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Abstract

lon-abrasion scanning electron microscopy (IASEM) takes advantage of focused ion beams to abrade
thin sections from the surface of bulk specimens, coupled with SEM to image the surface of each
section, enabling 3D reconstructions of subcellular architecture at ~ 30 nm resolution. Here, we report
the first application of IASEM for imaging a biomineralizing organism, the marine diatom
Thalassiosira pseudonana. Diatoms have highly patterned silica-based cell wall structures that are
unique models for the study and application of directed nanomaterials synthesis by biological
systems. Our study provides new insights into the architecture and assembly principles of both the
“hard” (siliceous) and “soft” (organic) components of the cell. From 3D reconstructions of
developmentally synchronized diatoms captured at different stages, we show that both micro- and
nanoscale siliceous structures can be visualized at specific stages in their formation. We show that
not only are structures visualized in a whole-cell context, but demonstrate that fragile, early-stage
structures are visible, and that this can be combined with elemental mapping in the exposed slice.
We demonstrate that the 3D architectures of silica structures, and the cellular components that
mediate their creation and positioning can be visualized simultaneously, providing new opportunities
to study and manipulate mineral nanostructures in a genetically tractable system.
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Introduction

The unicellular eukaryotic algae known as diatoms make cell walls out of silica with an amazing
diversity of structures on the nanoscale (Round F.E. et al., 1990). Because the complexity of
diatom silica structures can exceed that possible using synthetic material production
approaches, and diatoms reproduce these structures faithfully, in enormous numbers, and
inexpensively, diatoms are being developed as a source of nanostructured materials (Sandhage
et al., 2005). Facilitating this are techniques that either use diatoms as templates for
functionalized coatings (Payne et al., 2005; Rosi et al., 2004; Weatherspoon et al., 2007), or
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convert their silica entirely to other chemistries while maintaining nanoscale features (Bao et
al., 2007; Kusari et al., 2007; Sandhage K.H. et al., 2002; Sandhage et al., 2005; Unocic R.R.
et al., 2004; Weatherspoon et al., 2006; Zhao J.P. et al., 2005). To further the development of
diatoms as a source of nanostructured materials, it would be beneficial to develop approaches
whereby structure could be genetically tailored to suit particular applications (Hildebrand,
2005; Sandhage et al., 2005). This requires better understanding of the silicification process.

Understanding the process of diatom silica cell wall synthesis requires elucidation of the
underlying cellular and molecular biology. Especially important is to know how genes and
organic molecules (proteins, polyamines, carbohydrates, and lipids) are involved in formation
of specific mineral substructures. Molecular genetic (Hildebrand et al., 1993; Hildebrand et
al., 1997; Poulsen N. and Kroger N., 2004), biochemical (Krdger N. et al., 1999; Kroger N. et
al., 2001; Kroger N. etal., 2002; Poulsen N. and Kréger N., 2004; Wenzl et al., 2008), proteomic
(Frigeri L.G. et al., 2006), and genomic (Armbrust et al., 2004; Mock et al., 2008) approaches
have been applied to identify genes and organic molecules involved in diatom silicification.
Because of the lack of known homologs, characterization of the organics must involve direct
demonstration of their properties and functions. Understanding the timing of appearance and
cellular positioning of an organic molecule in relation to formation of particular silica structures
can be an important aspect of this characterization, since correlation would suggest some
involvement. Three scales of structure formation have been identified in diatoms (Davis and
Hildebrand, 2007; Hildebrand et al., 2006; Pickett-Heaps J. et al., 1990), 1) the nanoscale,
which involves the initial polymerization products of silica apparently mediated by the
interaction between proteins called silaffins (Kréger N. et al., 1999; Kroger N. et al., 2002;
Poulsen N. and Kroger N., 2004), long chain polyamines (Kréger N. et al., 2000), and acidic
phosphoproteins (Wenzl et al., 2008), 2) the mesoscale, which involves organization of
nanoscale polymerization determinants into higher order structures, and 3) the microscale, in
which the overall outline of the structure is determined by shaping of the silica deposition
vesicle (SDV) - the membrane-bound intracellular compartment where silicification occurs
(Drum R.W. and Pankratz H.S., 1964; Pickett-Heaps J. et al., 1990).

We have focused recently on examining silicification in Thalassiosira pseudonana, the first
diatom with a complete genome sequence (Armbrust et al., 2004), and one that forms a
relatively simple silica structure. A highly valuable experimental tool for studying silica cell
wall formation in diatoms is to enrich for cells undergoing cell wall synthesis in a population
by inducing synchronized progression through the cell cycle (Darley and Volcani, 1971). We
have developed a silicon starvation/replenishment synchrony technique for T. pseudonana
(Hildebrand et al., 2007) that enables enrichment of proteins and genes (Frigeri L.G. et al.,
2006), and structural intermediates (Hildebrand et al., 2006) during cell wall formation. The
latter is especially valuable for imaging approaches — instead of searching through large
numbers of images to identify rare events; numerous cells undergoing the process at slightly
different stages can be readily examined.

