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The cell wall structure and behaviour of cysts of Argentinian strains of Haematococcus pluvialis were studied during cyst
germination and zooid release. The cyst wall is composed of an outer primary wall, a trilaminar sheath, a secondary wall,
and a tertiary wall. The primary wall disintegrates as the cyst ages. During germination the trilaminar sheath breaks down,
carrying the adjacent secondary wall with it and the extensible tertiary wall accompanies the cyst in its size increase and
shape changes. Zooid release subsequently follows as a result of the apical breakage of this third wall. Although the
secondary and tertiary walls exhibit the same conformation in mature cysts, the arrangement of their components during
their formation is different. This could be the reason why the behaviour of the two walls is different during germination.
The chemical characterization carried out in the present research showed that the external trilaminar sheath of the wall is
formed by algaenan, while fluorescence labelling suggested the presence of mannose and cellulose in the secondary and
tertiary walls. Because of the physical difficulty of breaking cysts during astaxanthin extraction, cyst germination may
provide a natural, alternative wall-breaking mechanism.
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INTRODUCTION

Haematococcus pluvialis Flotow is a freshwater unicellular,
biflagellate microalga that may form cysts under extreme con-
ditions. These cysts synthesize and store high amounts of as-
taxanthin, a secondary ketocarotenoid used as a natural col-
ouring in aquaculture and the food industry (Johnson et al.
1980). Several studies on the culture parameters responsible
for the formation of this pigment in H. pluvialis have been
carried out in nonmotile cells (Harker et al. 1996) and motile
cells (Hagen et al. 2000, 2001; Wang et al. 2003). The func-
tional aspects of astaxanthin have also been investigated (Ha-
gen et al. 1994).

Because of its high resistance to chemical, enzymatic, and
mechanical attacks, the cyst wall of H. pluvialis constitutes a
serious problem for astaxanthin-extraction procedures. To
date, mechanical and autoclave treatments are the most effec-
tive methods of astaxanthin extraction and bioavailability
(Mendes-Pinto et al. 2001).

The fine structure as well as the chemical composition of
the cell wall of H. pluvialis has already been studied. Mont-
sant et al. (2001) observed the presence of a nonhydrolyzable
biopolymer in the wall of vegetative cells and cysts in popu-
lations found in Denmark. Hagen et al. (2002) reported chang-
es in the fine structure and chemistry of the cell wall during
the transformation of the flagellate cells into cysts in German
H. pluvialis strains. They also claimed that motile biflagellate
stages exhibit a gelatinous extracellular matrix and that the
transformation into the nonmotile cell stage is characterized
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by the formation of a new layer, a primary wall, within the
extracellular matrix. They also observed that a trilaminar
sheath is formed inside the primary wall and that the inner-
most layer is an amorphous secondary wall.

The aim of the present research was to analyse the cell wall
structure and behaviour in Argentinian strains of H. pluvialis
during the germination of cysts and to chemically characterize
the cyst wall. This is the first ultrastructural analysis con-
ducted to date on the germination process in H. pluvialis cysts.
In view of the physical difficulty of breaking cysts during
astaxanthin extraction (Mendes-Pinto et al. 2001), a detailed
knowledge of the cell wall structure as well as the behaviour
and chemistry of its different layers is important for designing
an alternative, natural wall-breaking mechanism.

MATERIAL AND METHODS

Sampling

H. pluvialis samples were obtained from rainwater in Bahfa
Blanca, Buenos Aires Province, Argentina. They were col-
lected in 40 cm deep inverted fiberglass pyramidal receptacles.’
Unialgal cultures were obtained by means of serial dilutions
(Stein 1973).

Culture conditions

Motile cells were cultured in a Bold’s Basal Medium (BBM)
at 20-22°C and under a 12:12 h light: dark regime by illu-
mination with cool-white fluorescent lamps providing 67
pmol photons m~2 s~! at pH 7-7.5. Maintaining the vegetative






cells without medium renewal during a period longer than 20
days induced cyst formation. Sporocyst germination was
achieved by desiccation in a stove at 40°C and subsequent
transfer to a fresh medium for 4 days. Gametocyst germina-
tion was induced by transferring the cysts to distilled water
for 3 days before a subsequent transfer to a fresh medium.

