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The role of external ionic strength in diatom biosilica formation
was assessed by monitoring the nanostructural changes in the
biosilica of the two marine diatom species Thalassiosira punctigera
and Thalassiosira weissflogii that was obtained from cultures
grown at two distinct salinities. Using physicochemical methods,
we found that at lower salinity the specific surface area, the fractal
dimensions, and the size of mesopores present in the biosilica
decreased. Diatom biosilica appears to be denser at the lower
salinity that was applied. This phenomenon can be explained by
assuming aggregation of smaller coalescing silica particles inside
the silica deposition vesicle, which would be in line with principles
in silica chemistry. Apparently, external ionic strength has an
important effect on diatom biosilica formation, making it tempting
to propose that uptake of silicic acid and other external ions
may take place simultaneously. Uptake and transport of reactants
in the proximity of the expanding silica deposition vesicle, by
(macro)pinocytosis, are more likely than intracellular stabilization
and transport of silica precursors at the high concentrations
that are necessary for the formation of the siliceous frustule
components.

biosilica � silica nanostructure � silicification � silica chemistry

D iatoms are known for the intriguing species-specific mor-
phology of their siliceous exoskeletons, the frustules (1, 2),

which consist of two silica valves (the epi- and hypovalve),
siliceous girdle bands, and a protective organic casing that
prevents dissolution of the siliceous parts in the aquatic envi-
ronment. During cell division, a parental diatom cell undergoes
cytokinesis, and each of the next two daughter cells produces a
new hypovalve, a hypocingulum, and girdle band(s); the se-
quence of their formation differs among species (1, 2). After
valve and girdle band completion, the daughter cells finally
separate, and cell division continues. The silica of every new
valve is formed in the silica deposition vesicle (SDV) that is
located inside each daughter cell and is closely appressed to the
plasma membrane along the cleavage furrow. The SDV rapidly
expands two-dimensionally and subsequently thickens more
slowly in the three-dimensional direction during formation of the
new hypovalve (3, 4). In the course of this fast two-dimensional
expansion process, the essential reactants for silica polymeriza-
tion have to be transported efficiently to the SDV. Silicon
transporters have been identified (5, 6), but there is no clear
evidence that they transport sufficient amounts of silicic acid
across the plasma membrane and/or SDV membrane to enable
silica polymerization.

In diatoms, both organic and inorganic compounds foster
silica biomineralization and possibly control silica precipitation
and direct the structures formed (7–9). Relevant organic com-
pounds are silica-precipitating peptides such as silaffins and
long-chain polyamines (8–10). They all have an intracellular

origin and require specific targeting or intracellular transport
(11). Of the inorganic SDV constituents, silica precursors are
most important. Diatom cells appear to contain high levels of
reactive silica (12), but a cytosolic or compartmentalized intra-
cellular location that harbors such concentrations has never been
found. So, the question remains whether the reactive and soluble
silica is stored in the cytosol after uptake or whether it is
imported directly in or transported to the expanding SDV during
valve formation. In the latter case, ions, cotransported by
symport (13), also could enter the SDV and therewith directly
change the reaction conditions for silica polymerization. The
presence of a membrane potential or proton gradient over the
SDV membrane has also been demonstrated by molecular
probing (14). The importance of ionic strength in silica poly-
merization has been demonstrated already. Phosphate not only
enhances in vitro silica precipitation mediated by polyamines but
also controls the size of the silica particles formed (9, 10). It has
also been demonstrated that the silica content of diatom cells
differs significantly between marine and freshwater species (15);
even within a single species the silica content depends on the
salinity of the natural habitat or culture medium (16, 17).
Whether or not this finding has implications for the biosilica
nanostructure is not known. The occurrence of salinity-
dependent nanostructural changes in diatom biosilica is of
importance to a further understanding of the concerted action of
biological and physicochemical processes involved in silicon
biomineralization in diatoms; for oceanographers and biogeo-
chemists, the effect of salinity on nanostructure and cellular
silica content is valuable to assess species abundance and vertical
distribution as well as cycling of elements in natural habitats. To
investigate the relation between ionic strength of the environ-
ment and the diatom biosilica nanostructure, centric marine
species Thalassiosira punctigera and Thalassiosira weissflogii were
cultured at two distinct salinities, and their biosilica was subse-
quently subjected to detailed analysis of physicochemical prop-
erties by biophysical methods.

