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Abstract—The remarkable physical and chemical resistance of the organic cell walls enclosing resting
cysts formed by several species of dinoflagellates has long invited questions regarding their composition.
Traditionally, this resistance was thought to derive from the presence of “sporopollenin™, a term orig-
inally coined to describe the highly refractory substance found in the walls of pollen and spores of
higher plants. The lack of detailed chemical analyses of dinoflagellate materials, however, has left this
practice open to question. Here we report the results of the first rigorous chemical characterization of
resting cyst walls produced by a dinoflagellate, the extant marine species Lingulodinium polyedrum (for-
merly Gonyaulax polyedra). Resistant cell walls were isolated by sequentially treating cyst-producing
laboratory cultures by solvent extraction, saponification, and acid hydrolysis. At each stage of proces-
sing, residues were characterized by light microscopy, FTIR microspectroscopy, elemental analysis, and
direct (“in source™) temperature—resolved mass spectrometry (DT-MS). Initial materials and final resi-
dues were further analyzed by Curie-point pyrolysis-gas chromatography-mass spectrometry (Py-GC/
MS) and cupric oxide (CuO) oxidation. Overall, our results indicate an absence of extended s#-hydro-
carbon chains which typify aliphatic macromolecules (‘“‘algaenans”) dominating the resistant fractions
of other algae studied to date. In contrast the data suggest that the cell wall contains relatively con-
densed, predominantly aromatic structures, possibly cross-linked via carbon-carbon or ether bonds.
The presence of prist-l-ene among the most prominent pyrolysis products also suggests that bound
tocopherols function as additional structural elements in the wall material(s). The L. polyedrum resting
cyst cell wall thus appears to contain a biomacromolecular substance that is distinct from both sporo-
pollenin and aliphatic algaenans. These findings help to further establish a chemical basis for the preser-
vation potential of orgaric biomacromolecules, and illuminate possible chemical/functional
relationships among highly refractory substances from diverse biological sources. © 1998 Elsevier
Science Ltd. All rights reserved
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INTRODUCTION

The dinoflagellates comprise a class of microscopic
algae that is widely distributed iri both marine and
freshwater environments. As a group, these typi-
cally single-celled organisms show an extraordinary
level of sophistication and diversity in form, struc-
ture, nutritional regime, habit, and life history
(Spector, 1984; Taylor, 1987). Dinoflagellates are
perhaps best known as biflagellated, free-swimming
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cells often atundant in the plankton where they
play a key role in primary productivity and are the
main cause of phenomena such as red tides and
paralytic shellfish poisoning.

Like many other microorganisms, certain dinofla-
gellates have the ability to enter into a dormant or
resting stage as part of their relatively complicated
life cycle. These dormant stages, called resting cysts,
often display morphologies radically different from
those of the motile forms, and typically are charac-
terized by a thick and highly specialized cell cover-
ing. For some dinoflagellate species, the resting cyst
cell wall is composed of resistant materials that
allow these structures to persist in the depositional
environment long after germination of the cyst. The
rich fossil record of the dinoflagellates, which
extends back at least 225 million years, is in fact
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composed almost exclusively of selectively preserved
resting cyst cell walls (Evitt, 1961, 1985). In recent
decades, fossil dinoflagellates have attracted con-
siderable attention due primarily to their utility in
biostratigraphic applications, particularly those
relating to petroleum exploration (Williams and
Bujak, 1985; Goodman, 1987).

Although a very small number of dinoflagellate
fossils are calcareous or siliceous, most are non-
mineral (i.e., organic) in composition. These latter
forms are routinely isolated from consolidated sedi-
ment samples using standard palynological macera-
tion techniques (digestion of rock minerals with

concentrated HF and HCl; see Gray, 1965, and
Barss and Williams, 1973), which typically leave the
preserved cell walls morphologically unaltered. The
remarkable physical and chemical resistance of
these organic cell walls has long invited questions
regarding their composition. Because fossil pollen
and spores often co-occur with dinoflagellates in
rock-extraction residues, it has become traditional
among paleontologists and biologists (e.g.,
Eisenack, 1963; Atkinson et al., 1972; Bujak and
Davies, 1983; Evitt, 1985) to classify organic dino-
flagellate fossil material under the general umbrella
of “sporopollenin”, a term originally coined to