Transmission electron microscopy

Cysts were fixed at 5°C either in (1) 3% glutaraldehyde and
1.5% paraformaldehyde in 0.05 M sodium cacodylate buffer
(pH 7.4), or (2) in 3% glutaraldehyde and 1.5% acroleine in
0.05 M sodium cacodylate. In both cases, the fixation period
lasted 1 wk, and was achieved by keeping the cysts for 12 h
under reduced pressure in a desiccator. After four washes in
sodium cacodylate buffer, the samples were postfixed in 2%
Os0, in sodium cacodylate buffer, washed in sodium caco-
dylate buffer, dehydrated in an acetone series, and infiltrated
with Spurr’s low-viscosity resin with continuous agitation dur-
ing a week. They were subsequently embedded in resin fol-
lowing the flat method (Reymond & Pickett-Heaps 1983). The
sections were cut with a diamond knife, stained with uranyl
acetate and lead citrate, and viewed with a Jeol 100 CX-I1
electron microscope. The aceto-resistant materials were fixed
for transmission electron microscopy (TEM) as indicated
above.

Scanning electron microscopy

Cells were fixed in 2% glutaraldehyde in a sodium cacodylate
0.05 M buffer at 5°C, and they were left to settle on glass
coverslips coated with 5% poly-D-Lysine (Sigma). They were
subsequently postfixed in 0.01% OsQ,, dehydrated in an ac-
etone series, and dried in a critical-point dryer. Coverslips
were fastened to bronze stubs, coated with gold in a sputter
coater, and samples were viewed in a JEOL SM-35 CF scan-
ning electron microscope.

Chemical analysis of cell wall components

Mature cysts of H. pluvialis were tested for sporopollenin-like
components via acetolysis. Cells were first concentrated by
centrifugation for 3 min. They were then resuspended in 2-3
ml of a freshly prepared solution of acetic anhydride : sulfuric
acid (9:1 v/v). The centrifuge tubes were immersed in a boil-
ing water bath for 15-20 min. The acetolysis mixture was
subsequently diluted by the addition of 40 ml of distilled wa-
ter and centrifuged for 10 min. The pellet was finally resus-
pended and washed with four changes of distilled water. In
addition, the cysts were treated with (1) chromic acid at room
temperature for 5 h (Puel et al. 1987), (2) 10% KOH at 100°C
for 45 min (Delwiche et al. 1989), (3) 2-aminoethanol at 95°C
for 1 h (Southworth 1974), and (4) 2% phloroglucinol in 95%
ethanol for several minutes followed by the drop-wise addi-
tion of HCl 50% (phloroglucinol test for lignin; Puel et al.
1987).

Spectroscopic analysis of the aceto-resistant material

Infrared spectrum was obtained by means of Diffuse Reflec-
tance Infrared Fourier Transform Spectroscopy (DRIFTS) us-
ing the microsampling cup of an Avatar diffuse reflectance
accessory (1.50 mg of dried material in 150 mg of dried KBr)
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against a KBr background on a Nicolet-Nexus 470 FT-IR
spectrometer (DTGS detector Nichrome source; Beamsplitter:
KBr) with a total of 64 scans.

Enzymatic treatment of the cyst cell walls

Cell walls of mature cysts were broken by repeated tip ultra-
sonication (at a maximum frequency of 20 Hz) in an ice bath
in order to allow enzymatic digestion with the following two
enzymes: cellulase EC 3.2.14 (Sigma, C-8546), 5.8 units en-
zymatics (u.e.) in 0.5 ml of 0.05 M citrate buffer pH 4.8, and
B-mannosidase EC 3.2.25 (Sigma, M-9400), 0.046 u.e. in 0.5
ml of 0.05 M citrate buffer pH 4.8. In both cases, incubation
was carried out with constant stirring at 45°C for 2 days. En-
zymatically digested cyst residues were repeatedly washed
with water by centrifugation, then stained with an aqueous
solution of 0.01% Calcofluor White for 30 s. The material
was again washed with water and observed in a Zeiss Axiolab
microscope equipped with epifluorescence.