Results and Discussion
After preadaptation of two generations, growth rates of both T.
punctigera and T. weissflogii were determined; next, each species
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was compared with respect to the two applied salinities (Table
1) to exclude the occurrence of impaired growth. Indeed,
reduction in growth rate increases the cellular biogenic silica
content (18). ANOVA analysis of growth for both species
indicated that there was no significant difference in growth
between the two applied salinities; apparently, growth was not
hampered, so changes in biogenic silica content as a consequence
of a reduced growth rate could be excluded. Including the
preadaptation, at least six generations developed, and �98% of
the harvested biosilica resulted from silicification during growth
under both salinity regimes. Therewith, an accurate analysis of
the physicochemical properties of the obtained biosilicas was
assured.

The diatom biosilica harvested from the cultures was acid-
cleaned for removal of external organic matter. High-resolution
transmission electron microscopy (HR TEM) and atomic force

microscopy (AFM) clearly demonstrated nanostructural (�100
nm) properties that varied with salinity (Fig. 1 and Table 1).
Macromorphological changes were also observed. These
changes were clearest in the biosilica of T. punctigera, of which
the ‘‘walls’’ of the characteristic honeycomb structures were
much more pronounced at lower salinity (Fig. 1e) than at higher
salinity (Fig. 1a). In both T. punctigera and T. weissflogii, the silica
appeared to be denser at the lower salinity [practical salinity
units (psu) 20], and smaller discernable silica particles were
present at the surface of the silica; for T. weissflogii the surface
roughness clearly increased at lower salinity (Fig. 1 d and h). It
is known from classical silica chemistry (19, 20) that smaller silica
particles aggregate more tightly at a lower salinity while voids
between the coalesced particles disappear. As a matter of fact,
the size of the species-specific pores (for comparison, see Fig. 1
b and f ) inside the silica became smaller or even disappeared in

Table 1. Overview of structural and physicochemical properties of silicas obtained from the diatoms T. punctigera and T. weissflogii
cultured at two distinct salinities and chemically prepared silicas at comparable salinities