Previously, we used synchronized cultures of T. pseudonana to examine the process of cell
wall formation using SEM, TEM and AFM (Hildebrand et al., 2006). T. pseudonana has a
cylindrical shape, on average 4 um in diameter, and varying between 4-7 um in height
(Hildebrand et al., 2006). The circular structures capping the top and bottom of the cylinder
are called valves (Fig. 1a), and the sides are comprised of a series of thin silica strips called
girdle bands, which encircle the cell in hooplike fashion and overlap each other from nearest
the valve to more distant (Fig. 1). The overall structure of the cell is similar to a petri dish,
where one valve and associated girdle bands form a combined structure called the epitheca,
which overlaps a similar but narrower structure called the hypotheca (Fig. 1b). Diatoms
preferentially reproduce vegetatively, and after mitosis, new valves are formed in the SDV
intracellularly in two daughter cell protoplasts contained within the mother cell, as in Fig. 1b.
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After valve formation is complete, the valves are exocytosed, and the two daughter cells
separate. Girdle band synthesis then commences on the hypotheca to enable cell expansion. It
should be noted that the numbers of girdle bands on each theca prior to division can vary, but
the newly synthesized valves are always found near the thecae overlap, thus the new valves
are not always formed at the longitudinal center of the cell (Hildebrand et al., 2006, 2007).
Valve formation in T. pseudonana proceeds in two general stages (Hildebrand et al., 2006);
the first is deposition of the “base layer” which consists of flattened ribs of silica that radiate
out from the center of the valve forming the entire circumference, and initiation of relatively
large pores around the valve rim called rimoportulae (see Fig. 2a and b). There are a large
number of small 20 nm pores (nanopores) between the ribs of the valve. Silica in the base layer
has a smooth appearance. After base layer formation, deposition of additional silica occurs
only on the distal valve surface in the form of 50 nm diameter silica particles that decorate the
ribs (Hildebrand et al., 2006), and generate raised ridges (Fig. 2a and b). The portulae also
become more highly formed.

The previous study (Hildebrand et al., 2006) clarified the processes involved in valve formation
in T. pseudonana, but was limited by the need to isolate silica structural intermediates from
the cell prior to examination. Fragile structures were likely to be destroyed by the harsh acid
and centrifugation conditions required for isolation; for example no intermediates in girdle
band formation were identified in this study (Hildebrand et al., 2006). Also lacking was an
analysis of organics involved in valve and girdle band formation. Because formation of diatom
cell walls is exquisitely orchestrated in three dimensions (Pickett-Heaps J. et al., 1990),
examination of structure formation at high resolution in a whole cell context would be highly
valuable. Especially useful would be the ability to simultaneously image the organics and
mineral in 3D. We previously applied lon-abrasion SEM (IASEM) to examine subcellular
architecture in yeast cells (Heymann et al., 2006) and melanoma cells (Heymann et al.,
2008). This technique enables high resolution imaging of serial sections of fixed cell material,
and reconstruction in 3D. The 3D images obtained in these studies demonstrate the striking
spatial relationships between specific organelles such as mitochondria and membranes of the
endoplasmic reticulum, and the distribution of unique cellular components (Heymann et al.,
2006; Heymann et al., 2008). Resolution as high as ~ 6 nm and ~ 20 nm in the directions parallel
and perpendicular, respectively, to the direction of ion beam milling were obtained (Heymann
et al., 2008). In the current contribution, we report the first application of IASEM to a
biomineralizing organism to study diatom silicification. It has enabled an unprecedented look
into silica structure formation in T. pseudonana, resulting in several novel insights, and
generating a new model for structure formation on the mesoscale.

