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ABSTRACT. Using hydrofluoric acid, scanning electron microscope-assisted X-ray microanalysis, and energy-filtered transmission
electron microscopy, we present the first definite proof of biomineralized silicon [(SiO,)], in a ciliophoran protist, Maryna umbrellata, a
common inhabitant of ephemeral pools. In the trophic specimen, the amorphic silicon (glass) granules are accumulated in the anterior half
of the body. When entering the dormant stage, most glass granules are excreted to form the surface cover of the globular resting cyst. Most
likely, the silicon granules are synthesized in vesicles of the Golgi apparatus. First, nanospheres with a size of 2040 nm are formed in a fibrous
matrix; they grow to be spongious complexes, eventually becoming amorphous glass granules with an average size of 819 nm x 630 nm. In
the transmission electron microscope, the silicon granules show the characteristic fracture pattern of glass known from many other silicon-
bearing organisms. A literature survey suggests that silicon is very rare in ciliates. The fine structure and genesis of silicon granules in
M. umbrellata are very similar to those of other organisms, including vascular plants and animals, indicating a common mechanism.
Light perception and protection against mechanical stress and predators might be functions of the silicon granules in M. umbrellata. The

palaeontological significance of glass cysts in ciliates is also discussed.
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HE element silicon (Si) is one of the most abundant in the

earth’s crust (27.7% w/w), ranking second only to oxygen
(46.6% w/w). In nature, silicon generally occurs in the form of sil-
icates (H3SiO4 ) and silicon (silica) dioxide [(SiO,)],, i.e. as quartz
(e.g. SiO, tetraeders) or as amorphous, hydrated, polymerized silicic
acid often called opal or glass (Ehrlich 1990).

Many organisms, ranging from protists to sponges and vascular
plants, take advantage of the common occurrence of silicon, using
it to build internal or external skeletons and/or scale structures
(for reviews, see Anderson 1994; Bovee 1981; Perry, Belton, and
Shafran 2003). Among the protists, the decorative radiolarians,
diatoms, and silicoflagellates are well-known examples. Possibly,
few protist phyla lack this property, for instance, the ciliates, a phy-
lum with about 10,000 described species, of which Bovee (1981)
states: ‘“The Ciliophora do not metabolically accumulate silicon’’.

As early as 1873, Haeckel reported siliceous loricae in some
marine, tintinnid ciliates, such as Dictyocysta and Codonella.
However, he did not test this rigorously, but likely concluded it
from the glassy appearance and the overall similarity of the lori-
cae with radiolarian skeletons. This might explain the disappear-
ance of Haeckel’s notion in the literature (Kofoid and Campbell
1939). More recent electron microscopic investigations show that
Dictyocysta, codonellids, and some other tintinnids have organic
loricae possibly made of chitinous materials; however, environ-
mental siliceous particles (quartz grains) are frequently aggluti-
nated as extrinsic silicon (Bovee 1981; Foissner, Berger, and
Schaumburg 1999; Laval-Peuto 1994 for TEM micrographs).

Many protists contain crystalline structures, often called
“‘excretion crystals’’. They consist mainly of calcium phosphate
and calcium carbonate as well as small amounts of other ions, such as
magnesium, sulphur, and chloride (Hausmann 1982; Hausmann and
Walz 1979; Kalmus 1931; Pautard 1976); barium sulphate rarely
occurs as a gravity device (Williams 1989). The function of most
other crystals is still obscure. Possibly, they are an ion storage es-
sential for metabolic processes or they are used to regulate the in-
tracellular concentration of certain ions (Hausmann and Walz 1979).

In ciliates, the senior author often observed minute (< 2pm)
granules conspicuously sparkling under interference contrast optics
(Foissner 1993; Foissner, Agatha, and Berger 2002). When inves-

Corresponding Author: W. Foissner, FB Organismische Biologie,
Universitdt Salzburg, Hellbrunnerstrasse 34, A-5020 Salzburg, Aus-
tria—Telephone number: +43 0 662 8044 5615; FAX number: +43 0
662 8044 5698; e-mail: wilhelm.foissner@sbg.ac.at

tigating Maryna umbrellata, a common colpodid ciliate in ephem-
eral pools, in the transmission electron microscope (TEM), we
immediately recognized the glassy nature of the ‘‘sparkling gran-
ules’” due to their conchoidal fracture pattern when sectioned with a
diamond knife (Garrone, Simpson, and Pottu-Boumendil 1981).

Further studies showed the glass granules to contribute signifi-
cantly to the wall of the resting cyst and their origin in vesicles of
the Golgi apparatus. Finally, a survey of the literature suggested
that our observation is most likely the first definite proof of
biomineralized silicon in the phylum Ciliophora.

MATERIALS AND METHODS

Material and cultivation. Maryna umbrellata (Gelei, 1950)
Foissner (1993) was isolated from an ephemeral meadow pond in
the Donnenberg Park near the so-called House of the Hangman
(47°47'N, 13°02'E), Salzburg City, Austria.

