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ABSTRACT - The secretion process of the siliceous skeleton in polycystine radiolarians has drawn a great
deal of interest during the last century; however, little is known about the actual physiological process of silica
deposition. Recently, the PDMPO (2-(4-pyridyl)-5-[(4-(2-dimethylaminoethylaminocarbamoyl) methoxy)-phe-
nyl] oxazole) method for staining silica deposition sites in polycystines was developed. In the present study
we examined over 30 polycystine cells with PDMPO and found that both the skeletons and pseudopodia of
three species (Lithelius sp., Rhizosphaera trigonacantha and Arachnosphaera hexasphaera) were stained and
emitted green fluorescent light. Staining of the skeleton was probably the result of skeletal thickening growth,
whereas staining of the pseudopodia may indicate that siliceous matter is assimilated within pseudopodia. We
refer to this hypothesis as the ‘pseudopodial silica absorption hypothesis’ (PSA hypothesis). If this hypothesis
is correct, PSA is an intermittent process, and the absorbed silica within pseudopodia is quickly transferred to
the cytokalymma where it is deposited on the skeleton. To date, the PSA process has been observed in only
the three species cited above; therefore we are unable to evaluate whether the PSA process is unique to these
species or a common process that occurs in all polycystines; further investigation is necessary.
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INTRODUCTION
The process of silica secretion in polycystine radiolarians has long
attracted interest among scientists (e.g. Thompson, 1942). The work
of Hollande & Enjumet (1960) made a significant contribution to
understanding silicification within polycystines. Using thin sections,
these authors observed a layer of cytoplasm on the siliceous skeleton
of spheroidal polycystines. Anderson (1976, 1980, 1981) confirmed
the presence of a cytoplasmic sheath surrounding the skeleton by
using light, transmitted electron and scanning electron microscopy.
Anderson (1980, 1981) suggested that the silica skeleton is secreted
in a sheath that he called the ‘cytokalymma’. Anderson (1981) also
found a granular matrix in the cytokalymma around the growing
portion of the siliceous skeleton, and he believed that this granular
matrix served as a nucleation site for silica deposition. Independent
of these cytological examinations of silicification, great efforts have
also been made to identify the signature of silicification and to
reconstruct growth patterns in the siliceous skeleton of polycystines.
Nishimura (1986, 1990) observed that, after etching with sodium
hydrate, some broken Cenozoic fossils displayed concentric or over-
lapping siliceous lamellae on the corroded section of the skeleton.
She considered these lamellar structures to be growth lines and sug-
gested that the variable lamellae thicknesses accounted for variation
in the thickness of the skeleton and the size of pore frames
(Nishimura, 1986, 1990). Anderson & Bennett (1985) and Matsuoka
(1992) approximated the growth pattern of several flat-shaped poly-
cystine species through comparisons of many individuals at various
growth stages. According to these studies, flat polycystine species
grow their skeleton by adding a new skeletal framework around
their existing shells (Anderson & Bennett, 1985; Matsuoka, 1992).
Despite these previous observations, little is known about the
actual physiological process of silica deposition due to the very

limited number of observations of this process in living polycys-
tine cells. Although the growth process of siliceous skeletons has
been confirmed in several flat-shaped polycystines (e.g.
Dictyocoryne truncatum (Ehrenberg, 1861) and Spongaster tetras
tetras Ehrenberg, 1861) through -culturing experiments (e.g.
Anderson et al. 1989; Matsuoka, 1992), direct observation and
evidence of skeletal growth remain limited. In recent culture
experiments, Ogane et al. (2009, 2010) directly examined silica
deposition on the polycystine skeleton. These authors applied a
fluorescent compound called PDMPO (2-(4-pyridyl)-5-[(4-(2-di-
methylaminoethylaminocarbamoyl) methoxy) phenyl] oxazole) to
stain living polycystine cells (Ogane et al., 2009). PDMPO stains
the acidic portion of the cells, and Ogane et al. (2009) demon-
strated that this compound is useful for detecting newly silicified
skeletal parts in living polycystine specimens. Ogane et al. (2010)
treated 22 living polycystines with PDMPO, ultimately revealing
four different patterns of skeletal thickening growth (STG).
PDMPO experiments have been shown to be highly effective for
identifying the regions where silicification actually occurs in liv-
ing polycystine cells.

Our team regularly examines many polycystine cells using
PDMPO staining and we recently discovered that pseudopodia
also emit the green fluorescent light of PDMPO, in addition to the
skeleton. The phenomenon of fluorescing pseudopodia is consid-
ered to provide new evidence of the mechanisms of silicification
in polycystine skeletons. Here, we will report the details of this
phenomenon, and discuss the silicification process.