RESULTS

Cyst formation

The flagellate cells (Fig. 1) that were kept under stress con-
ditions during 3 wk, at which point their protoplasts became
rounded, increased in size and lost motility (Figs 2, 3), form-
ing cysts (Figs 4, 5). At cyst maturity the vegetative wall
disappeared (Fig. 5). The diameter of cysts ranged between
22 pm and 76 pm. Electron microscopy revealed that the cyst
wall was composed of an outer primary wall, a trilaminar
sheath, and a secondary wall, in agreement with the obser-
vations by Hagen er al. (2002) in German strains. However,
in the present study an additional tertiary wall was observed.
The primary wall disintegrated gradually as the cyst aged
(Figs 6-8). Scanning electron microscopy (SEM) observations
revealed that the surface of the trilaminar sheath was irregu-
larly wavy (Fig. 9).

In 4- to 6-week-old cysts a fibrous tertiary wall consisting
of two layers could be observéd. An electron dense material
came into contact with the internal surface of the secondary
wall (Fig. 10). This first stratum exhibited a lax spongy texture
(Fig. 11). The second stratum was formed later by the depo-
sition of material in a more compact fashion (Fig. 11).
Throughout synthesis the tertiary wall maintained the same
bilayered configuration (Fig. 12, TW1 and TW2). After 6 wk,
these strata finally compacted themselves and the tertiary wall
reached the same homogeneous appearance as that of the sec-
ondary wall. Both walls could be clearly distinguished by the
presence of a thin electron translucent layer between them
(Fig. 13).

Cyst germination

The cell wall behaviour during germination was identical in
sporocysts and gametocysts. After the transfer to a fresh me-
dium, cysts germinated and gave rise either to 8—16 zoospores
(Fig. 14) or 16-32 isogametes (Fig. 15), respectively, in ac-
cordance with the culture conditions described in the Material
and Methods section. During cyst germination and zooid re-
lease, the cyst wall components behaved differently. Whereas
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Figs 1-5. Formation of cysts in H. pluvialis (light micrographs).
Fig. 1. Vegetative cells growing in Bold’s Basal Medium.

Figs 2, 3. Vegetative cells under 10- and 15-day stress conditions, respectively. Note that the protoplast has not only rounded but has also

increased in size.

Fig. 4. Not fully mature cyst under 3-wk stress conditions. Note the cyst wall (arrow) inside the vegetative wall (arrowhead). Astaxanthin is

present only in the middle of the cell.

Fig. 5. Fully mature cyst plenty of astaxanthin under 6-wk stress conditions. Note the absence of the vegetative cell wall. The arrow indicates

the cyst wall. Scale bars = 10 pm.

the trilaminar sheath broke down, carrying the adjacent sec-
ondary wall (Figs 16, 17), the extensible tertiary wall accom-
panied the cyst in its size increase and shape changes (Figs
16, 17). In addition, the tertiary wall exhibited the same ul-
trastructural configuration as that observed during its synthesis
in 4- to 6-wk-old cysts (compare Fig. 12 and Fig. 18). Zooids
were then released upon breakage of this third wali, which
became very thin in the apical area (Fig. 19). At this stage,
zooids conserved the cysts’ reddish colouring due to astax-
anthin. Empty cysts maintained the same shape as the one they
had during their germination (Fig. 20).