Species Salinity, psu*
Growth rate,

div�day�1

BET-specific surface
area, m2�g�1

BJH pore
dimension, nm

Pore dimension(s), nm†

Fractal
dimension, Ds

‡

EM SAXS USAXS SAXS USAXS

T. punctigera 20 0.264 12 10
27–35

—
25–35

10.3
33.0

62.8
287

3.3 2.5

33 0.273 27 3
30–45

2.9
30–40

13.5
38.5

72.1
379

3.6 2.5

T. weissflogii 20 0.247 32 3.6
35–45

—
25–35

8.5
28

476 2.9 2.3

33 0.238 39 3.7
32–40

3.6
35–40

10
35

600 3.2 2.5

Synthetic silica 0 NA 462.3 3.6 ND ND ND ND ND
20 NA 298.5 3.6

5.3
ND 8.0 ND 2.6 ND

Synthetic silica 33 NA 266.8 3.8 ND 8.5 ND 3.0 ND
33

—, not detected; NA, not applicable; ND, not determined.
*psu, practical salinity units.
†Pore dimensions were calculated from transition points between straight scattering regions in the SAXS and USAXS spectra (22, 23).
‡Fractal dimensions were determined from the slopes of the straight scattering regions in the SAXS and USAXS spectra (22, 23).
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Fig. 1. Overview of nanostructrural observations made by HR TEM and AFM of biosilica obtained from the diatoms T. punctigera (a, b, e, and f ) and T. weissflogii
(c, d, g, and h). (Upper) Samples from cells cultured at high salinity (psu 33). (Lower) Samples from cells cultured at low salinity (psu 20). (Insets) Higher
magnifications of sieve-like silica structures with pores of 2.9 and 3.6 nm in diameter for, respectively, T. punctigera and T. weissflogii (arrowheads in a and c
Insets) for biosilica formed at psu 33; these pores were absent at psu 20 (e and g Insets). (Scale bars, as indicated.) The intensity bar at the right reflects the specimen
height (in Å).
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case of the smallest pores. For T. punctigera, the diameter of the
larger species-specific pores, which are present in well defined
clusters, was estimated to be 69 nm (�1 nm) for silica of cells
grown at psu 33 (Fig. 1b) and 59 nm (� 1.5 nm) for silica of cells
grown at psu 20 (Fig. 1f ). At certain locations, the smallest pores
(Fig. 1 a and c Insets, arrowheads) had even disappeared. In T.
punctigera (Fig. 1 a and e Insets) the pores of about 2.9 nm present
at PSU 33 were not seen at PSU 20. This phenomenon was also
observed for T. weissflogii where the pores of 3.6 nm disappeared
at lower salinity (Fig. 1 c and g Insets).

Brunauer–Emmett–Teller (BET) N2-sorption/desorption
analyses of the specific surface area and subsequent calculations
of the pore volume contributions using the Barret–Joyner–
Harret (BJH) method (21) confirmed the microscopic observa-
tions (Fig. 2 a–c and Table 1). All obtained sorption/desorption
curves revealed narrow hysteresis loops (Fig. 2a) that are
characteristic for mesoporous silica with a low specific surface
area (21). The specific surface area, however, clearly differed
with the salinity conditions in both species (Table 1); the lower
areas, found for silica obtained from cells cultured at lower
salinity, could be ascribed to a decrease in voids between more
tightly packed silica caused by lack of hydration (19, 20). BJH
analysis of the pore volume (Fig. 2 b and c) revealed distinct
peaks ascribed to the pores that contribute most to the total pore
volume and confirmed that pores became smaller at lower
salinity. The observation that in T. punctigera biosilica the pores
of about 3 nm at psu 33 disappeared completely at psu 20 (Fig.
2c) was in line with the HR TEM observations and agreed with
densification of the silica at lower salinity. In T. punctigera, the
larger pores in the range of 30–45 nm at psu 33 had separated
into two distinct size clusters of, respectively, 10 and 27–35 nm
at psu 20 (Fig. 2c). The 10-nm pores most probably originated
from denser packed silica particles that are smaller in contrast to
the ones that collide at psu 33 and then form larger pores (the

broader peak at 30–45 nm; Fig. 2c). The �10-nm shift toward
smaller pores coincided with the observations made by AFM
(Fig. 1). In T. weissflogii, the shift toward smaller pores was
evident, albeit less clear-cut (Fig. 2b). At psu 20 the smallest
pores (�3.7 nm in size) did not disappear completely, but they
evidently contributed less to the total pore volume with pores,
being just slightly smaller at 3.6 nm. The shoulders (arrows in Fig.
2b) in the BJH plots also confirmed that pores of the biosilica of
T. weissflogii became smaller at the expense of larger pores
(32–40 nm) present in the broad peak at psu 33; again, shifts of
�10 nm were observed.

Small- and ultrasmall-angle x-ray scattering studies (SAXS
and USAXS, respectively) on the fractal and structural proper-
ties in the range of 3–60 nm (SAXS) and 60–6,200 nm (USAXS)
confirmed the relation between external salinity and diatom
biosilica nanostructure (Fig. 2 d–f and Table 1). (U)SAXS
analysis indicated that within a single species the scattering
spectra were different for the silicas obtained at psu 33 and psu
20, respectively (Fig. 2 d–f ). In T. weissflogii (Fig. 2 d and e) the
slopes of the typically straight scattering regions (22, 23) were
less steep for the silica obtained at psu 20, corresponding to an
increase in fractality denoted by the surface fractal dimension Ds