MATERIALS AND METHODS

The material was collected in waters SW of Sesoko Island,
Okinawa Prefecture, Japan (26°13'72"N, 127°40'72"E), on 25
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Fig. 1. Schematic illustration of the silica accumulation process of a polycystine cell: (a) polycystine cells accumulate silica in the pseudopodia;
(b) accumulated silica is transferred to the silicalemma; (¢) isolated silica deposited on the skeleton.

November 2008 during the 10th Radiolarian Observation Tour
(hosted by Dr Atsushi Matsuoka, Niigata University). Samples
were collected using a plankton net with 44 um mesh and a square
frame whose side is 50cm long. The water temperature was
24.6°C, and salinity was 33. The materials were immediately
returned to the laboratory after sampling. Polycystine cells were
extracted using Pustule pipettes under an inverted light micro-
scope. The PDMPO experiment was performed as outlined in
Ogane et al. (2010). The extracted cells were placed in a glass
tube containing 16ml of seawater filtered through a 0.45um
membrane filter. The PDMPO (final concentration: 1.0mM) was
dissolved in 20 ml seawater filtered in advance, and then added to
the glass tube containing the polycystine cells. These tubes were
incubated under red and blue LED lights for 12h and in the dark
for 12h at 26°C. After incubation, the samples were fixed with a
5% neutral formalin solution. The fixed materials were kept at
5°C prior to observation.

To observe the PDMPO staining, the material was placed on
a glass slide and covered with a cover glass. Four lines of
petroleum jelly were spread on to each side of the cover glass
to prevent it from crushing the radiolarian specimen. All slides
were observed under epifluorescence microscopy (AX-80,
Olympus) with UV-excitation (WU: BP330-385, DM400,
BA420), and images of selected cells were digitally captured
using a CCD camera (DXM-1200, Nikon). After observation

the specimens were washed from the slides, and other unstudied
material discarded.

RESULTS

More than 30 cells of seven spumellarian and seven nassellarian
species were stained with PDMPO. No collodarian species were
found in the study material. Green fluorescence from pseudopodia
was observed in three spherical spumellarian taxa: one Lithelius
sp., two cells of Rhizosphaera trigonacantha Haeckel, 1860, and
three cells of Arachnosphaera hexasphaera Popofsky, 1912,
whereas we found no cells of nassellarian species with pseudopo-
dia that emitted green fluorescent light.

Lithelius sp.

Two cells were identified as Lithelius sp., as we were unable to
observe the key skeletal features for species identification. The
genus Lithelius is the type taxon of the family Litheliidae Haeckel,
1862 and the superfamily Lithelioidea Haeckel, 1862. Cells of
this morphotype are composed of deep brown intracapsulum and
clear ectoplasm (PL. 1, figs la-b, 2a). Numerous pseudopodia are
arranged radially around the cell (Pl. 1, figs la—b, 2a). Lithelius
sp. has a subspherical skeleton with numerous radial spines. Two
types of radial spines are identified, long and short. The long
spines measure between 30 and 40 um and the short spines less
than 10 um.

Explanation of Plate 1. All the cells were collected SW of Sesoko Island, Okinawa Prefecture, SW Japan. figs 1-2. Lithelius sp.: 1a—b, transmitted
light microphotographs of an entire fixed cell; 1¢, fluorescent microphotograph of an entire fixed cell; 2a, enlarged transmitted light microphotograph
of the periphery of the cell; 2b, enlarged fluorescent microphotograph of the periphery of the cell. figs 3—4. Rhizosphaera trigonacantha Haeckel,
1860: 3a, enlarged transmitted light microphotograph of the periphery of the cell; 3b, enlarged fluorescent microphotograph of the periphery of the
cell; 4a—b, transmitted light microphotographs of an entire fixed cell; 4¢, fluorescent microphotograph of an entire fixed cell. figs 5-6. Arachnosphaera
hexasphaera Popofsky, 1912: 5a—b, transmitted light microphotographs of an entire fixed cell; 5¢, fluorescent microphotograph of an entire fixed cell;
6a, enlarged transmitted light microphotograph of the periphery of the cell; 6b, enlarged fluorescent microphotograph of the periphery of the cell.
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In the PDMPO experiments, both Lithelius cells emitted green
fluorescent light from the observable cortical shells and spines
(P1. 1, fig. 1c). The cortical shell emitted dappled light. The long
spines emitted green light from their bases, whereas the distal end
of the spines did not emit fluorescent light. The short spines emit-
ted green light from the base to the tip. Of these, only one cell
showed green fluorescent light from its pseudopodia (Pl. 1, figs
Ic, 2b). This light was fibrous, depending on the radial appear-
ance of the pseudopodia around the extracapsulum.