Chemical characterization of the cyst wall

In the present research it was observed that the cyst wall in
H. pluvialis was extremely resistant to nonoxidative treat-
ments such as acetolysis. In relatively small cysts the aceto-

Figs 6-9. SEM micrographs of 4/5-wk-old cysts.
Figs 6-8. Details of the successive gradual breakage and disinte-
gration of the primary wall. Scale bars = 1 pm.
Fig. 9. The primary wall has completely disappeared, clearly re-
vealing the irregularly wavy surface of the trilaminar sheath. PW,
primary wall; TLS, trilaminar sheath. Scale bar = 1 pm.

lysed walls maintained their spherical shape (Fig. 21) while
they collapsed — appearing crumpled — in larger cysts. TEM
observations revealed that the aceto-resistant materials had
their typical trilaminar appearance [i.e. an electron translucent
stratum located between two electron dense strata (Fig. 22)].

The cysts treated with 10% KOH and 2-aminoethanol ex-
hibited no alterations in their walls (Figs 23 and 24, respec-
tively). Mature cysts were incubated in chromic acid at room
temperature and their wall dissolved after 5 h (nonillustrated
observations). The dyeing reactions for lignin were negative
in the cyst wall.

Mature cysts stained with Calcofluor White and irradiated
with UV light exhibited a continuous fluorescence.in their
walls (Fig. 25). After treating these cysts with cellulase, fluo-
rescence decreased in both the trilaminar sheath and the sec-
ondary wall while the tertiary wall showed discontinuous fluo-
rescence (Fig. 26). The treatment of cysts with 3-mannosidase
did not affect fluorescence in the trilaminar sheath, although
it decreased in the secondary wall and was discontinuous in
the tertiary wall (Fig. 27).

The infrared spectroscopic analysis of aceto-resistant ma-
terials revealed three regions shown in the FT-IR spectrometer
(Fig. 28). The first one, ranging between 4000 and 1800 cm™!,
exhibits a broad band centered at about 3380 cm~! (1), which
corresponds to the absorption caused by the stretching of
—OH bands. The two sharper peaks, which are respectively
located between 2920 (2) and 2850 cm™! (3), result from out-
of-phase CH, and in-phase CH; stretching. The second region
ranging between 1800 and 1500 cm™! is the area of carbonyl
and the C=C double bond. Its first peak, which is located at
about 1740 cm ~! (4), could be attributed to the carbonyl
stretching vibration of esters and ketones (Pappas ez al. 1999).
The second peak, which is located at about 1530 cm™! (5),
reveals the absorption of both C=C double bonds and the
carboxylate group (Sene er al. 1994). The third region, which
is located between 1500 and 800 cm™!, is associated with the
skeletal vibrations of the components. Five absorption bands
were observed. The first one, which is located at 1470 cm™!
(6), could be attributed to asymmetric —CH, and —CH; in-
plane bending vibrations (Pretsch er al. 1983). The second
band, which is located at 1370 cm™! (7), correlates with —OH
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Figs 10-13. Development of the tertiary wall in 4/6-wk-old cysts of H. pluvialis (TEM micrographs).
Fig. 10. Initial synthesis of the first stratum by deposition of electron-dense material adjacent to the secondary wall (arrowhead).
Fig. 11. A lax spongy stratum (TW1) is in contact with the secondary wall, whereas a second stratum (TW2) is in the process of formation
due to the deposition of material (arrowheads) in a more compact fashion.
Fig. 12. The tertiary wall is almost fully synthesized although it conserves the same bilayered configuration as the one it displays during the
formation process (TW1 and TW2). The arrowheads indicate the boundary between both strata.
Fig. 13. The tertiary wall is completely formed, its final appearance looks homogeneous and compact. The arrowheads show the thin electron

translucent layer between the secondary and tertiary walls. Scale bars

= 0.5 pm. SW, secondary wall; TLS, trilaminar sheath; TW, tertiary

wall; TW1, first stratum of tertiary wall; TW2, second stratum of tertiary wall.