[Table 1; with Ds � �slope (refs. 22 and 23)]. Apparently, the
denser silica formed at psu 20 has a more fractal, rougher surface
than the silica formed at psu 33. For T. weissflogii, this obser-
vation was also made by AFM (Fig. 1 d and h). For T. punctigera,
similar observations were made with USAXS (Fig. 2f ). Scatter-
ing of pores of T. weissflogii in the SAXS domain (3 � d � 63 nm)
further revealed an oscillating pattern at low salinity (Fig. 2d
Inset), indicating that pores were distributed homogeneously.
The reorganization of pores may well have been the result of the
formation of different smaller pores at psu 20, which we also
noticed in the BJH analyses (Fig. 2 b and c).
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Fig. 2. Overview of data obtained from N2-sorption/desorption analysis (Upper) and USAXS studies (Lower) on biosilica obtained from the diatoms T. punctigera
and T. weissflogii. The black and red lines represent data of high and low salinity, respectively. (a) Sorption/desorption isotherm for T. weissflogii, with a narrow
hysteresis loop, which is typical for mesoporous diatom biosilica (23). (b and c) BJH plots of the relative pore volume contributions of dominant well defined pores
of T. weissflogii and T. punctigera. (d and e) SAXS and USAXS spectra of T. weissflogii. ( f) USAXS spectrum of T. punctigera, showing distinct straight regions
(some of which are indicated by a gray line) and typical transition points (arrowheads) between such regions. (d and e Insets) Oscillation patterns, after correction
of descending (U)SAXS spectra.
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Another feature in the (U)SAXS spectra that changed with
salinity is the location of the transition points (with radii of
gyration (Rg) � 2� � Q�1 in nm) between straight scattering
regions, in both cases showing a shift toward higher logQ values
and thus lower dimensions (d in nm) at psu 20 (Fig. 2 d–f
arrowheads). The strongest peak in the biosilica of T. punctigera
(Fig. 2f Inset, marked area) was located at respectively logQ �
�1.84 nm �1 (psu 33) and logQ � �1.80 nm�1 (psu 20) and
represented a rather large shift of d from 434 nm to 396 nm.
Because the transition points between straight scattering regions
are caused by voids (mainly the pores) in the silica (22, 23), the
observed upshifts in the Q range of (U)SAXS spectra could be
ascribed to a decrease in pore size in silica obtained from cells
cultured at psu 20. The calculated radii of gyration for the
transition points in the higher logQ region of SAXS spectra
corresponded quite well with sizes estimated from the BJH plots
(Fig. 2 b and c and Table 1). The transitions in USAXS spectra
and those at lower logQ values in SAXS spectra also agreed with
the microscopic observations (Fig. 1 and Table 1). For T.
weissflogii, the downshift of a pore size of �38.5 nm at psu 33
toward 30.0 nm at psu 20 has been calculated from transition
points in the upper SAXS spectra (logQ � �0.75; data not
shown). This finding also agreed well with estimates made from
the BJH plots. In addition, at the lower USAXS domain the shift
of pores from a size of �72 nm to �62 nm was also observed (Fig.
2e arrowheads and Table 1). In the lower SAXS region, the pore
size shifted from �13.5 to �10.3 nm (Fig. 2d arrowheads). These
pores, however, contribute less to the specific pore volume (Fig.
2b), possibly because they form the entrance to the sieve-like
structure of the much smaller pores (Fig. 1c). Results for
artificial silicas synthesized at comparable salinities revealed
similar nanostructural changes as observed here for the diatom
biosilica (Table 1).