Rhizosphaera trigonacantha Haeckel, 1860

Rhizosphaera trigonacantha is a spherical radiolarian polycystine
that belongs to the family Rhizosphaeridae Haeckel, 1881 accord-
ing to De Wever et al. (2001). The cells of this species are com-
posed of deep brown intracapsulum and clear extracapsulum (Pl.
1, figs 3a-b, 4a-b). Its numerous pseudopodia are arranged radi-
ally around the intracapsulum (Pl. 1, figs 3a, 4a-b). Its skeleton is
spherical with numerous radial beams and radial spines. The
cytology, skeletal structure and pseudopodial activity of this spe-
cies have been well documented by Suzuki (2005), and previous
PDMPO experiments using this species were conducted by Ogane
et al. (2010).

Five cells of R. trigonacantha were examined using PDMPO,
and all cells emitted green fluorescent light from the entire
observable framework of the spherical shell and radial spines (Pl
1, figs 3b, 4c). The bases of the radial spines gave especially
bright light. Two of the cells emitted fluorescence from both their
pseudopodia and skeleton. The green light emitted from the pseu-
dopodia is fibrous, and arranged radially around the spherical
shell. The light was stronger at the base of the pseudopodia.

Arachnosphaera hexasphaera Popofsky, 1912

Arachnosphaera hexasphaera is characterized by four or five con-
centric spherical shells with numerous radial spines originating
from the innermost spherical shell (Pl. 1, figs 5a-b, 6a). This spe-
cies is considered to belong to the family Astrosphaeridae
Haeckel, 1887 by Mast (1910). Very fine pseudopodia radiate
densely from the surface of the intracapsulum (PL. 1, figs 5a-b,
6a). The intracapsulum is brown in nature, and encloses the inner
three shells in young forms and the inner four shells in adult
forms. Six to eight clusters of dark brown pigmented fine gran-
ules in the bundle of pseudopodia are the discriminating charac-
ters of the genus Arachnosphaera.

Six cells of this species were examined using PDMPO. All of
these emitted bright green light from the observable skeletons out-
side of the intracapsulum. Three of these emitted bright green
light from both the observable siliceous skeleton and pseudopodia
(PL 1, figs 5c, 6b). Other pseudopodia with clusters of fine, dark
brown granules tended to emit only weak light or none at all.
Several bundles of pseudopodia that emitted green fluorescent
light were also observed in one cell.

DISCUSSION

We examined two cells of Lithelius sp., five cells of R. trigona-
cantha and six cells of A. hexasphaera. All of these cells emitted
the green fluorescent light following PDMPO-staining of their
skeletons. One cell of Lithelius sp., two cells of R. trigonacantha
and three cells of 4. hexasphaera also fluoresced from their pseu-
dopodia (P1. 1, figs lc, 2b, 3b, 4c, Sc, 6b). Our study is the first
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to confirm the emission of green fluorescent light from pseudopo-
dia.

The green fluorescent light emitted from the skeleton was
apparently caused by the effect of STG, a process of silica pre-
cipitation on polycystine skeletons (Ogane et al, 2010). Ogane
et al. (2010) examined living cells of polycystines using PDMPO
staining and documented that green fluorescent light was emitted
from the entire outer shell. These authors concluded that the pat-
tern of emitted green fluorescent light reflects the pattern of skel-
etal growth by polycystine cells (termed STQG); the pattern is
characterized by the addition of a thin layer of silica to the exist-
ing outer shells (Ogane et al., 2010). A similar pattern of green
fluorescent light emission was observed in the present study and
is therefore considered to result from the STG process.

A different interpretation, however, is required to explain the
green fluorescent light emission from pseudopodia. The simplest
interpretation is that the pseudopodia were strongly acidic.
PDMPO is essentially used as a pH indicator, as the compound
exhibits two distinct pH-dependent peaks in both excitation and
fluorescence spectra (Diwu et al., 1999). Although an accurate
wavelength was not measured, the green fluorescent light emitted
under the UV light of a mercury lamp observed in the present
study generally indicates a pH of about 3 (Diwu et al, 1999).
Therefore, it is possible that the green fluorescent light emitted
from the pseudopodia was caused by strongly acidic low pH con-
ditions in the pseudopodia. However, it is unlikely that green flu-
orescence is due solely to a low pH within the cytoplasm of the
pseudopodia. After formalin (formaldehyde) fixation, the entire
cell comes to equilibrium with the pH of the surrounding solution
because formaldehyde destroys the selective semi-permeability of
cytoplasmic membranes. The surrounding solution of the cells
examined in this study was a mixture of f/2 medium and neutral
formaldehyde. Because both f/2 medium and neutral formalin are
close to neutral, the solution surrounding the cells examined in
this study would be close to neutral in pH. In addition, if the pH
of the formalin solution had caused a decrease in pH of the whole
cytoplasm, all cells would have emitted green fluorescent light,
which suggests that an acidic surrounding solution does not
account for the fluorescing pseudopodia.

