently, Remias et al. (2009) reported on similar

Fig. 4 Transmission electron
micrographs of moist field sam-
ples of Z. ericetorum (older
cells). a Central part of the
chloroplast with starch grains
(S) surrounded by a ring of
round compartments, partially
filled with a granulated content,
each marked with an asterisk; b
detail with two round compart-
ments (marked with asterisks)
from the same cell; thylakoid
membranes surround these
structures; c detail in the vicinity
of the nucleus (N) showing a
mitochondrion (M) and part of
the chloroplast (C); the plasma
appears electron-dense; d detail
with Golgi body and mitochon-
drion (M) in vicinity of a
chloroplast (C). Bars a and b
1 µm, c and d 0.5 µm
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substances in Mesotaenium berggrenii, ice algae from
alpine glaciers. Probably, these pigments could play a role
in protecting the chloroplasts against excessive irradiation.
In Z. ericetorum, the first UV-absorbing compound (reten-
tion time 7.9 min) absorbed in the UV-A and UV-B range
and the second (retention time 18.7 min) in the UV-B

range. The first compound with slight absorption also into
the visible range up to ∼460 nm might be related to the
purple pigmentation, whereas the second cannot be related
due to the spectral characteristics.

Taken together, our observations demonstrated, besides
the general cytoarchitecture, that desiccated samples of Z.

Fig. 5 Transmission electron
micrographs of moist field sam-
ples of Z. ericetorum (older
cells). a Cell overview with a
massive cell wall (CW); two
different layers are visible
(arrows), vacuoles (V), and
chloroplast (C); b massive cell
wall (CW) with an outer cell
wall layer clearly separated
(arrow), electron-dense struc-
tures with electron-translucent
crystals in the cytoplasm
(marked with an asterisk),
chloroplast (C); c cell wall area
between two cells in a filament,
separation marked with arrows;
distinct layers of the cell wall
separated by looser material are
marked with arrowheads; d
fungal hyphae (arrows) outside
of the cell wall (CW). Bars a
2 µm, b–d 1 µm

Fig. 6 Transmission electron
micrographs of desiccated field
samples of Z. ericetorum. a
Overview with nucleus (N),
chloroplast filled with plasto-
globules (PG); cytoplasmic
portion appears extremely
electron-dense with Golgi body
(G), numerous electron-dense
particles (marked with white
asterisks) or with electron-
translucent content (marked with
black asterisk); b chloroplast
(C) architecture with modified
starch grains (arrows) and plas-
toglobules (PG); c central part
of the chloroplast with numer-
ous plastoglobues (PG) and
modified starch grains (arrows),
lacerated vacuoles (V); d
chloroplast (C) with dilated
thylakoid membranes (arrows),
cytoplasmic portion destroyed
and electron-dense remnants,
lacerated vacuoles (V), cell wall
(CW). Bars 1 µm
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ericetorum were able to maintain a chloroplast with
thylakoid membranes, and a nucleus. The detailed mecha-
nisms are not yet elucidated; however, similar strategies
like in other green algae (Holzinger 2009) or other
desiccation-tolerant organisms (Alpert 2006) are to be
expected. Further investigations, especially concerning the
soluble carbohydrate contents, as well as detailed charac-
terization of the desiccation status would enhance our
understanding of the adaptation strategies of this
desiccation-tolerant organism.

Acknowledgement We would like to thank Werner Kofler from
the Department of Systematics, Palynology and Geobotany,
Institute of Botany for the expert technical help in performing the
SEM studies. Access to the TEM of the Zoology Department,
University of Innsbruck is kindly acknowledged. We thank Prof.
Cornelius Lütz for critically proofreading the manuscript. This
study was supported by a research grant from the “Universitäts-
zentrum Obergurgl” to AH. The authors declare that they have no
conflict of interest.

References

Allen A, Alston RE (1959) Formation of purple pigment in Spirogyra
pratensis cultures. Nature 183:1064–1065. doi:10.1038/
1831064b0

Alpert P (2006) Constraints of tolerance: why are desiccation-tolerant
organisms so small or rare? J Exp Biol 209:1575–1584.
doi:10.1242/jeb.02179

Alston RE (1958) An investigation of the purple vacuolar pigment of
Zygogonium ericetorum and the status of “algal anthocyanins”
and “phycoporphyrins”. Am J Bot 45:688–692. doi:10.2307/
2439506

Austin II Jr, Frost E, Vidi PA, Kessler F, Staehelin LA (2006)
Plastoglobules are lipoprotein subcompartments of the chloro-
plast that are permanently coupled to thylakoid membranes and
contain biosynthetic enzymes. Plant Cell 18:1693–1703.
doi:10.1105/tpc.105.039859

Bischoff HW, Bold HC (1963) Phycological studies IV. Some soil
algae from enchanted rock and related algal species. Univ Texas
Publ No 6318: 1–95

