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Summary

Hypnocysts of toxic Alexandrium tamarense (Lebour) Balech collected during a bloom
in the North Sea near Scotland (UK) have been investigated ultrastructurally. Details
of cell wall morphology and a cell wall covering, not mentioned previously in the
literature, are given. The presence of intracellular bacteria has been shown by means
of transmission electron microscopy. These bacteria were present in early and mature
hypnocysts, but absent in flagellated vegetative cells found in the same region. The
evidence for the transmission of toxic bacteria via hypnocysts and their inoculation
into the environment by excysted dinoflagellates is discussed.
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Introduction

Alexandrium tamarense (Lebour, 1925) Balech
(Dinophyceae) is known to produce potent neurotoxins
causing paralytic shellfish poisoning (PSP) and is
therefore of worldwide scientific interest. The life cycle
of A. tamarense resembles a typical dinoflagellate
development (e.g., von Stosch, 1965, 1973). Vegetative
cells multiply by mitosis and can form haploid pellicle
cysts. The sexual reproduction results in a zygotic
resting stage named the hypnocyst (e.g., Fritz et al.,
1989; Anderson et al., 1996). The hypnocysts settle
down into the sediment where they can stay dormant
for several years, until the excystment of a zygote gives
rise to haploid vegetative cells. Hypnocysts can form
seedbeds (e.g., Anderson et al., 1982, 1983) inoculating

new vegetative A. tamarense cells seasonally into the
water body. They can strongly impact the ecosystem
and cause heavy losses to local industry (e.g., fisheries,
aquaculture and tourism) when reaching high cell
densities (Rosenberg et al., 1988; Franca, 1991; Penna
et al., 1993; Arzul et al., 1995; Delgado et al., 1997).
The toxicity of hypnocysts of A. tamarense was
investigated by Oshima et al. (1992) who reported high
paralytic shellfish toxin values. The ultrastructure of
dinoflagellate hypnocysts was investigated mainly by
light microscopy, rarely ultrastructurally, possibly
because of difficulties in the preservation of samples for
transmission electron microscopy. Most investigations
of dinoflagellate hypnocysts were made by pale-
ontologists dealing with fossilized and generally
calcareous cysts. Information on mating, generation of
zygotes and cyst formation of Gonyaulax tamarensis
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(syn. A. tamarense) was given in Turpin et al. (1978).
Extracellular (Lafay et al., 1995; Prokic et al., 1998)
and intracellular bacteria are discussed in the context
of PSP events (Silva, 1982, 1990; Gallagher, 1997).
Clear morphological evidence for intracellular bacteria
in environmental samples of cells from the dino-
flagellate genus Alexandrium has not been given so far.
Ultrastructural investigations of Alexandrium sp.
revealed bacteria-like structures in cells at nearly all
stages of their life cycle except hypnocysts (Lewis et
al., 2001). The bacteria were not found in the same
strain by fluorescence in situ hybridization with
phylogenetic oligonucleotide probes specific for
eubacteria (Biegala et al., 2002). It is still unclear what
the source of the toxic compounds is: dinoflagellates
themselves, intracellular bacteria, or the symbiotic
association. Toxicity was associated with dinoflagellates
(e.g., Oshima et al., 1992), but toxin-producing bacteria
were also found (Kodama et al., 1988; Kodama et al.,
1990; Silva, 1990; Gallagher et al., 1997; Kopp et al.,
1997; Lu et al., 2000). This article presents evidence
for intracytoplasmic bacteria in hypnocysts of A.
tamarense and gives new ultrastructural details of cell
wall morphology of early and mature hypnocysts of
Alexandrium tamarense.

Material and methods

Plankton net samples were taken on board of the
research vessel FS HEINCKE (cruise HE-105) during
a bloom of Alexandrium tamarense (Lebour) Balech in
the Firth of Forth, the North Sea near Scotland (UK)
in May 1998. Cells were kept in 50 ml cell culture flasks
(Falcon) at about 18°C under day light in the laboratory
on board. After generation of hypnocysts they were kept
under these conditions until their transfer into the
laboratory in Stuttgart.