A more probable interpretation is that the green fluorescent
light from the pseudopodia was caused by the accumulation of
silica in the pseudopodia. In the presence of silicic acid, the fluo-
rescent emission spectra of PDMPO are shifted to a single peak
that occurs from 510 to 527nm across a range of pH 3 to 7, and
they then emit green fluorescent light under UV (Shimizu et al.,
2001). Therefore, the green fluorescent light from pseudopodia
may reflect the presence of silicic acid. Furthermore, the intensity
of the fluorescent light emitted from the pseudopodia supports
this interpretation. The fluorescent intensity of PDMPO increases
with the concentration of silicic acid (Shimizu et al., 2001). The
intensity of the green fluorescent light from the pseudopodia was
comparable to that emitted from the skeletons, suggesting that the
pseudopodia contained high levels of silica acid.

Although it is not clear why pseudopodia would contain high
levels of silicic acid, one possible explanation may be that absorp-
tion and accumulation of silica occur within the pseudopodia (Fig.
la), a process referred to here as the ‘pseudopodial silica absorp-
tion” (PSA). The silica in pseudopodia is considered to be in
unpolymerized or insufficiently polymerized form. If it were fully
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polymerized solid silica, quite fine fibrous skeletons would exist
in the pseudopodia; however, such siliceous skeletons have never
been observed in any pseudopodia. Furthermore, PSA is consid-
ered to be an intermittent process. All of the examined cells emit-
ted green fluorescent light from their skeletons, whereas only
about half of these cells showed green light from pseudopodia.
The green fluorescent light from the skeleton suggests that all of
these cells were alive because of their skeletal growth. On the
other hand, the living cells without pseudopodia emitting green
fluorescent light indicate that accumulated silica does not always
occur in pseudopodia, which is consistent with PSA being an
intermittent process in which the accumulated silica is rapidly
transferred to the depositional site (Fig. 1b). According to
Anderson (1980, 1981), the silica skeleton is deposited in a cyto-
plasmic sheath called a cytokalymma. Furthermore, Anderson
(1994) suggested that the inner membrane of the cytokalymma
acts as a silicalemma, i.e. the membrane of a silica deposition
vacuole. However, it is not clear from these works whether or not
the cytokalymma accumulates the silica. Under the PSA hypothe-
sis, the cytokalymma would not be involved in silica accumula-
tion, only in silica deposition (Fig. 1c).

Although PSA is a reasonable hypothesis, we cannot currently
evaluate whether it is unique to the three species (i.e. Lithelius
sp., R. trigonacantha and A. hexasphaera) examined here, or
common to all polycystine radiolarian species. To verify the gen-
erality of the PSA hypothesis, further research is required; how-
ever, it is quite possible that the other species will exhibit PSA
upon examination. Several species of flat Spumellaria (e.g.
Dictyocoryne truncatum, Spongaster tetras tetras) show an inter-
mittent growth process (Anderson et al., 1989; Matsuoka, 1992).
Perhaps this intermittent growth process is caused by the intermit-
tent nature of the PSA process.

Although questions remain, the PSA hypothesis offers an
advance in understanding of silicification in polycystine radio-
larians. The PSA hypothesis can be summarized in the follow-
ing three steps (Fig. 1): (1) polycystine cells absorb dissolved
silica through pseudopodia (Fig. 1a); (2) the accumulated silica
is quickly transferred inside the silicalemma (Fig. 1b); and (3)
the transferred silica is deposited on to the siliceous skeleton
(Fig. 1¢).

CONCLUSION

Here we present the first report of green fluorescent light emis-
sion from pseudopodia under PDMPO-staining, a phenomenon
that can be explained by the assimilation process of silicic acid in
the pseudopodia via the PSA hypothesis (pseudopodial silica
absorption). If this hypothesis is correct, PSA is an intermittent
process, and the accumulated silica in the pseudopodia is trans-
ferred to the silicalemma and deposited on to the growth site of
the skeleton. However, it is not clear whether PSA occurs in all
polycystine species, as the green light emitted from the pseudopo-
dia has been observed in only three species to date, and further
research is necessary to verify the PSA hypothesis.
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