Brook AJ, Johnson LR (2002) Order Zygnematales. In: John DM,
Whitton BA, Brook AJ (eds) The freshwater algal flora of the
British Isles. Cambridge University Press, Cambridge, pp 479–
593

Büdel B (2002) Diversity and ecology of biological crusts. Prog Bot
63:386–404

Büdel B (2005) Microorganisms of biological crusts on soil surfaces.
In: Buscot F, Varma A (eds) Soil biology, vol. 3, microorganisms
in soils: roles in genesis and functions. Springer, Berlin, pp 307–
323

Fritsch FE (1916) The morphology and ecology of an extreme
terrestrial form of Zygnema (Zygogonium) ericetorum (Kuetz.),
Hansg. Ann Bot (Lond) 30:135–149

Gärtner G (1996) ASIB—the culture collection of algae at the
Botanical Institute of the University at Innsbruck (Austria),
catalogue of strains 1996. Ber Nat Med Verein Innsbruck 83:45–
69

Gau B (1934) Beiträge zur Morphologie und Biologie von Zygogo-
nium ericetorum. B Sporn, Buchdruckerei und Verlagsgesell-
schaft, Zeulenroda

Gerstberger P, Leins P (1978) Rasterelektronenmikroskopische Unter-
suchungen an Blütenknospen von Physalis philadelphica (Sol-
anaceae)—Anwendung einer neuen Präparationsmethode. Ber
Dtsch Bot Ges 91:381–387

Gray DW, Lewis LA, Cardon ZG (2007) Photosynthetic recovery
following desiccation of desert green algae (Chlorophyta) and
their aquatic relatives. Plant Cell Environ 30:1240–1255.
doi:10.1111/j.1365-3040.2007.01704.x

Holzinger A (2000) Aspects of cell development in Micrasterias
muricata (Desmidiaceae) revealed by cryofixation and freeze
substitution. Nova Hedwigia 70:275–288

Holzinger A (2009) Desiccation tolerance in green algae: implications
of physiological adaptation and structural requirements. In:
Hagen KN (ed) Algae: nutrition, pollution control and energy
sources. Nova Science, Hauppauge in press

Holzinger A, Lütz C (2006) Algae and UV irradiation: effects on
ultrastructure and related metabolic functions. Micron 37:190–
207. doi:10.1016/j.micron.2005.10.015

Holzinger A, Karsten U, Lütz C, Wiencke C (2006) Ultrastructure and
photosynthesis in the supralittoral green macroalga Prasiola
crispa (Lightfoot) Kützing from Spitsbergen (Norway) under UV
exposure. Phycologia 45:168–177. doi:10.2216/05-20.1

Holzinger A, Kawamura E, Wasteneys GO (2009) Strategies for
microtubule visualization in plants. In: Gavin RH (ed) Methods
in molecular biology, cytoskeleton methods and protocols, 2nd
edn. The Humana, Totowa in press

Hoppert M, Reimer R, Kemmling A, Schröder A, Günzl B, Heinken T
(2004) Structure and reactivity of a biological soil crust from a
xeric sandy soil in central Europe. Geomicrobiol J 21:183–191.
doi:10.1080/01490450490275433

Kiermayer O (1968) The distribution of microtubules in differentiating
cells of Micrasterias denticulata Bréb. Planta 83:223–236.
doi:10.1007/BF00385332

Körner C (2003) Alpine plant life: functional plant ecology of high
mountain ecosystems. Springer, Berlin

Lagerheim G (1895) Über das Phycoporphyrin, einen Conjugaten-
farbstoff. Videnskab. Selsk. Skrifter I. Math Nat Kl 5:3–13

Lynn R, Brock TD (1969) Notes on the ecology of a species of
Zygogonium (Kütz) in Yellowstone National Park. J Phycol
5:181–185. doi:10.1111/j.1529-8817.1969.tb02600.x

McCourt RM, Karol KG, Bell J, Helm-Bychowski KM, Grajewska A,
Wojciechowski MF, Hoshaw RW (2000) Phylogeny of
the conjugating green algae (Zygnemophyceae) based on
rbc L sequences. J Phycol 36:747–758. doi:10.1046/j.1529-
8817.2000.99106.x

Meindl U (1987) Zellentwicklung und Ultrastruktur der Desmidiacee
Pleurenterium tumidum. Nova Hedw 45:347–373

Moore JP, Le NT, Brandt WF, Driouich A, Farrant JF (2009) Towards
a systems-based understanding of plant desiccation tolerance.
Trends Plant Sci 14:110–117. doi:10.1016/j.tplants.2008.11.
007

Nienow JA (1996) Ecology of subaerial algae. Nova Hedwigia Beih
112:537–552

Nishizawa M, Yamagishi T, Nonaka G-I, Nishioka I, Ragan MA
(1985) Gallotannins of the freshwater green alga Spirogyra sp.
Phytochemistry 24:2411–2413. doi:10.1016/S0031-9422(00)
83053-8