Fig. 1. Resting cysts of Lingulodinium polyedrum. Light photomicrographs (DIC) of: (a) Living speci-
mens produced in laboratory cultures. Spherical central body ~50 ym in diameter; (b) Fossil L. polye-
drum resting cyst recovered from Lower Miocene strata in France. In the paleontological literature, this
morphotype is referred to as L. machaerophorum. (c) Transmission electron micrograph (TEM) of living
resting cyst wall periphery. Scale bar ~1 um. For TEM, living resting cysts were collected from culture
vessels, fixed in a mix:ure of 2.5% glutaraldehyde and 2% para-formaldehyde, post-fixed in 1%
osmium tetroxide, and e¢n bloc stained with saturated uranyl acetate. Cells were then encapsulated in
2% agarose, dehydrated in a graded ethanol series, and embedded in Spurr resin. For further details of
methodology and instrumentation see Kokinos (1994).
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describe the highly refractory substance found in
the pollen and spore walls (Zetsche and Vicari,
1931). The lack of detailed chemical analyses of
dinoflagellate materials, however, has left this prac-
tice open to question.

In the present study, we repori the results of the
first rigorous chemical characterization of resting
cyst walls produced by a dinoflagellate, the extant
marine species Lingulodinium polyedrum (alias
Gonyaulax polyedra). A typical L. polyedrum resting
cyst, isolated either from coastal marine sediments
or from cyst-producing laboratory cultures, consists
of a spherical, cytoplasm-containing central body
bearing numerous distinctive spines (Fig. 1(a)).
Fossil representatives of this species (i.e., the pre-
served walls of the resting cyst, Fig. 1(b)) are com-
monly encountered in strata ranging in age from
the Early Eocene (~54 million yezrs ago) to the pre-
sent (Williams et al,, 1993). Coraparison of trans-
mission electron microscopy (TEM) images of
living L. polyedrum resting cyst walls (Fig. 1(c))
with those of fossil counterparts (Jux, 1971) shows
the resistant material to be localized in the outer-
most wall layer and spines. These features are
rapidly formed during resting cyst morphogenesis,
and detailed observations of this process (Kokinos
and Anderson, 1995) suggest a mechanism involving
the self-assembly (polymerization) of precursor
units. The biosynthetic, morphological and physio-
logical characteristics of these resting cysts thus
contrast sharply with those of the resistant biopoly-
mers (algaenans) that are found in the cell walls of
certain algae (e.g. Kadouri er a4/, 1988). For our
chemical investigations, a purified fraction of resist-
ant cell wall components was obtained by sequen-
tially treating culture-derived resting cysts by
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solvent extraction, saponification, and acid hydroly-
sis. The sample thus obtained was then character-
ized wusing a variety of optical, chemical,
spectroscopic and pyrolytic techniques.

EXPERIMENTAL

Biological materials and culturing conditions

Laboratory cultures of L. polyedrum were estab-
lished and maintained as described in Kokinos and
Anderson (1995). Cultures were established in
March 1990 using cysts isolated from sediments col-
lected at Essvik Station 1 (water depth, 90 m),
Gullmar Fjord, Sweden. Each strain was started
from a single cyst. All dinoflagellate material uti-
lized in the present study derived from a single
strain (GpES-19). Although cultures were not axe-
nic, examination under the microscope revealed any
bacterial mass to be negligible. The majority of rest-
ing cyst production in batch cultures occurred
during the 2 weeks following peak cell density (i.e.,
starting about 3.5-4 weeks after inoculation). After
cyst production was complete, cultures tubes were
stored under the same conditions used for actively
growing cultures. To collect resting cyst material
for analysis, cultures were harvested using a teflon
policeman to gently scrape culture residue from
tube bottoms. Loosened materials were transferred
to centrifuge tubes, washed 5 times in Milli-Q
water, briefly sonified, washed again 5 times, and
then freeze-dried. One hundred culture tubes, each
originally containing 20 ml of medium, yielded
~85 mg dry weight of initial material.

Initial
Materials
SOLVENT EXTRACTION
Extract (MeOH / CHzCl / Hexane) Residue
El R1

SAPONIFICATION

(MeOH / KOH Refhux,

Acidification,

Extract Solvent Extraction) Residue
EZ R2
ACID HYDROLYSIS
(85% Phosphocic Acid,
Extract Solvent Extraction) Residue
E3 R3

Fig. 2. Schematic iltustration of procedures used to isolate resistant cell walls.
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Isolation of resistant cell walls

Resting cyst cell walls were isolated using a 3-
step procedure (solvent extraction, saponification,
acid hydrolysis), shown schematically in Fig. 2.