Maryna umbrellata is a planktonic, rapidly swimming ciliate,
which reproduces in division cysts formed on the bottom of the
cultivation dish. Inspection of the food vacuoles and crude exper-
iments with potential food sources (heterotrophic and autotrophic
flagellates, small ciliates) showed that M. umbrellata fed mainly
on bacteria, while flagellates were taken sparsely; ciliates were
rejected. Thus, about 20 specimens were isolated to set up a pure
culture with French table water (Eau de Volvic) and some crushed
wheat kernels to stimulate growth of the natural bacterial flora.
Cultures were grown at room temperature and were renewed each
week by transferring about 20 cells and a decaying wheat kernel
into fresh medium.

After the logarithmic growth phase, when few dividing cells
occurred, most specimens encysted, possibly due to the accumu-
lation of excretory products produced by both the ciliates and the
bacteria. Cysts were morphologically fully developed and thus
possibly mature after 1-2d. To be at the safe side, all investiga-
tions were performed on cysts older than 10d.

Identification. The species was determined by live observation
(bright-field and interference contrast), silver impregnation, and scan-
ning electron microscopy (SEM), as described by Foissner (1991).

Maryna umbrellata was insufficiently known when Foissner
(1993) revised the genus. Thus, Foissner et al. (2002) redescribed
M. umbrellata from Costa Rican and Australian populations.
However, later investigations (this paper) showed that the resting
cysts of the Austrian and Australian populations were quite differ-
ent, suggesting the latter as an undescribed species. This matter
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will be treated in a separate publication. For the present study it is
sufficient to know that the Austrian population represents the
““true’” M. umbrellata, as described by Gelei (1950) and reviewed
in Foissner (1993).

Classic electron microscopic methods. For SEM, mature
resting cysts were collected from a 2-wk-old culture, fixed in ca-
codylate-buffered osmium tetroxide (2% w/v) at pH 6 for 30 min,
rinsed and cleaned with tap water, and then transferred to a special
preparation chamber, where they were dehydrated with a graded
ethanol series and critical point dried (Foissner 1991). Finally,
specimens were mounted on a SEM stub and gold sputtered. Ob-
servations were made with a Cambridge Stereoscan 250 (Cam-
bridge Instruments, Cambridge, United Kingdom) operated at
20kV.

For TEM, resting cysts were fixed for 30 min in a mixture of
10 ml glutaraldehyde (25% v/v), 6 ml aqueous osmium tetroxide
(2% w/v) and 10 ml aqueous, saturated mercuric chloride. After
three washes in tap water, the specimens were transferred to
glycid ether 100 (Serva, Heidelberg, Germany) via a graded eth-
anol series and propylene oxide. Flat embedding in aluminium
weighing pans allowed specimens to be investigated light micro-
scopically (up to 400X) to select well-preserved individuals. See
Foissner (2005) for further treatment and details.

Silicon (glass) detection. We used three different methods for
analysing the ‘sparkling granules’’ in the cytoplasm of trophic
cells and in the granule layer of the cyst surface. Appropriate
controls were made for all detection methods. To save space, we
show the controls only for the hydrofluoric acid (HF) treatments
and for one EDAX analysis.

HF treatment. For the light microscopical investigations, tro-
phic cells and cysts were air-dried on albumen-coated plastic
slides. Then, the albumen was hardened in 98% ethanol and the
slides rewetted in tap water. The rewetted slides were put for
1 min in 4% (w/v) HF, washed in tap water, dehydrated with eth-
anol, embedded in resin, and analysed under bright-field and in-
terference contrast. A simpler method was finally applied to the
resting cysts. Selected cysts were directly put in HF for 2 min,
washed in tap water, and investigated in wet condition (Fig. 13,
16).

For the TEM investigations, specimens were fixed as described
above. The preparations were first studied in the ordinary way and
interesting sections marked. Then, the grids were placed for 2—
3 min on drops of HF (0.4%, 1%, 3%, 5%), 3 times rinsed in dis-
tilled water, and the marked sections re-analysed directly or after
ordinary uranyl acetate/lead citrate staining in a Zeiss TEM 910
(Zeiss, Oberkochen, Germany) (Fig. 9—-12, 22-25).

Scanning electron microscope-assisted X-ray microanal-
ysis. Two variations were applied. First, live cells were concen-
trated and washed 3 times with distilled water in a centrifuge
(2,000 rotations/min for 30s =500 g). Then, a minute drop with
some cells was put on a plastic SEM stub and the cells squashed
with a needle so that the cytoplasm could distribute over the stub.
The sparkling granules were then easily identified in the SEM by
their globular shape, their typical size (~ 1 um), and the element
composition (Fig. 6, 7). Second, 95-140-nm-thick sections of tro-
phic and encysted cells were mounted on carbon-coated grids and
investigated with an ESEM X130 (Fei, Hillsboro, OR) instrument
(Fig. 8).