Pickett-Heaps (1972) Cell division in Klebsormidium subtlissimum
(formerly Ulothrix subtilissima) and its possible phylogenetic
significance. Cytobios 6:167–183

Pope CR, Pyatt FB (1984) Aspects of the ecology of Zygogonium
ericetorum (Kütz) Hansg. on China-clay tips. Int J Environ Stud
23:217–227. doi:10.1080/00207238408710157

Remias D, Lütz C (2007) Characterisation of esterified secondary
carotenoids and of their isomers in green algae: a HPLC
approach. Algol Stud 124:85–94

Cytoarchitecture of Zygogonium ericetorum 23

http://dx.doi.org/10.1038/1831064b0
http://dx.doi.org/10.1038/1831064b0
http://dx.doi.org/10.1242/jeb.02179
http://dx.doi.org/10.2307/2439506
http://dx.doi.org/10.2307/2439506
http://dx.doi.org/10.1105/tpc.105.039859
http://dx.doi.org/10.1111/j.1365-3040.2007.01704.x
http://dx.doi.org/10.1016/j.micron.2005.10.015
http://dx.doi.org/10.2216/05-20.1
http://dx.doi.org/10.1080/01490450490275433
http://dx.doi.org/10.1007/BF00385332
http://dx.doi.org/10.1111/j.1529-8817.1969.tb02600.x
http://dx.doi.org/10.1046/j.1529-8817.2000.99106.x
http://dx.doi.org/10.1046/j.1529-8817.2000.99106.x
http://dx.doi.org/10.1016/j.tplants.2008.11.007
http://dx.doi.org/10.1016/j.tplants.2008.11.007
http://dx.doi.org/10.1016/S0031-9422(00)83053-8
http://dx.doi.org/10.1016/S0031-9422(00)83053-8
http://dx.doi.org/10.1080/00207238408710157


Remias D, Lütz-Meindl U, Lütz C (2005) Photosynthesis, pigments and
ultrastructure of the alpine snow alga Chlamydomonas nivalis. Eur
J Phycol 40:259–268. doi:10.1080/09670260500202148

Remias D, Holzinger A, Lütz C (2009) Ultrastructure and physiolog-
ical characterization of the ice alga Mesotaenium berggrenii
(Zygnemaphyceae, Chlorophyta) from glaciers in the European
alps. Phycologia (in press)

Trainor FR, Gladych R (1995) Survival of algae in a desiccated soil: a
35-year study. Phycologia 34:191–192

Transeau EN (1933) The genus Zygogonium. Ohio J Sci 33:156–162
Tschaikner A, Ingolić E, Holzinger A, Gärtner G (2007) Phycobionts

of some species of Evernia and Ramalina. Herzogia 20:53–60
Tschaikner A, Gärtner G, Kofler W (2008) Coelastrella aeroterrestrica

sp. nov. (Chlorophyta, Scenedesmoideaea)—a new, obviously
often overlooked aeroterrestrial species. Algol Stud 128:11–20

Vaughn KC, Ligrone R, Owen HA, Hasegawa J, Campbell EO,
Renzaglia KS, Monge-Najera J (1992) The anthocerote chloro-
plast: a review. New Phytol 120:169–190. doi:10.1111/j.1469-
8137.1992.tb05653.x

Viceré M, Farrant JM, Driouich A (2004) Insights into the cellular
mechanisms of desiccation tolerance among angiosperm resur-
rection plant species. Plant Cell Environ 27:1329–1340.
doi:10.1111/j.1365-3040.2004.01212.x

Wesley-Smith J (2001) Freeze-substitution of dehydrated plant tissues:
artefacts of aqueous fixation revisited. Protoplasma 218:154–167.
doi:10.1007/BF01306605

Ytterberg AJ, Peltier JB, van Wijk KJ (2006) Protein profiling of
plastoglobules in chloroplasts and chromoplasts. A surprising site
for differential accumulation of metabolic enzymes. Plant Physiol
140:984–997. doi:10.1104/pp.105.076083

24 A. Holzinger et al.

http://dx.doi.org/10.1080/09670260500202148
http://dx.doi.org/10.1111/j.1469-8137.1992.tb05653.x
http://dx.doi.org/10.1111/j.1469-8137.1992.tb05653.x
http://dx.doi.org/10.1111/j.1365-3040.2004.01212.x
http://dx.doi.org/10.1007/BF01306605
http://dx.doi.org/10.1104/pp.105.076083

	Cytoarchitecture of the desiccation-tolerant green alga Zygogonium ericetorum
	Abstract
	Introduction
	Materials and methods
	Sampling site and cultivation methods
	Light microscopy and staining procedures
	Scanning electron microscopy
	Transmission electron microscopy
	High-pressure liquid chromatography

	Results
	Light microscopy
	Scanning electron microscopy
	Transmission electron microscopy
	HPLC analysis of constituents

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