The nanostructural analyses showed that the external ionic
strength (salinity of the growth medium) affected silica forma-
tion in both diatom species. Ionic strength plays an important
role in silica sol formation and the subsequent aggregation of sols
during polymerization (19, 20). In these processes, lowering of
the ionic strength inhibits growth of individual silica sols by
enhancing aggregation of smaller ones. The question is whether
this chemical rule also is valid in diatom biosilica formation. It
has been shown earlier that during growth the biogenic and
mineralized silica contents of diatom cells varies, both are
affected by salinity (16). In that study, the nanostructure of the
biosilica has not been determined, but energy-dispersive x-ray
analysis has shown that diatom biosilica at lower salinity contains
higher amounts of silicon per probe volume. The presence of a
SDV membrane potential (14) and the fact that in vitro silica
formation mediated by diatomaceous polyamines is strongly
induced by (ortho)phosphate are also indicative of a role of ionic
strength in diatom silica precipitation. In the in vitro silica
synthesis studies (9, 10), ionic strength not only determined the
aggregation rate but also the size of the silica particles formed:
particles became smaller [we suggest: denser, in line with Iler
(19)] when the phosphate concentration was lowered. In our
chemical syntheses, with artificial seawater in the reaction mix-
ture instead of water, we confirmed that silica becomes denser
(Table 1). The role of ionic strength in in vitro silica formation
seems to be similar to its role in vivo formation. It is therefore
tempting to propose that the external ion concentration is an
important abiotic factor that affects biosilica formation.

In terms of osmoregulation, one should expect that diatom cells
compensate for gradients in osmotic pressure to maintain cell
turgor and that major cellular processes will not be affected
dramatically (15, 24). Indeed, we have shown that growth was not
impaired at the two applied culture conditions (Table 1), but the
difference of the biosilica nanostructure of cells cultured at higher
and lower salinity is evident. Because silicon metabolism in diatoms

is independent of the major cellular metabolic pathways for growth
[N and P metabolism and photosynthesis (18, 25)], the salinity-
dependent nanostructural changes in diatom biosilica could also
have occurred without the interference of cellular processes to
compensate for differences in osmotic pressure at the applied
salinities. In other words, cellular osmoregulatory responses may
have had no effect on the silica polymerization reaction inside the
SDV. On the assumption that in diatoms silicic acid and other ions
of external origin can be taken up simultaneously by the cell [the
occurrence of plasmolysis and uptake of necessary reactants in the
proximity of the expanding SDV have been suggested earlier (4, 26,
27)], there is no need to invoke intracellular storage and/or trans-
port routes for instance by means of the Golgi apparatus (1). For
instance, (macro)pinocytosis (28, 29) favors import of small inor-
ganic reactants from the environment, mitigating the requirement
for cellular energy for intracellular stabilization and transport of the
chemicals (e.g., silicic acid for diatoms). It has been demonstrated
that in diatom biosilica formation the energy requirement is rela-
tively low (30). Simultaneous uptake of extracellular ions and
transport into the SDV would also facilitate fast polymerization of
silica, a phenomenon demonstrated for Navicula salinarum (3).
Notice also that silica polymerization reactions do not require much
energy once initiated (9, 19, 20, 31).

The hypothesis of import of ions by pinocytosis into the SDV
sounds provocative, but it certainly is an option. In diatoms,
distinct functions of the outer (distal) and inner (proximal) SDV
membranes have been proposed (1) that have resulted from the
differences in membrane composition and orientation of the
vesicles that fuse with the expanding SDV. Sufficient silicic acid
and perhaps silica precursors should have accumulated near the
cleavage furrow, triggering cellular pathways (i.e., those related
to DNA synthesis (1, 4), to complete cell division and allowing
the rapid two-dimensional and subsequent three-dimensional
completion of the valve. It has been proposed that the parent
frustule itself acts as an antenna for scavenging silicic acid from
the environment (4). With respect to nanostructured silica
depositioning (so-called micromorphogenesis), the import of
external ions into the SDV does not interfere with the proposed
branching and phase separation processes in the formation of the
pores (4, 6, 7). It is clear that the organic elements playing a role
in diatom silica formation have an intracellular origin and must
be transported to the SDV and translocated over the silicale-
mma. It appears that vesicles fuse with the growing SDV. They
were previously described as silica transport vesicles [STVs (ref.
32)]. The presence of silica or its precursors inside STVs has,
however, never been confirmed, so it seems more likely that
STVs deliver membrane parts to the expanding SDV while
releasing necessary organic content (e.g., the long-chain poly-
amines and silaffins) upon fusion. We propose that these vesicles
are simply called transport vesicles (TVs; Fig. 3) as long as their
content has not been determined accurately.