Light micrographs were made on board using an
Olympus BH2 microscope, equipped with a camera
and an AGFA-Ortho 25 B/W film, under differential
interference contrast conditions.

Scanning electron microscopy was performed at
the BAH/AWI Wattenmeerstation in List/Sylt. Cysts
were fixed in 2% glutardialdehyde in sea water for 15
min and were filtered onto a 0.2 µm Nucleopore PC-
membrane filter (Fa. Millipore). For dehydration 30%
ethanol was used for a minimum of 15 min. Cells were
transferred into acidic dimetholpropane (DMP) and
finally in pure DMP for 15 min, respectively. Critical
point drying was performed using a CPD 020 (Balzers
Union) with liquid CO

2
. Filters were mounted on a

specimen holder and dried at 30°C in a dry chamber.
Prepared cells were sputtered with gold-palladium in a
SCD Sputter Coater (BAL-TEC). Micrographs and

ultrastructural investigations were done using a Zeiss
DMS 980A Scanning Electron Microscope at 15kV
equipped with a Kontax camera and an Ilford FP4 Plus
B/W film.

For transmission electron microscopy single cysts
were embedded in low melting sea prep agarose (Reize
and Melkonian, 1989), fixed in 2% glutardialdehyde
in culture medium for 1h and postfixed in 1% OsO

4
 in

culture medium for 1h at room temperature. Cells were
dehydrated in an acetone series and embedded in
Spurr’s resin (Spurr, 1969). Ultrathin sectiones were
made using a Leica UCT and poststained with 1%
aqueous uranylacetate and lead citrate (after Reynolds,
1963) before viewing in a Zeiss EM 10 at 60 kV.

Results

Encystment of most of the isolated A. tamarense
cells occurred within 6 hours after transfer into culture
medium. Cysts were identified as hypnocysts of A.
tamarense (syn.: Gonyaulax tamarensis Lebour 1925,
Protogonyaulax tamarensis (Lebour)) by light micros-
copy (Fig. 1 A). Hypnocysts isolated from the North
Sea near Scotland (UK) are elongate-cylindrical cells
with rounded ends about 70 µm long and about 30-40
µm wide (Figs 1 A, B). Every cell was surrounded by a
prominent, colorless cell wall, about 1-2 µm thick (Fig.
1 A). The cyst wall was covered by a transparent sticky
layer (Fig. 1 A) to which particles like bacteria, diatoms
and sand grains adhered (Figs 1 A, B). Cyst content
determined the characteristic appearance of A.
tamarense cysts. Distinctive features like starch grains,
lipid globules, crystalline structures, nucleus and a
characteristic accumulation body pigmented orange-
red to brown were present (Fig. 1 A).