Solvent extraction. The freeze dried culture
sample was sequentially extracted ultrasonically at
room temperature with a mixture of methanol
(MeOH) and dichloromethane (CH,Cly) (1/1, v/v,
2x) and CH,Cly/hexane (4/1, v/v, 2x). After each
extraction, the insoluble residue was recovered by
centrifugation, ultimately vielding residue RI;
extraction supernatants were combined and concen-
trated, resulting in extract El.

Saponification. R1 was refluxed for 6h in 6%
KOH in MeOH/H,O (9/1, v/v). After saponifica-
tion, the reflux mixture was acidified to pH 4 by ad-
ditions of 2 N HCI/MeOH (1/1, v/v). The residue
was separated by centrifugation and the super-
natant transferred to a separatory funnel. The resi-
due was then ultrasonically extracted using H,O
(100%), MeOH/H,O (1/1, ¥/v), MeOH (100%),
MeOH/CH,Cl; (1/1, v/v), and CH,Cl,/hexane (4/1,
v/v), to yield residue R2. After each extraction,
supernatants were combined in the separatory fun-
nel; after final extraction (CH,Cl,/hexane) the fun-
nel contents separated into a bottom organic phase
and an upper aqueous phase. The organic phase
was removed, and the aqueous phase back-extracted
with CH,Cl, (2x). All CH,Cl, fractions were com-
bined to yield extract E2. The aqueous layer was
left standing over a small volume of residual
CH,Cl, in the separatory finnel; fine suspended
materials in the aqueous phase collected at the
CH,Cl,/aqueous layer interface. These materials
were collected and archived as E2 “fluff”.

Acid hydrolysis. R2 was heated to 55°C in 85%
phosphoric acid for 13 days without stirring. The
insoluble residue was then separated by filtration
(polycarbonate membrane; pore size, 0.4 um) and
extracted as above. The filtrate and all solvent
extraction supernatants were combined and parti-
tioned in a separatory funnel as described above;
these procedures resulted in extract E3, residue R3,
and E3 “fluff”.

Analytical techniques

Light microscopy. Initial materials and R1, R2,
and R3 were optically characterized using a Zeiss
Axioskop equipped with dfferential interference
contrast (DIC). A Zeiss MC-100 camera system and
Kodak Technical Pan film were used for photomi-
crography.

FTIR microspectroscopy. Infrared transmission
spectra were acquired on a Nicolet/Spectra-Tech
IRus/SIRM (scanning infrared microprobe) from
6004000 cm™" using a triangular apodization func-
tion and a resolution of 4 ¢cm™'. Objectives were
either 32x (0.65NA) or 15x (0.58 NA) Reflachro-
mat (reflecting Cassegrainian type) and the conden-

sor was a 10x (0.71 NA) Reflachromat. The
detector was a liquid-nitrogen-cooled, narrow-band
MCT. Sample spectra were obtained by co-adding a
number of scans (128 for high signal-to-noise
samples and 256 or 512 for small, low signal-to-
noise samples) and ratioing the sample scans to the
background scans. Samples were prepared by pla-
cing a small amount of material on a BaF, or KCl
plate. A second salt plate was placed on top of the
first and the entire arrangement was housed in a
micro-compression cell. The sample could then be
flattened until it became transparent (~5-15 um in
thickness). A small crystal of KBr was also placed
in the cell and used for background spectra. All
samples were doubly apertured (above the sample
to define the sampling area and below to eliminate
stray light effects) with variable rectangular aper-
tures. Sample sizes varied from 20x20 to
100 x 100 um. For each of the dinoflagellate resi-
dues, spectra were obtained from the walls of a
single, isolated, empty resting cyst to distinguish
this material from other cellular debris in the
samples.

Elemental analysis. C, H and N contents for all
residues were obtained on a Perkin Elmer 2400
CHN Elemental Analyzer. The limited quantity of
material derived from dinoflagellate cultures pre-
cluded duplicate analyses. However, in a parallel
study involving Oak pollen (unpublished results),
Oak Initial and Oak R1 were analyzed in triplicate,
and showed less than 1% variation between
measurements, despite large differences in sample
size.