At present, the exact localization of silicic acid and/or reactive
silica precursors at the elevated concentrations that are typical
of diatoms cells is under debate. At least five different silicon
transporters (SITs) have been identified, and their variation in
expression level in the diatom Thalassiosira pseudonana has been
assessed (6). However, their spatial and temporal localization
and that of intracellularly located concentrated silicic acid
(and/or silica precursors) have not been elucidated. Because of
differences in affinity and/or capacity of SITs to transport silicic
acid, diatoms are able to regulate its uptake (6). However,
uptake of silicic acid at any location distant from the expanding
SDV would require intracellular transport and stabilization of
silicic acid and/or silica precursors if only to prevent autopoly-
merization. Therefore, silicic acid uptake along or in the near
vicinity of the distal SDV membrane is more likely (Fig. 3).
Diatom cell division is triggered by silicon availability (1), so
sufficient silicic acid should become located near the cleavage
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furrow if it is true that the diatom cells function as antennas for
attracting silicic acid from the environment (4). Eventually,
changes in the intercellular space at the cleavage furrow, caused
by cellular movements upon cytokinesis and during formation of
siliceous cell wall parts, may also facilitate contact with the
aqueous extracellular environment for fluid exchange.

Conclusions and Future Directions
The external salt concentration triggers osmoregulation in dia-
toms, but at the salinity regimes we have applied to T. punctigera
and T. weissflogii this process did not affect growth and did not
interfere with silicification. Nevertheless, the observed nano-
structural changes indicate that external ionic strength governs
diatom biosilica formation in the way described in classical silica
chemistry (19, 20); it is apparently independent of physiological
processes (18, 25, 30). At the salinity levels usually found
offshore (psu �30), diatoms may thus be expected to produce
more hydrated, less condensed biosilica (Fig. 3a), whereas in
more brackish environments near shore diatom biosilica would
become less hydrated and packed more dense (Fig. 3b). This
difference in nanostructure and biogenic silica contents needs to
be taken into account by oceanographers and biogeochemists
when studying diatom element cycling governed by diatoms in
habitats that are affected by salinity changes or salt stratification.
To unravel the synergy between both biological and chemical
control of diatom biosilica formation, a detailed analysis of the

SDV as well as an accurate spatial and temporal localization of
its organic and inorganic constituents (and involved transport-
ers) are essential. The alternative route of uptake of silicic acid
from the environment by (macro)pinocytosis remains to be
assessed. Interestingly, in this respect, the genome sequence of
a closely related species, T. pseudonana (11), includes genes that
encode essential proteins of the pinocytosis machinery.