Electron energy loss spectra (EELS in the TEM): These were
acquired from 40 to 50 nm thick, unstained thin sections mounted
on copper grids. The sections were studied with a Zeiss LEO 912
AB Omega TEM operated at 120kV using an LaBg cathode (Fig.
40). A 100-pum spectrometer entrance aperture was used for de-
fining the measurement area. The EELS were acquired at a TEM
magnification of 25,000X using a spectrum magnification of
125X, illumination angles up to 1.6 mrad, and exposure times
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up to 20s. Images and EELS were captured by a dual speed CCD
Slow Scan Camera TRS Sharpeye (Troendle, Moorenwies, Ger-
many) and were processed by an iTEM Software (Olympus-SIS,
Miinster, Germany).

Genesis of the silicon granules. Trophic and dividing cells
from a logarithmically growing culture were fixed for 30 min in a
mixture of 3% (v/v) glutaraldehyde in 0.05M Na—cacodylate
buffer, pH 7.0, and 2% (w/v) aqueous osmium tetroxide, then
rinsed in the same buffer, and stored for some days in 3% (v/v)
glutaraldehyde. The cells were dehydrated and flat-embedded in
resin as described above. Appropriate specimens were selected
light microscopically, removed from the Epon (glycid ether 100),
and mounted on TEM stubs. Thin sections were stained with ura-
nyl acetate and lead citrate and viewed in a Zeiss TEM 910 (Fig.
30-39).

As there was continuous production of silicon granules both in
trophic and in dividing cells, it was impossible to correlate the
genesis of the silicon granules with the life cycle. Thus, we used
three other markers: the size of the silica deposition vesicles
(SDV), the abundance of nanospheres, and the structure of the
granules.

Terminology. General ciliate terminology follows Lynn
(2008). Cyst terminology follows Gutiérrez et al. (2003), Foissner
(2005), and Foissner, Miiller, and Weisse (2005). Silicon termi-
nology is according to Simpson and Volcani (1981). Silicon (Si) is
used to denote the element, and as a generic term when the nature
of the specific silicon compound is not known. The term silica
[(SiO,)],, refers to amorphous, hydrated, polymerized silicic acid
with unknown molecular weight. Silicate (SiO3 2y is the ionic
form of silica. Silica deposition vesicle denotes the membrane-
bounded sac within which an endogenous siliceous structure is
formed. The bounding membrane of a SDV is the silicalemma.
The silicon particles recognizable light microscopically are
termed granules (~ 800 nm in size), which themselves are com-
posed of nanospheres (< 100 nm).

RESULTS

A brief description of trophic and cystic Maryna umbrella-
ta. A detailed knowledge of the trophic and cystic morphology of
M. umbrellata is not needed for understanding the present paper.
Thus, and because full descriptions are in preparation, the pre-
sentation will be very brief. For a revision of species, see Foissner
(1993) and Foissner et al. (2002).

Maryna umbrellata belongs to the class Colpodea and is a
common inhabitant of ephemeral, limnetic habitats, such as road
and meadow puddles and rock pools, where it catches one’s eye
by the rapid, dancing movement. It is an umbrella-shaped ciliate
with a size of about 100 pm and is usually rather dark in trans-
mitted light due to the high refractivity of the sparkling (silicon)
granules (Fig. 2); the umbrella is called the calix, and the short
stalk is called the uvula (Fig. 1). The small oral funnel is at the
boarder of calix and uvula and contains two ciliary fields or oral
polykinetids used to collect bacterial food (Fig. 3). Maryna um-
brellata has 70-110 spiral ciliary rows composed of paired, about
10-pm-long cilia (Fig. 1, 3). The nuclear apparatus is near or in the
calix centre, while the contractile vacuole is in the posterior end of
the uvula (Fig. 2, 3). The cytoplasm usually contains many food
vacuoles 5-15 pm across and countless, minute (<2 pm) granules
(“‘crystals’”) hardly recognizable under transmitted light but con-
spicuously sparkling and dancing under interference contrast il-
lumination (Fig. 4, 5). The granules are concentrated in the
anterior body half, forming a rather distinct subapical spot dor-
sally in the bright-field microscope (Fig. 2).

When encysting, the sparkling granules and mucous material
are released to form the external layer of the cyst wall. These



FOISSNER ET AL.—FIRST RECORD OF BIOMINERALIZED SILICON IN CILIATES

processes will be shown in a forthcoming study, describing
the formation and structure of the cyst wall. The granules
stop sparkling when they become located in the cyst wall,
although their fine structure and chemical composition do not
change visibly.

The globular resting cysts have a diameter of about 100 um
and appear dark to black under transmitted light. They are packed
with globules 0.5-7 pm across, up to 2-pm-sized lipid droplets,
and brownish granules, some of which cover the macronucleus,
which thus appears as a large, dark globule in the bright-field
microscope (Fig. 13). The brownish granules, although sparkling
under interference contrast illumination and becoming invisible
(dissolve?) after HF treatment, are not made of silicon but resem-
ble lipid droplets in the TEM (Foissner, unpubl. data) The cyst
wall is about 10 um thick and consists of two distinct layers, each
about 5 um thick: the inner, colourless layer is bright and struc-
tureless, while the yellow-brown external layer consists of count-
less granules, which have a size of 0.5-2 pm and are embedded in
mucous material (Fig. 13, 14).