Ultrastructural investigation of mature hypnocysts
of A. tamarense generally reveals the same charac-
teristics as the light microscopy (Fig. 1 C). The cyst
contents resemble those of a typical phototrophic
dinoflagellate, with dinokaryon, chloroplasts, starch
grains, an accumulation body and intracellular crystals
distributed at both rounded ends of the cyst (Fig 1 C).
In addition, the cytoplasm of a mature cyst contains
intracytoplasmic bacteria about 0.8 µm in diameter,
irregular in shape, but clearly distinguishable from
mitochondria by their size and the presence of a
bacterial cell wall (Fig. 1 D). Median sections reveal
morphological details of the hypnocyst cell wall (Fig. 1
E). The rigid part of the cell wall is composed of six
layers. Additionally to these layers the wall is covered
with a layer of filaments arising from a basal layer
connecting the filaments to each other. The innermost
structure, close to the plasma membrane, a fibrillar
component of the cell wall about 0.8 µm thick, with
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Fig. 1. Hypnocysts of Alexandrium tamarense. A -  Light micrograph of a hypnocysts of  A. tamarense.
B - Scanning electron micrograph of a hypnocyst of A. tamarense. C - mature hypnocyst. D -
intracellular bacterium in mature hypnocyst. E - Morphological details of the hypnocyst cell wall. F -
Details of the filamentous coating of the hypnocyst cell wall. G - Extracellular bacterium invading the
filamentous coating of a mature hypnocyst. Abbreviations: a - accumulation body, e - extracellular
bacteria, f - extracellular filaments, i - intracellular bacterium, m - mitochondium, w - cell wall,
asterisk  - crystals, 1 - final unordered layer with emerging filaments, 2 - electron-dense layer, 3 - very
electron-opaque layer resembling the sporopollenin layer, 4 - very thin electron-dense layer, 5 - more
electron-dense unordered fibrillar layer, 6 - fibrillar striated part of the cell wall, 7 - plasma membrane.
Scale bars: A, B - 10µm; C, D, G - 1µm; E, F - 0,1µm.
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the characteristic appearance of cellulose, is observed
(Fig. 1 E). A electron-dense layer with different
orientation of the fibrils, about 0.2 µm thick follows,
covered with a delicate, more electron-dense layer (Fig.
1 E). This layer is followed by an electron-transparent
layer and again by a very thin electron-dense layer. The
cyst wall is covered with filamentous structures (Figs 1
C,  E -G ) arising from the final thin layer of the cyst wall
(Fig. 1 E). The filaments are almost of the same length
(about 5 µm) overall the cyst surface but the thickness of
this layer depends on the orientation of the filaments.
Filaments are not agglutinated to each other, even when
they are distorted (Figs 1 C,  E -G). Some extracellular
bacteria invade this filament layer until the basal part of
the filaments (Fig. 1 G), whereas other particles remain
superficially attached. The filaments around the bacteria
appear to be agglutinated (Fig. 1 G).

Early hypnocysts are surrounded by a thin cell wall
less than 1µm thick (Fig. 2 A) and their cytoplasm is not
concentrated in a centrally positioned cyst area, like in
mature cysts. The cell contents of early hypnocysts
resemble those of vegetative cells, while mature hypnocysts
are more dehydrated. Extracellular and intracellular
bacteria are also present in these early hypnocysts (Figs 2
A, B). Intracytoplasmic bacteria lie in the cytoplasm not
surrounded by a peribacterial membrane. These bacteria
are of irregular shape, about 1.5 µm in diameter (Fig. 2
B). They are covered with a fuzzy electron-opaque layer
(Fig. 2 B) and surrounded by a cytoplasm-free halo.

Discussion

Toxicity of Alexandrium tamarense cells from the
same samples was confirmed directly at the sampling
site on board of the RV HEINCKE at the east coast of
Scotland by HPLC and by a fast fluorimetric assay
(FFA) (Gerdts et al., 2002). Cysts were identified by
light microscopy as hypnocysts of A. tamarense
(Anderson and Wall, 1978; Turpin et al., 1978; Fritz et
al., 1989; Thomas, 1997; Wall, 1975, Fukuyo et al.,
1990).

Encystment of most cells occurred rapidly after
transfer into culture. Generally, zygotes of  A. tamarense
in culture need up to several weeks to form cysts (e.g.,
Turpin et al., 1978). A rapid encystment of the majority
of Alexandrium tamarense cells indicated that this bloom
consisted mainly of zygotes. A. tamarense in the bloom
waters investigated around Scotland can originate from
hypnocysts of local sediments or can be transported by
global water currents from another area of the ocean
where the bloom started (Medlin et al., 1998).

Ultrastructural investigations revealed the presence
of intracellular bacteria in early and mature cysts.
However, they were absent in vegetative cells from the