Materials and Methods
Silica Sources. In obtaining diatom biosilica, the species T. punc-
tigera (strain CCRUGTpunct) and T. weissflogii (CCRUGT-
weiss) were cultured in 1-liter polycarbonate flasks (Nalgene,
Lima, OH) by using artificial seawater medium (33) with a
salinity of 33 and 20 psu, after preadaptation for two genera-
tions. The chosen salinities were selected from previous trial
experiments (E.G.V. and W.W.C.G., unpublished data) and
represent distinct ‘‘near-boundary’’ conditions at which changes
in the macromorphology of the frustules were visible without
affecting growth rates; in fact, they represent natural values for
offshore seawater and brackish areas, respectively. For all cul-
tures, identical amounts of nutrients (882 �M nitrate, 36 �mol
of phosphate, and 100 �mol of silicic acid) and culture conditions
were applied: a 16-h/8-h light/dark cycle, a light intensity of �50
�mol photons � m�2 � s �1 [using Biolux lamps with a spectral
range of 390–700 nm (Osram, Munich, Germany)], and a growth
temperature of 16°C. Growth was monitored for 7 days followed
by harvesting of the cells by centrifugation (5 min at 3,000 � g).
Organic matter from the harvested cells was removed by using
nitric acid (34) before the silica from the cell walls was further
analyzed. Molecular probing studies (3, 14, 35) indicated that the
algorithm newSiO2 (%) � 100 (1–0.5Tg) applies to estimate the
percentage of silica formed over generations at the applied
salinity regimes, in which newSiO2 refers to the newly formed
silica at the applied condition between preadaptation and the
harvesting day and Tg is the number of generations in that same
period. Chemical silica syntheses were performed as described
previously (8, 36), but water was replaced by artificial seawater
in the reaction mixture to get salinity levels similar to those in the
diatom cultures; i.e., psu 33 and psu 20. After the chemical
synthesis, the silicas were dried and calcined (2 h at 300°C)
before further analysis.

Silica Characterization. AFM images were recorded under a tap-
ping mode (37, 38) on a NTEGRA AFM (NT-MDT, Moscow,
Russia), operating in air. A noncontact silicon cantilever,
NSG10S (NT-MDT), with a spring force constant of 11–15 N/m
was used. Typical resonance frequencies were in the range of
210–230 kHz. HR TEM was performed by using a CM30T
electron microscope (Philips; FEI Company, Acht, The Neth-
erlands) equipped with a LaB6 filament, operating at 300 kV. A
few drops of silica samples suspended in ethanol were mounted
on a microgrid carbon polymer, which was supported on a copper
grid, and allowed to dry in air before examination. The dimen-
sions of mesopores (2–50 nm) in the biosilicas were determined
from micrographs, by using an image analysis system (Optimas
Co., Edmonds, WA). SAXS, covering a d range of 3–63 nm
(0.1 � Q � 2.5 nm�1, the x-ray wavelength � � 1.54 Å), was
performed on dry acid-cleaned silica at station 8.2 at the
Synchrotron Radiation Source, CCLRC (Daresbury, War-
rington, U.K.) as described previously (7, 21). USAXS (8, 22, 23),
covering a d range of 60–6,200 nm (0.001 � Q � 0.3 in nm�1,
with the x-ray wavelength � � 0.995 Å), was performed at
beamline ID02 at the European Synchrotron Radiation Facility
(Grenoble, France). The distribution of pores was measured by
the nitrogen adsorption method at liquid nitrogen temperature
on a Tri-Star 2000 (Micromeritics Co., Norcross, GA) by using
standard continuous procedures. All samples were degassed at
150°C for 3–5 h under reduced pressure before each measure-

b

a

2-D expansion direction

PSU 20

PSU 33
TVs

Fig. 3. Schematic presentation of diatom valve formation after cytokinesis
of the parental cell at conditions where the external salinity is higher (a) and
lower (b). Based on our data and in line with classical silica chemistry (19, 20),
for silica formed under higher salinity, more hydrated silica particles aggre-
gate and coalesce to solid silica (a, gray spheres), whereas at lower salinity the
same occurs for less hydrated (thus denser) particles (b, black spheres). The
assumed function of the silicon transport vesicles (1, 31) has been adjusted to
simply transport vesicles (TVs) that deliver constituents of cellular origin; most
probably membrane parts for the expanding SDV and polypeptides (silaffins,
long-chain polyamines) for which it is expected that they accelerate silica
precipitation in vivo too (9, 10). The occurrence of (macro)pinocytosis (28, 29)
and subsequent fusion of these vesicles with the SDV may explain the effect
of external ionic strength on the silicification conditions inside the SDV. The
influx of ions other than silicic acid increases at higher salinity (a, red arrows)
and vice versa decreases at lower salinity (b, pale red arrows).
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ment. The specific surface area and the pore volume contribu-
tion were determined, respectively, according to the BET and
the BJH methods (21).
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