(bending vibration), C-O-H (in-plane bending vibration),
—COO~ (bending vibration), —CHj, (in-plane bending vibra-
tion), and —CH, (wagging and twisting vibrations) (Nakanishi
and Solomon 1977). The third band, which is located at 1235
cm™! (8), corresponds to —OH (in-plane bending vibration)
(Kokot et al. 1997). C-O from the ester carboxyl (stretching
vibration) also absorbs in the same band (8). The fourth band,
which is located at 1160 cm™! (9) —1045 cm~! (10), reveals
the skeletal vibration of C-OH and C-O-C (Faust 1992). The
fifth band, which is located at 910 cm™! (11), is typical of the
out-of-plane bending vibration of C-H in trans carbon—carbon
double bonds (Burczyk 1987).

DISCUSSION

Cyst formation

Mature cyst walls in Argentinian H. pluvialis populations
clearly show the presence of an external trilaminar sheath and
two walls; namely, a secondary one located in the middle, and
an internal tertiary one. Both are fibrous, homogeneous, and
compact. In their study on mature cysts of Polytomella agilis
with freeze-etching techniques, Brown et al. (1976) also ob-
served an additional, internal wall, which was similar to the
neighbouring wall, in a configuration similar to that of the
secondary and tertiary walls of our materials. Of interest, no
third wall stratum was described by Hagen ez al. (2002) in 4-
wk-old to 3-mo-old cysts in German H. pluvialis strains an-
alysed with freeze-etching and freeze-fracture techniques. Be-

cause the culture medium used in the study by Hagen et al

(2001) was different from that used in the present research,

the absence of a tertiary wall in the cysts of the German
strains could be due to a delay in its formation. It could be

hypothesized that the German H. pluvialis strains analysed by

Hagen et al. (2002) were not yet mature.

SEM observations revealed that the wavy surface of the
trilaminar sheath in the Argentinian H. pluvialis cysts exhib-
ited similarities with the exine ornamentation in the wall of
pollen granules of some Crassulaceae and Ulmaceae (Iversen
& Troels-Smith 1950; Hoen 2000). A similar surface mor-
phology was also observed in the wall mesospore of Spiro-
gyra salmonispora zygospores (Ferrer & Céceres 1995).

Cyst germination

During germination, changes in the cyst shape — similar to
those described for our materials — were observed in tempo-
rary cysts of the dinoflagellate Alexandrium ostenfeldii (Os-
tergaard Jensen & Moestrup 1997). The behaviour of the inner
layers of their walls, which were observed with a light micro-
scope, also resembles that of the tertiary wall of H. pluvialis
cysts.

The particular behaviour of the components of H. pluvialis
cyst wall during germination and zooid release is novel for
green algae. In the present research it was observed that the
trilaminar sheath and the secondary wall acted as if they were
a single structure: both broke as a consequence of the increase
in the cyst’s size resulting during zooid formation. In contrast,
the more flexible tertiary wall stretched out and accompanied
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Figs 14-20. Cyst germination in H. pluvialis.
Fig. 14. Sporocyst (light micrograph).
Fig. 15. Gametocyst (light micrograph). Scale bars = 5 pm.
Figs 16-19. TEM micrographs.
Fig. 16. General view of the longitudinal section of a sporocyst. Scale bar = 5 pm.
Fig. 17. Further details of Fig. 16 showing the trilaminar sheath and its adjacent secondary wall, which is broken (arrowheads). Scale bar
=1 pm.