Chemical composition of the sparkling granules. The three
methods applied (HF, EDAX, EELS) showed that the sparkling
cytoplasmic granules and the granules of the cyst cover consist of
glass or silica (Fig. 6-8, 9-13, 16, 22-26, 40). No other elements
could be detected. Quantitative analyses were not performed but
the oxygen peak was lower than the silicon peak in all EDAX
analyses. The granules dissolved readily in various concentrations
of HF (i.e. 0.4-5% [v/v] for 2 min), but did not dissolve in NaOH
(0.5% [v/v] for 5 min) and phosphoric acid (20% [v/v] for 5 min).

Fine structure of the silicon granules. The size and structure
of the silicon granules are very similar in trophic and cystic spec-
imens and in SEM and TEM. Thus, they will be described together.

The granules are highly variable in size and shape, producing
coefficients of variation between 17% and 43% (Table 1). The
size varies from 235 to 1,750 nm, with averages of 788—860 nm
(length) and 571-688 nm (width), corresponding to a maximum
difference of 12% between sites (trophic, cystic) and methods
(SEM, TEM). We interpret these small differences to be caused by
measurement problems, such as sections not going through the
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granule centre and/or the main granule axis. Using all measure-
ments, i.e. 540 granules from the 45 trophic and cystic specimens
sectioned, the granules have an average size of 819 nm x 630 nm
(Table 1), and are thus broadly ellipsoidal (Fig. 11, 18, 19, 24, 39).
However, some shape variation occurs (i.e. globular, ellipsoidal,
elongate ellipsoidal, reniform), of which torus-like, distinctly flat-
tened granules are the most conspicuous (Fig. 11, 18).

In the cytoplasm, the silicon granules are surrounded by the
silicalemma (Fig. 36) which, however, is sometimes difficult to
recognize (Fig. 39). In the cyst cover, the granules are embedded in
mucous material, gradually decreasing in structural density from
proximal to distal (Fig. 22). Indeed, most of the distal granules are
lost in old cysts, where the slime has been partially decomposed;
thus, the granular silica layer is usually thinner in older than in
younger cysts. The granule surface appears smooth in the TEM
(Fig. 11, 39), while often rough or spongious in the SEM, partially
due to some adhering slime and middle developmental stages, which
have a more or less wrinkled surface (Fig. 18, 19, 24). Developing
silica granules are rather frequent in the distal zone of the cyst cover,
indicating that they are excreted very early (Fig. 19). Although these
granules lost the silicalemma, they do not disperse, possibly because
the nanospheres are embedded in fibrous material (see genesis of
the silicon granules); however, they tend to be larger than the same
developmental stages in the cytoplasm, indicating some loss of
structural integrity (Fig. 19, 34, 35). Rarely, silicon granules are
enclosed in mitochondria (Fig. 21) or food vacuoles.

Both, the cytoplasmic and cystic silicon granules show the highly
characteristic, conchoidal fracture pattern of glass sectioned with a
diamond knife (Fig. 11, 19, 24, 39). Depending on the preparation
processes and section conditions, few to many granules may
be broken into pieces, some of which lie one upon the other; in
the latter case, the fracture pattern disappears and the granules
become very dense, sometimes showing ‘‘large’” nanospheres
(~ 100-200 nm) along the margin. The fracture pieces appear struc-
tureless (Fig. 11, 24, 38, 39). However, when granules are crushed
by the physical forces of the diamond knife, they appear to be com-
posed of nanospheres with an average diameter of 37 nm (Table 1;
Fig. 19, 20).

Table 1. Morphometric data on silicon granules in trophic and cystic cells, on the nanospheres composing the silicon granules, and on the size of the

silicon depositing vesicles.

Characteristics® Method Mean M SD SE CV Min Max n i
Cytoplasmic granules, length® TEM 787.9 789 297 23 37.7 250 1,750 164 8
Cytoplasmic granules, width® TEM 570.6 572 243 19 42.6 250 1,500 164 8
Cystic granules, length SEM 813.9 812 313 28 38.5 333 1,667 129 9
Cystic granules, width SEM 688.2 689 249 23 36.2 235 1,481 129 9
Cystic granules, length TEM 815.8 815 240 19 29.5 400 1,500 156 8
Cystic granules, width TEM 653.9 655 210 17 322 250 1,325 156 8
Nanospheres from mature granules or TEM 37.3 38 12 1.5 32.6 21 64 64 18
very late developmental stages, diameter
Nanospheres from developing granules, diameter TEM 27.1 27 10 1.2 36.3 16 53 64 11
SDV, length: stage 1° TEM 769.5 800.0 227.1 85.8 29.5 442 1,000 26 7
SDV, width: stage 1° TEM 607.2 625.0 179.1 67.7 29.5 380 835 26 7
SDV, length: stage 2° TEM 1,347.7 1,260.8 292.1 92.4 21.7 886 1,732 57 10
SDV, width: stage 2° TEM 1,126.7 1,143.4 279.4 88.4 24.8 500 1,430 57 10
SDV, length: stage 3° TEM 851.4 890.1 194.8 68.9 229 589 1,150 44 8
SDV, width: stage 3° TEM 639.5 637.4 133.6 47.2 20.9 444 826 44 8
SDV, length: stage 5°° TEM 859.9 860.4 145.2 43.8 16.9 625 1,188 91 11
SDV, width: stage 5°° TEM 606.9 573.0 130.2 39.3 215 438 891 91 11