Lipid analysis. Concentrated E1 was prepared for
GC and GC/MS by first adding anhydrous sodium
sulfate (Na;SO,) to remove any residual water. The
extract was then filtered (Gelman Acrodisc teflon
PTFE filter; pore size, 0.45 um), combined with
2 ml of MeOH/HCI (95/5, v/v), and purged with N,
before sealing in a sample vial with a Mininert@®
vial cap. Transesterification (methanolysis) was per-
formed at 70°C for 14 h. On cooling, 1 ml of H,O
was added and the aqueous phase was extracted by
shaking with hexane (4 x, 1ml) and diethylether
(3 x, 1 ml). Water was removed from the combined
organic (upper) phases by passing over a Na,SOy
mini-column, and the resulting anhydrous extract
taken to dryness under N,. After re-dissolving the
extract in equal volumes of pyridine and Regisil
(BSTFA +1% TCMS), derivatization was per-
formed at 60°C for 15 min. This combination of
methanolysis followed by BSTFA derivatization
was aimed at converting free and bound fatty acids
to corresponding methylesters, and alcohols to tri-
methylsilyl (TMS) ethers. Analysis by gas chroma-
tography/mass spectrometry was carried out as
described below for CuO oxidation products.
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Direct (“in-source””) temperature-resolved mass
spectrometry  (DT-MS). Direct temperature-
resolved mass spectrometry was performed on a
JEOL DX-303 double focusing mass spectrometer
equipped with a resistively heated platinum filament
Desorption Electron Ionization (DEI) probe.
Samples (1 to 5 ug) were applied to the filament as
a MeOH suspension. The filament was heated at
2 A min~! from source temperature (180°C) up to
1.5A ("800°C). Electron Impact (EI) spectra
(16 eV) were acquired over a mass range of 20—
750 amu, at a scan cycle time of 1s. Extensive
descriptions of DT-MS methods and applications
are given by Boon (1992) and Eglinton ez al. (1996).

Curie-point pyrolysis—gas chromatography—mass
spectrometry (Py-GC/MS). Py-GC/MS analysis
was performed using a Horizon Curie-point pyrol-
ysis unit, a Hewlett Packard (HP) 5890 Series II gas
chromatograph, and a VG AutoSpec-Q mass spec-
trometer. Samples (15-100 ug) were pyrolyzed for 2
or 5s on wires with a Curie temperature of either
610°C or 770°C under a helium head pressure of
15psi. Gas chromatographic separation was
achieved on a fused silica column (Restek,
60 m x 0.32mm L[.D.) coated with a methylsilicone
(Ryx —1) stationary phase (film thickness, 0.5 um).
The GC was programmed from 35°C (5 min. hold)
to 320°C (20 min. hold) at 3°C min~'. Electron
Impact (EI) mass spectra (55eV) were acquired
over a scan range of 35 to 500 amu at a scan rate
of 0.6 s/decade and resolution of 2000.

Cupric oxide oxidation. Alkalize CuO oxidation
followed the procedure of Hedges and Ertel (1982),
with some modification according to Gofii and
Hedges (1992). Approximately 2mg of R3 was
CuO oxidized in the presence of 8% NaOH
(~20 ml) for 3 h at 155°C. After oxidation, recovery
standards (trams-cinnamic acid and ethylvanillin)
were added, and the alkaline sclution acidified to
pH 1 by addition of concentrated HClL. The acidi-
fied solution was then extracted with ~50ml of
freshly distilled ether (3x), and the organic phase
collected, reduced in a rotoevaporator, and dried
under a N, stream. Prior to analysis by GC/MS,
the extract was dissolved in pyridine (50-100 ul)
and derivatized with an equal volume of silylating
agent (BSTFA +1% TCMS; Regis Chemical) at
60°C for 15 min.

GC/MS was performed using a HP 5890 Series II
gas chromatograph and VG AutoSpec-Q mass
spectrometer. On-column injection of the sample
(0.5 ul) was accomplished by an HP 7673 auto-
sampler, and chromatographic separation was
achieved on a capillary column (J&W,
60 m x 0.32 mm L.D.) coated wita a DB-1 stationary
phase (film thickness, 0.25 ym). Carrier gas (He)
supply was operated in constant mass flow mode
with vacuum compensation. The GC was pro-
grammed from an initial teraperature of 70°C

269

(Smin. hold) to a final temperature of 320°C
(20 min. hold) at 4°C min~'. EI mass spectra
(50 V) were acquired over a scan range of 50 to
650 amu at a scan rate of 0.9 s/decade and resol-
ution of 2000. The GC/MS interface temperature
was 320°C, and source temperature of the mass
spectrometer was 250°C.