Figs 21-27. Cyst wall in H. pluvialis.
Figs 21, 22. Aceto-resistant wall material.
Fig. 21. Phase-contrast light microscopy. Note that the wall has
conserved its spherical shape. Scale bar = 5 pm.
Fig. 22. TEM observation showing the undamaged trilaminar
sheath. Scale bar = 0.2 pm.
Fig. 23. Intact cyst wall treated with 10% KOH. Scale bar = 5 pm.
Fig. 24. Intact cyst wall treated with 2-aminoethanol. Scale bar =
5 pwm.
I'igs 25-27. Fluorescence images of the cyst wall stained with Cal-
cofluor White. Scale bar = 20 pm.
Fig. 25. Cyst wall without enzymatic treatments. Note the con-
tinuous fluorescence pattern.
Fig. 26. Cyst wall previously treated with cellulase. Note the
decrease in fluorescence in the trilaminar sheath and the second-
ary wall, as well as the discontinuous fluorescence in the tertiary
wall (arrows).
Fig. 27. Cyst treated with B-mannosidase. Fluorescence remained
constant in the trilaminar sheath, it was slightly lower in the sec-
ondary wall, and it was discontinuous in the tertiary wall (ar-
rows). PW, remnants of the primary wall; SW, secondary wall;
TLS, trilaminar sheath; TW, tertiary wall.
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Fig. 28. Infrared absorption spectra of acetolysed residues from cysts
of H. pluvialis. The numbers indicate the main group frequencies.

the cyst expansion all throughout the germination process. At
the moment of zooid release, the tertiary wall broke only in
the cyst’s apical region, where it was much thinner. Although
the secondary and tertiary walls appeared similar in mature
cysts, the arrangement of their components during cyst for-
mation was different. This may explain the different behaviour
of these walls during germination. The rele?sed ZOOSpores re-
mained reddish as a result of the presence! of astaxanthin in
agreement with observations by Wang er al. (2003) at 72 h
under 350 pwmol photons m~2 s~

The wall-breaking mechanism in H. pluvialis, which is fol-
lowed by zooid release, could be compared to dehiscence and
ascospore discharge in bitunicate asci of Ascomycetes, be-
cause as in our case the outer wall ruptures and the inner wall,
or part of it, first elongates and then breaks to allow ascospore
discharge through an apical pore (Eriksson 1981; Sherwood
1981). Similarly, although both ascus walls are composed of
microfibrils embedded in an amorphous matrix, they differ
from each other in the arrangement of microfibrils (Reynolds
1971).

Chemical characterization of the cyst wall

In the present research, the FT-IR absorbance profiles of the
resulting material from cyst acetolysis of Argentinian H. plu-
vialis strains were similar to those of the aceto-resistant ma-
terials of Danish H. pluvialis strains according to the report
by Montsant et al. (2001), except for the following differenc-
es: (1) the hydroxyl groups were relatively less important than
either the aliphatic nature or the ester and ether contents; (2)
absorption at 1740 cm~! (C=0) was not complex and with a
well-resolved strong band; and (3) the region between 1200
and 1000 cm™! showed three signals instead of the two ob-
served in the FI-IR absorbance profiles indicated by Montsant
et al. (2001). In our material, a low level of unsaturation was

Fig. 18. Details of the basal portion of cyst where the tertiary wall has again adopted the same ultrastructural configuration as that observed

during its synthesis (compare with Fig. 12). Scale bar = 0.5 pm.

Fig. 19. Details of an apical portion of a germinated cyst with a very thin, broken tertiary wall (arrowhead). Note that zooids conserve the

astaxanthin content of the cyst. Scale bar = 5 m.

Fig. 20. Empty cyst (light micrograph). Scale bar = 5 wm. As, astaxanthin; N, nucleus; SW, secondary wall; TW, tertiary wall.
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observed by the occurrence of weak absorptions around 1500
and 900 cm~!, and a high aliphatic nature was confirmed by
the presence of sharp peaks around 2900 cm™'. Signal at c.
720 cm~! indicated polymethylenic chains with n > 4. The
aceto-resistant material also showed a high oxygen content
caused by the formation of carboxylic acid esters in the hy-
droxyl groups due to partial acetylation during acetolysis
(—0O-CO-CH,; i.e. bands at 1740, 1460, and 1370 cm™!, re-
spectively). Acetolysis enriched the isolated products from the
cell walls in the hydrophobic layers (Rodriguez & Cerezo
1996). Polymethylenic chains were located primarily in the
electron opaque bands of the trilaminar sheath and were cross-
linked to fibrillar polysaccharides as cellulose (Rodriguez ef
al. 1999). The electron translucent band in the trilaminar
sheath was composed primarily of polysaccharides. Still, these
compounds were not fully eliminated after acetolysis, because
algaenan provided a hydrophobic coating to the fibrils. In the
infrared spectrum, bands corresponding to the fingerprint re-
gion of polysaccharides (1160-970 cm™') could be detected
(i.e. 1140, 1050 cm™!). In contrast, and in agreement with
studies on algaenan (Rodriguez & Cerezo 1996; Rodriguez er
al. 1999), our histochemical results showed no significant
bands corresponding to phenolic compounds in the infrared
spectrum. Negative staining with phloroglucinol was also in-
dicative of the absence of lignin-like, acetolysis-resistant com-
pounds in the cyst walls of H. pluvialis.