“Measurements in nm.
PMeasured 2 times by independent persons as a control.
Stages see ‘‘Results.””

CV, coefficient of variation in %; i, individuals investigated; M, median; Max, maximum; Min, minimum; », number of structures measured in i
individuals; SD, standard deviation; SDV, silicon deposition vesicles; SE, standard error of mean; SEM, scanning electron microscopy; TEM, trans-

mission electron microscopy.
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Fig. 1-8. Maryna umbrellata from life (2, 4, 5), after silver carbonate impregnation (3), and in the SEM (1, 6-8). 1. Dorsolateral view showing body
shape and holotrichous ciliation. 2. Bright-field micrograph showing the dark spot (arrowhead) produced by the sparkling granules shown in Fig. 4, 5. 3.
Silver impregnation shows the spiral ciliary rows, the small oral ciliary fields, and the more sparse ciliation of the distal uvular surface (asterisk). 4, 5. The
dark spot (cp. Fig. 2) consists of minute (< 2 um) granules appearing dark in the bright-field microscope, while conspicuously sparkling under inter-
ference contrast. 6, 7. X-ray microanalysis (EDAX) of sparkling granules from a squashed, trophic cell. The crosses mark the sites measured: the carbon
film as a control (6) and a granule (7) consisting of silicon and oxygen. 8. EDAX analysis of a 140-nm-thick section through the cyst wall, whose external
layer consists of countless granules (cross) composed of silicon and oxygen. The carbon and copper peaks are from the sputter coating and the grid,
respectively. CF, oral ciliary fields; CV, contractile vacuole; MA, macronucleus; VS, ventral suture. Scale bars = 50 um (Fig. 1-3), 10 um (Fig. 4, 5), and
900 nm (Fig. 6-8).
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Fig. 9-12. Maryna umbrellata, trophic specimens in the transmission electron microscope (TEM). 9, 10. Transverse section before and after hy-
drofluoric acid (HF) application. When treated with HF, the black-spotted periphery (9) becomes white-spotted (10) because the dense silicon granules
have been dissolved. Hydrofluoric acid appears to darken the section and some granule-like structures, ordinarily stained in the untreated section (9,
arrowheads), become dark, like silicon granules (10, arrowheads). 11, 12. Higher magnification of a section through the cytoplasm before (11) and after
(12) HF treatment. The glass granules show the typical fracture pattern (11) and become lucent when the silicon is removed by HF with the exception of
some (organic?) material at the fracture edges. The inset in Fig. 11 shows a torus-shaped silicon granule from another section. E, extrusomes; FV, food
vacuole; HF, hydrofluoric acid treated; MI, mitochondrion. Scale bars = 20 um (Fig. 9, 10) and 1 pm (11, 12).