RESULTS

Light microscopy

Resting cysts are part of the life cycle of dinofla-
gellates, and a detailed treatment of this cycle can
be found in reviews by Tappan (1980), Walker
(1984), Pfiester (1984, 1989), and Pfiester and
Anderson (1987). In brief, free-swimming cells are
normally haploid, and reproduction consists of
simple vegetative division. At this stage, many dino-
flagellate species (including L. polyedrum) are
characterized by an armor (the theca) of interlock-
ing cellulosic plates that encloses the cell. When
subjected to environmental stress, motile cells may
form non-motile asexual temporary cysts (also
known as pellicle cysts), which revert to the motile
form when favorable growth conditions return.
Occasionally, and for reasons not well understood,
vegetatively dividing cells produce gametes which
fuse to form a diploid motile zygote (the planozy-
gote). Except for being larger in size, planozygotes
often closely resemble vegetative cells. In some
species, however, the planozygote ultimately loses
motility, sheds its theca, and develops one or more
new wall layers to become a hypnozygote, or rest-
ing cyst. After a period of obligate dormancy, hyp-
nozygotes germinate and the excysting cell
undergoes a meiotic division. The exact timing and
nature of this division, however, are not always
clear. The resulting daughter cells are motile and
resume vegetative growth to complete the life cycle.

Figure 3 shows the appearance of dinoflagellate
materials before and after each stage of the treat-
ments used to isolate resting cyst walls.
Unprocessed residue from culture tubes of L. polye-
drum consisted chiefly of empty thecae at various
stages of dissociation, but also contained cellular
debris from all stages of the life cycle including rest-
ing cysts, intact motile cells (both vegetative and
planozygotic), gametes, ecdysed cells, temporary
cysts, and various dispersed cytoplasmic com-
ponents (Fig. 3(a)). Initial washing, freeze-drying,
and solvent extraction of the dinoflagellate material
resulted in an R1 showing no significant changes in
visual composition, aside from the physical disrup-
tion and dispersion of cellular materials (Fig. 3(b)).
Formerly intact resting cysts and other cell types
were largely disrupted, thecae tended to dissociate
into individual plates, and cytoplasmic materials
were widely dispersed. Similarly, saponification did
little to change the overall visual composition of the
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Fig. 3. Lingulodinium polyedrum culture materials at each stage of the isolation procedure. (a)
Unprocessed culture debris showing a living resting cyst (spiney sphere, ~50 um in diameter, just left of
center) surrounded by empty thecae and culture medium. (b) R1 (residue after sonification and solvent
extraction). Culture debr:s disrupted and dispersed; residue consists mostly of dissociated thecal plates.
Note sheet of resting cyst wall (with spines sheared off) visible at lower right. (c) R2 (residue after sapo-
nification). Optically identical to R1. Note folded sheet of cyst wall at top of photo. (d) R3 (residue
after acid hydrolysis). At this stage, residue consisted almost entirely of isolated sheets of resting cyst
wall material. Typically, spines either folded, flattened, or sheared off during processing. (e) Irregular to
globular bodies, rare but present in R3.

residue (Fig. 3(c)). After acid hydrolysis, however,
the character of the residue changed dramatically
(Fig. 3(d)). R3 consisted almost entirely of random-
sized sheets of resting cyst walls, clearly identifiable
by their characteristic “fibrous” wall texture, arche-
opyle sutures, and spines. Resting cyst walls at this
stage appeared light amber in color, a noticeable
change from the greyish translucence shown in R2
(i.e., pre-acid-hydrolysis.) Also present in R3 were
small (generally < 10 ur) globular to irregularly
shaped masses that are of uncertain origin, but with
a morphology that is clearly different to that of the

outermost wall material (Fig. 3(e)). These masses
constitute only a minor component of the overall
residue (<~3%, visual estimation). No walls or
membranes from other life cycle stages could be
identified in R3.

FTIR microspectroscopy

FTIR spectra of dinoflagellate materials at all
stages of the isolation protocol are shown in Fig. 4
and illustrate the evolution of functional group
chemistry as a result of solvent extraction, saponifi-
cation, and acid hydrolysis.
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Fig. 4. FT-IR spectra, each obtained from a single resting cyst isolated from (a) initial culture materials,
(b) R1, (c) R2, and (d) R3.