The strong aliphatic nature of the acetolysis-resistant prod-
uct from H. pluvialis cysts highly resembles the spectra of
algaenan isolated from other Chloroccocalean algae such as
Chlorella fusca (Atkinson er al. 1972) rather than those of
sporopollenin from pollen grains (Puel er al. 1987). The fol-
lowing phenomena also evidence the presence of an algaenan
material in the resistant H. pluvialis cyst wall: its resistance
to acetolysis, its degradation by exposure to chromic acid, and
the fact that the cyst wall was unaffected by KOH and 2-
aminoethanol. Insolubility in 2-aminoethanol was also ob-
served in Phycopeltis walls (Good & Chapman 1978), Chla-
mydomonas monoica zygospores (VanWinkle-Swift & Rickoll
1997), and in other algae (Berkaloff er al. 1983). Bryophyte
and pteridophyte spores also exhibited the same behaviour as
that described above, while it was variable in different pollen
grains (Southworth 1974). Sporopollenin from pollen grains
has been reported to be altered by ethanolamine (Rowley &
Flynn 1966; Sengupta & Rowley 1974; Southworth 1974,
May et al. 1975).

The fluorescence loss detected in the trilaminar sheath in

cysts of H. pluvialis treated with cellulase revealed the pres-

ence of cellulose in this sheéath. The presence of cellulose was
alsoc observed in the trilaminar sheath fraction of Coelastrum
sphaericum, which consisted mostly of algaenan and cellulose
(Rodriguez et al. 1999). The fluorescence observations of H.
pluvialis cysts also treated with mannosidase revealed the
presence of mannose as well as of cellulose in their secondary
and tertiary walls. The same composition has been observed
in the fraction of the cell wall of the green alga C. sphaericum
by means of methylation and spectroscopical analyses of
DMSO-LiCL-solubilized fractions (Rodriguez et al. 1999). In
cysts of German strains of H. pluvialis, gas chromatographic
analyses of monosaccharides revealed mannose as the main
part of wall carbohydrates (Hagen er al. 2002). In our study,
fluorescence and TEM observations of H. pluvialis cysts

clearly indicated that the cyst wall is composed of a fibrillar
cellulose component immersed in an amorphous mannose
fraction, the cellulose fibrils being homogeneously arranged
in the secondary wall and heterogeneously displayed in the
tertiary wall. Still, both exiraction and a selective analysis of
the components of these two walls are necessary to accurately
assess their chemical structure and composition.

TEM observations of this aceto-resistant wall material con-
firmed its trilaminar aspect, which was identical to that of the
trilaminar sheath of the zygospore wall of C. monoica
(VanWinkle-Swift & Rickoll 1997). The presence of either a
trilaminar structure in the outer wall is a common character-
istic of these algaenan-producing organisms. Nonetheless,
there are also exceptions to this common characteristic as ev-
idenced by a few cases in which the presence of highly resis-
tant wall material is not associated with the existence of a
trilaminar structure, as in the cysts’ wall of Pyramimonas
pseudoparkeae (Aken & Pienaar 1985), in spores of Spirogyra
(De Vries et al. 1983), and in mature zygotes of Coleochaete
(Delwiche et al. 1989).
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