524 J. EUKARYOT. MICROBIOL., 56, NO. 6, NOVEMBER-DECEMBER 2009

. . “ & - -

Fig. 13-21. Maryna umbrellata, resting cysts in the bright field (13, 16) and interference contrast microscope (14), in the SEM (15, 17, 18), and in the
TEM (19-21). 13, 14, 16. The same cyst before (13, 14) and after (16) hydrofluoric acid (HF) treatment, which removes the external granular silicon layer
of the cyst wall (13, arrowheads; 14), while the internal organic layer remains (13, arrows; 16). Further, the granules covering the nuclear apparatus
disappear (13, 16). 15, 17, 18. In the SEM, the cysts are finely granulated (15) due to countless silicon granules (17, 18), some of which are torus shaped
(Fig. 18, arrow). 19. The silicon granules in the external layer of the cyst wall (cf. Fig. 22, 23) are about 1 pm in size and show the typical conchoidal
fracture pattern of glass; one of the granules was partially pulverized by the diamond knife (asterisk). A developing granule shows silicon nanospheres
(inset, arrowhead) embedded in fibrous material. 20. Grazing section showing the silicon granules to be composed of nanospheres with a diameter of 20—
70 nm.21. Some mitochondria contain a silicon granule (arrow). DG, developing silicon granule; HF, hydrofluoric acid treated; MA, macronucleus. Scale
bars = 50 um (Fig. 13, 15, 16), 5 um (Fig. 14, 17), 1 pm (Fig. 18, 19), 500 nm (Fig. 21), and 100 nm (Fig. 19, inset; 20).
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Fig. 22-29. Maryna umbrellata, resting cysts in the transmission electron microscope. 22, 23. Overview before and after application of hydrofluoric
acid (HF). The external granule layer of the cyst wall (22, arrowheads) becomes lucent when the silicon has been removed by HF (23), while the organic
layer remains (arrows). 24, 25. As Fig. 22 and 23 but at higher magnification. Arrows mark mucous material that holds together the silicon granules. 26.
High magnification of a granule where the silicon has been removed by HF. There remain grey, membrane-like structures arranged in the fracture pattern
of glass granules. 27, 28. A late developmental stage of a silicon granule before and after treatment with HF. Grey, membrane-like structures remain in
those areas that appear ‘‘empty’’ or lucent in the untreated section (27), suggesting that the membranous structures are resin dragged behind the knife. 29.
The membrane-like structures recognizable after HF treatment are not caused by the grid film, which appears structureless when the granule is slightly
displaced (asterisk). Scale bars = 20 pm (Fig. 22, 23), 1 pm (Fig. 24, 25), and 500 nm (Fig. 26-29).
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Fig. 30-39. Maryna umbrellata, transmission electron micrographs showing the origin and development of the silicon granules. 30, 31. Two early devel-
opmental stages, showing silicon deposition vesicles (SDV) very likely originating from the Golgi apparatus. Note small, pale nanospheres (31, arrowheads) and
some larger and darker ones (31, arrows) very likely consisting of two or three spheres. 32, 33. A middle developmental stage before and after treatment with
hydrofluoric acid (HF), showing reticulate aggregates of silicon nanospheres (32) disappearing after application of the acid (33). 34. A middle to late devel-
opmental stage, similar to that used for the electron energy loss spectrum (Fig. 40), showing the silicon nanospheres (some marked by arrowheads) embedded in a
fibrous, possibly organic matrix. 35. A late developmental stage, where the SDV is packed with silicon nanospheres embedded in a fibrous matrix. 36, 37. Very late
developmental stages showing the polymerization of the silicon nanospheres to amorphous silica gel. Arrows in Fig. 37 mark the typical fracture pattern of glass
recognizable in more advanced areas of the granule. 38, 39. Fully developed silicon granules: that shown in Fig. 38 is partitioned by a silicalemma (arrow), which is
hardly recognizable in Fig. 39. GA, Golgi apparatus; SL, silicalemma. Scale bars = 500 nm (Fig. 30, 32, 33, 35-39), 250 nm (Fig. 34), and 100 nm (Fig. 31).
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Fig. 40. Maryna umbrellata, electron energy loss spectrum (EELS) of
the K-edge acquired from a granule in the middle developmental stage (cp.
Fig. 34).

Treating the thin sections with HF has no visible effect on the
fine structure of the cells. However, HF has some staining effect,
i.e. the grid film and the cell structures become more electron
dense than in conventional preparations. After HF treatment,
the silicon disappears, leaving membrane-like structures tracing
the conchoidal fracture pattern both in developing (Fig. 27, 28)
and mature granules (Fig. 11, 12, 24-26). These ‘‘residue lines’’
could not be removed by prolonged application and/or high
concentrations of HF.

Genesis of the silicon granules. Silicon granules were
produced throughout the life cycle, except in the cysts, and
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developmental stages were found in 12 trophic specimens
and in five dividers, where they were most numerous. Although
granule genesis is a continuous process, we distinguished four
stages.

Generally, the silicon granules originate from dense nano-
spheres with a size of 16-53 nm, usually 20-40nm (Table 1).
We use nanospheres as a descriptive term for the minute globules
composing developing and mature silicon granules. The nano-
spheres have the same shape (globular) and structure (amorphic
with smooth surface) in all developmental stages (Fig. 31-37) and
in mature granules (Fig. 20), while the average size is distinctly
lower (27 vs. 38 nm) in maturing granules (Table 1). The SDV
are broadly ellipsoidal throughout development, just as are the
mature granules (Table 1). These features of the nanospheres will
not be repeated in the stage descriptions.

Stage 1 (Table 1 and Fig. 30, 31). Clear vesicles with some dense
nanospheres, single and in small groups, occur near the distal side of
the dictyosomes. The nanospheres dissolve in hydroflouric acid. The
SDVs have an average size of 769 nm x 607 nm and are bounded
by the silicalemma, i.e. a unit-type membrane. The nanospheres are
sometimes concentrated near the silicalemma and are usually
embedded in some fluffy (organic?) material.

Stage 2 (Table 1 and Fig. 32, 33, 40). The SDV have grown
considerably to an average size of about 1,348 nm x 1,127 nm.
They contain a coarsely meshed accumulation of nanospheres
embedded in fibrous material and showing silicon with HF
(Fig. 32, 33) and EELS analysis (Fig. 40).