same area at the same time. An infection or uptake during
encystment is possible. It is not clear whether this was a
symbiotic or a parasitic infection. The bacteria were
found in the cytoplasm, not surrounded by a peribacterial
membrane, which supports the idea that they do not serve
as food organisms. The fact that the cytoplasm changes
its appearance during encystment has already been
described for other dinoflagellates (Fritz et al., 1989; Gao
et al., 1989). In A. tamarense the cytoplasm becomes
concentrated in the centre of the cyst while at both ends
crystals appear. As a consequence, intracellular bacteria
change their appearance and size during encystment of
the dinoflagellate. This is most probably a result of
concentration of cytoplasmic contents due to the
dehydration during encystment. An accumulation body
(Taylor, 1968) is generated, displaying an orange-red to
brown area, sometimes mentioned as characteristic of
A. tamarense cysts. Differences in size and shape between
the intracellular bacteria detected and mitochondria are
evident. The bacterial cell wall is clearly visible in
ultrathin sections. The role of intracellular bacteria in
the production of PSP-toxins is still obscure, but the
presence of intracellular bacteria in a PSP-producing
dinoflagellate provides new data relevant to this problem.
Furthermore, the presence of intracellular bacteria in
hypnocysts points to the cysts’ potential to harbour
bacteria  for a long time, probably inoculating this
symbiosis or the bacteria separately into the water body
after excystment. If a long-term association is formed, a
reinfection of the dinoflagellate with free-living toxin-
producing bacteria after excystment is not essential for
the installation of this symbiosis. Although a parasitic
infection cannot be ruled out, the persistence of these
bacteria inside the hypnocyst until the germination of
the dinoflagellate is more likely, since morphological
adaptations to dormancy in these intracytoplasmic
bacteria are also obvious.

Mature hypnocysts are surrounded by a transparent
sticky layer previously described as mucilage. Bacteria
and other particles adhere to this layer, which probably
increases sedimentation and supports the persistence
in the sediment. Transmission electron microscopy has
revealed some details of the hypnocyst morphology, not
mentioned in earlier publications. The composition of
the cyst wall is complex. All in all six layers can be
discerned covered with an additional layer of extra-
cellular filaments, that has been not described
ultrastructurally in dinoflagellate cysts so far. The first
two layers, close to the plasma membrane, appear
ultrastructurally similar to cellulose. The electron-
opaque final layer of the cyst is most probably a
sporopollenin layer (Brooks, 1971; Anderson and Wall,
1978). The cyst wall surface is covered by long filaments
arising out of an electron-dense basal layer separated
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by the supposedly sporopollenin layer from an electron-
permeable layer or gap.  Single filaments are not
adhesive to each other but are adhesive to different
particles in the environment, such as bacteria, diatoms
and sand grains. The filaments do not look like mucilage
and adhesion does not seem to be mediated by a glue

or lectins, although exact composition of the filaments
remains unclear. Lectins bind to complementary sugar
residues, but observations that hypnocysts also bind to
sand grains, silica frustules and plastic Petri dishes
contradicts the assumption that adhesion in hypnocysts
is lectin-mediated. The filaments have probably the
same electrical charge, repulsing each other to avoid
agglutination. The adhesion of filaments to particles is
probably mediated by a different electrical charge of
the particles and the filaments. These layers of adhesive
filaments are invaded by some extracellular bacteria but
not by other particles. This kind of covering is probably
shed off in conventional preparation procedures for
scanning electron microscopy and was therefore
overlooked in earlier investigations. Gao et al. (1989)
described fibrils attached to the outside of the cyst wall
of  Scrippsiella sp., differing in structure from the
filaments described here. The former filaments were
mentioned to be the starting points for calcification,
which does not occur in Alexandrium tamarense. The
covering of hypnocysts with filaments is probably more
common in the genus Alexandrium than in other
dinophlagellate genera. For example, cysts of  A.
catenella are covered with a mucilaginous substance
which appears similar to our filaments in scanning
electron micrographs (Meksumpun et al., 1994), but
the similarities will have to be confirmed by further
transmission electron microscopical investigations.
Presence of intracellular bacteria in cysts of the toxic
Alexandrium tamarense has not been demonstrated so
far and introduces a new aspect into the discussion
about dinflagellate-bacteria interactions. Before the
present investigation, intracellular bacteria have been
unequivocally demonstrated only for vegetative stages
of toxic dinoflagellates. It remains unclear whether the
bacteria associated with dinoflagellates or the dino-
flagellate cells alone are able to produces these toxins.
The presence of intracytoplasmic bacteria in hypno-
cysts of A. tamarense displays the general potential of
toxic bacteria to survive a period of encystment in A.
tamarense. Our results also show the potential of A.
tamarense and their intracellular bacteria to form a
long-term association (probably for several years)
without an obligatory new formation of the endocy-
tobiosis after each dormancy period.
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