Stage 3 (Table 1 and Fig. 19, 34, 35). In this and the following
stage, the SDVS decrease in size to an average of 851 nm X
640 nm. The vesicles are now packed with nanospheres in a more
or less distinct fibrous (organic?) matrix forming a fine-meshed,
spongious pattern. Silicon deposition vesicles of about this stage
are possibly the first to become secreted during encystment
because rather many of them occur in the distal zone of the cyst
envelope (Fig. 19).

Stage 4 (Fig. 19, 27, 28, 36, 37). The nanospheres polymerize to
larger, amorphic masses occasionally already showing the char-
acteristic fracture pattern of glass in some areas (Fig. 36, 37).
Concomitantly, the diameter of the silicon mass decreases
slightly, exposing the silicalemma.

Stage 5 (Table 1 and Fig. 24, 38, 39). Finally, the nanospheres
polymerize to an amorphic granule, showing the typical size and
fracture pattern of mature granules (Fig. 24, 39). The silicalemma
now attaches to the amorphous contents and is thus often not
clearly recognizable (Fig. 39). Rarely, the SDVs are divided by
the silicalemma in two or three chambers (Fig. 38).

DISCUSSION

Silicon (glass) in ciliates. To the best of our knowledge,
biomineralized silicon has never been recorded from the phylum
Ciliophora. At first glance, this appeared surprising because crys-
tals and sparkling, crystal-like granules are quite frequent in
ciliates (Berger 2006; Foissner 1993; Foissner et al. 2002). Thus,
we made a survey of the TEM literature of all main ciliate groups
(for a review, see Lynn 2008). Although crystals and crystal-like
structures were frequently mentioned, none showed the charac-
teristic fracture pattern of glass (Fig. 11, 24). Then, we supposed
that glass granules could have been overlooked or not mentioned,
especially in colpodids and hypotrichs, where crystals and spar-
kling, crystal-like granules are frequent (Berger 1999, 2006, 2008;
Foissner et al. 2002). Accordingly, we re-evaluated not only the
detailed papers by Lynn (1976a—d) but also thousands of unpub-
lished TEM micrographs from species we had investigated over
the years: the colpodids Bryometopus (Wirnsberger, Foissner, and
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Adam 1985), Grossglockneria (Aescht, Foissner, and Mulisch
1991), Bursaridium (Foissner 1993), Cosmocolpoda (Foissner
and Foissner 1994), and Pseudocyrtolophosis (Foissner and Foiss-
ner, unpubl. data) as well as the hypotrichs Euplotes (Foissner
1977), Kahliella (Foissner and Foissner 1987), Pseudokeronopsis
(Wirnsberger and Hausmann 1988), and Engelmanniella (Wirns-
berger-Aescht, Foissner, and Foissner 1989, 1990). No indication
of silicon was found. Thus, silicon seems to be rare in ciliates and
is possibly confined to marynid colpodids (for reviews of species,
see Foissner 1993; Foissner et al. 2002). However, even in that
group glass is not a general feature because it is lacking in the cyst
wall of a species very similar to M. umbrellata (see identification;
Foissner, unpubl. data).

Coming back to the uniqueness of our record, the rather recent
study by Warren and Carey (1983) must be mentioned. They
observed minute spheres on the dorsal surface of the lorica of
Platycola truncata, a common sessile peritrich ciliate in limnetic
habitats (for a review, see Foissner, Berger, and Kohmann 1992).
These spheres had a usual size of 30—60 nm and appeared to have
no internal structure although some were completely dense while
others appeared to possess a clear centre, with varying degrees of
wall thickness. Their EDAX analysis showed the spheres to be
composed mainly of silicon and phosphor, followed by calcium and
iron.

Unfortunately, Warren and Carey (1983) could not clarify the
origin of the spheres. Thus, they could not exclude that environ-
mental silicon has been chemically bound to organic matter, as it
is widely assumed for iron and manganese, which cause a
browning of organic loricae and stalks. The spheres did not show
the typical fracture pattern of glass sectioned with a diamond knife
(see “‘Results’’, Fig. 11, 24), but the size and the appearance of
these dense spheres highly resembled the nanospheres composing
the silicon granules of M. umbrellata (Fig. 20) and other organ-
isms (Lins et al. 2002; Perry et al. 2003). It is also strange that
oxygen was not detected in their EDAX analysis, excluding silica
(Si0,) as a main component (cp. Fig. 6-8).

Fine structure of the silicon granules. We mentioned several
times the highly characteristic, conchoidal fracture pattern of the
silicon granules when sectioned with a diamond knife (Fig. 11, 19,
24). This phenomenon is well known from a great variety of
silicon-using organisms and has been excellently reviewed by
Garrone et al. (1981). These authors also discussed the residue
(fracture) lines remaining after HF treatment (Fig. 12, 25, 26) and
suggested three models to explain this pattern. (i) The residue
lines might be composed of organic or inorganic material that
impregnates the silicon. (ii) The residue lines could be caused by a
“‘sweeping along’’ of the epoxy resin surrounding the embedded
silicon structure. They considered it as conceivable that this resin
is thus deposited at the edges of the silica fragments and prevents
the action of HF. (iii) The regularity in size and shape of the frac-
ture units and their constancy may also be due to an underlying,
repeating pattern of a matrix of some type that is involved in
polymerization. Such a matrix could contain a repeating pattern of
“‘centres of polymerization,”’ the edges of which are more prone
to fracture and stress (Garrone et al. 1981).

Our observations on M. umbrellata could not exclude model
(iii) but favour a modified model (ii) because we could exclude
that the residue lines were caused by the grid film pushed together
(Fig. 29). We also could not exclude model (i), although the res-
idue lines did not disappear after treatment of the sections with
0.5 N NaOH and 20% (v/v) phosphoric acid for 5 min each, indi-
cating that they are made of inorganic material. However, we now
know that biosilica contains organic material, mainly polycationic
peptides termed silaffins (Kroger et al. 2000, 2002). Unfortu-
nately, it is still not known where the silaffins are located within
the silicon spheres or structures/granules.
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Finally, a curious property of the silicon granules must be men-
tioned: in the cytoplasm, they sparkle conspicuously under inter-
ference contrast illumination (Fig. 5), while they are of ordinary
brightness when becoming part of the cyst wall (Fig. 14). How-
ever, all methods used in the present investigation show that
cytoplasmic and cystic granules are identical. First, we supposed
that this could be due to the loss of Brownian molecular move-
ment because the cystic silicon granules are firmly anchored in the
slime of the wall. However, the cytoplasmic granules maintain
sparkling when any movement is excluded by air-drying or chem-
ical fixation of the cell (data not shown). Thus, we cannot provide
an explanation for this phenomenon, but it indicates structural
changes when the granules have left the cytoplasm.

Silicon genesis. Originally, we supposed that the silicon of M.
umbrellata could originate from food bacteria, which themselves
contained dense inclusions highly similar to the nanospheres com-
posing the silicon granules; further, many of these inclusions dis-
appeared after HF application (Foissner, Peukert, and Krautgartner
2007). This idea was not unlikely because various bacteria can
dissolve polymeric silicon and accumulate silicate ions (Lauwers
and Heinen 1974). However, EELS analyses showed the bacterial
inclusions to be composed of organic material (data not shown).

Further observations suggested that the silicon granules of
M. umbrellata developed in vesicles produced by the Golgi appa-
ratus (Fig. 30, 31). This kind of genesis has been observed in many,
but not all, organisms, for instance, in diatoms, testate amoebae,
chrysophytes, and sponges (for reviews, see Anderson 1994; Simp-
son and Volcani 1981, Uriz, Turon, and Becerro 2003). Based on
these data, Uriz et al. (2003) suggested a general model of biogenic
silification: ‘‘Nanosphere formation is the first observable feature of
silica polymerization both in organisms and in vitro; they increase in
size and fuse with each other forming a network as the silification
proceeds.”” This model matches our data from M. umbrellata: the
nanospheres composing developing granules are smaller than those
composing the mature granules (Table 1) and are arranged in a
spongious pattern (Fig. 32-34) before polymerizing to glass gran-
ules (Fig. 36-39). Indeed, our Fig. 32-35 and 40 are conspicuously
similar to the pattern generated by silaffins in vitro (cp. with Fig.
4A-D in Kroger et al. 2002). Silaffins are polycationic peptides very
likely guiding polymerization and arrangement of biosilica (Kroger
et al. 2000).

Function of silicon in Maryna umbrellata. As in many other
organisms (Patterson and Diirrschmidt 1986), concrete data on the
function of silicon in M. umbrellata are not available. However,
the location of the silicon granules gives some indication. In the
interphase cell, many granules are concentrated in a dense, sub-
apical area, suggesting some function in light perception (for a
review, see Kuhlmann 1998). Indeed, M. umbrellata is positively
phototactic: when half of a culture cup is covered with black
paper, the specimens accumulate in the bright half.

A second main function of the silicon granules may be to
strengthen the cyst wall because glass is more solid and stable
than organic matter. Further, the glass cover may reduce desic-
cation (Pigon 1955) and cyst predation because the organic con-
tents will not be discernible for other organisms.

Palaeontological significance. Silicon fossilizes excellently,
as shown by many protists and sponges (Bovee 1981; Foissner
and Schiller 2001; Morris 1998). Thus, the silicon cyst cover of
M. umbrellata should also fossilize. There are, indeed, numerous
globular microfossils collectively termed ‘‘spheres,”” many of
which highly resemble protist cysts (for a review, see Pokorny
1958). Most of the microfossils are calcareous or chitinous in na-
ture, but few have been tested for silicon. Unfortunately, the cyst
of M. umbrellata does not have a specific external morphology,
e.g. spines or pustules. Thus, a definite identification in the fossil
record will be very difficult.
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