2. Materials and methods

2.1. Diatom culturing and fixation

Thalassiosira pseudonana Hasle et Heimdale strain CCMP1335 was obtained from the
Provasoli-Guillard National Center for Culture of Marine Phytoplankton, Bigelow Laboratory
for Ocean Sciences, and maintained in artificial sea water (ASW) medium (Darley and VVolcani,
1969), supplemented with biotin and vitamin B12, each at 1 ng - L™1. Growth was at 18°C in
continuous light at an intensity of 150 pmol - m~2 - sec~1. Synchronous growth was done as
described (Hildebrand et al., 2007); briefly, cells were harvested from a culture at the late
exponential phase (c.a. 3 x 108 cells - mL™1) and placed at a density of 1 x 106 cells - mL 1 in
silicon-free ASW for 24 h. Rhodamine 123 (R123) dye was added to the culture to monitor
silica incorporation by fluorescence microscopy, and sodium silicate was added to 200 umol
- L1 to initiate cell cycle progression. During silicon starvation, cells arrest in the G1 phase
of the cell cycle, and after silicate replenishment, cells synthesize girdle bands for 3 h, and then
enter S phase followed by cytokinesis (Hildebrand et al., 2007). Between 4-6 h after silicate
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replenishment, valve formation commences, followed by cell separation and synthesis of girdle
bands in the daughter cells (Hildebrand et al., 2007). Cells used for imaging were harvested in
this experiment when approximately 20% exhibited valve formation by R123 staining.
Aliquots (5 mL) were mixed with an equal volume of 0.2 M Na cacodylate, 5% glutaraldehyde
in 3.5% NaCl, and incubated 15 min at room temperature. Cells were centrifuged at 2,500 x g
for 5 min, and resuspended in 5 mL 1 M Na cacodylate, 2.5% glutaraldehyde in 3.5% NacCl,
and stored in the dark at 4°C.

2.2. lon-abrasion SEM Methods

Resin blocks were prepared and processed as described previously (Heymann et al., 2006).
Prior to milling and imaging, block surfaces were coated with platinum-palladium, and
mounted on the stage of a Nova 200 Nanolab (FEI Eindhoven, NL). Typically, a ~1 um layer
of platinum-palladium was deposited using a gas injector system in the main specimen chamber
to provide a conducting surface. Focused ion beam milling was carried out at a voltage of 30
kV and with beam currents ranging between 3 nA and 7 nA. Secondary electron scanning
images were recorded at accelerating voltages of 2 kV in the immersion lens mode, using an
Everhardt-Thornley detector. 2D image stacks were acquired at nominal inter-image distances
ranging from 10 nm to 20 nm for most data sets. 2D SEM image stacks were registered using
ImageJ (http://rsb.info.nih.gov/ij/), bandpass-filtered to sharpen membrane contours and
imported into Amira (Mercury Computer Systems, Inc., Chelmsford, MA) for segmentation
and rendering.

2.3. Elemental mapping

3. Results

Spectrum imaging of the diatom was performed on a Nova 600 NanoLab DualBeam system
(FEI, Hillshoro, OR) equipped with an Oxford INCAXx-sight EDS detector (Oxford,
Oxfordshire, UK). Imaging was performed over a 10 pm x 8.2 um region (256 pixels x 256
pixels) using 5 keV electron beam energy. About 120 frames were summed to generate a single
spectrum image (30 minutes in clock time). For each pixel of the image, an x-ray spectrum
over 0 keV to 5 keV energy range was collected into 512 bins. Background-subtracted silicon,
phosphorous, and oxygen maps were extracted from the spectrum images using Lispix (Bright,
2007; Gillen and Bright, 2003). Silicon, phosphorous, and oxygen maps were based on the
sum image of energy channels between 1.74 keV and 1.84 keV, 2.00 keV and 2.11 keV, 480
eV and 640 eV respectively.

3.1. Principles of sectioning using ion-abrasion SEM

T. pseudonana cells from a synchronized culture during the period of valve synthesis
(Hildebrand et al., 2007) were fixed and then embedded in a resin block that was coated once
to provide a conductive surface. Additional coating was not needed during the sectioning steps.
Iteration of ion-beam milling with electron imaging resulted in the generation of a series of
sequential images through the specimen, which could be combined to generate 3D images of
the cell. 3D views of diatoms were obtained including delineation of the valve plane, girdle
band plane, and oblique plane, as diagramed in Fig. 1a.

3.2. The ability of ion-abrasion SEM to image cellular features

Figure 2a and b show surface features of T. pseudonana cell wall silica. The valve in T.
pseudonana consists of a ridged outer surface, with ridges radiating from the center, but also
having cross-connections (Fig. 2b). Not visible between the ridges in these images are large
numbers of 20 nm diameter circular pores (Hildebrand et al., 2006). Larger pores are found in
projecting tube-like structures called rimoportula that are positioned around the valve rim (Fig.
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2a and b). Commonly there is also a single portula (called the fultoportula) present slightly
offset from the valve center. The portulae have a complicated chamber structure inferred from
SEM and TEM observations (Herth 1979a; Hildebrand et al., 2006). The portulae are sites of
extrusion of long, linear polymer strands of chitin, and the chitin-synthesizing machinery is
positioned precisely adjacent to the portula on the inside of the cell (Herth W., 1979a and b).
A series of overlapping siliceous girdle bands form the sides of the cell, and provide the overlap
between the two thecae (Fig. 2a).

Figures 2c and d show cross-sectional views from the girdle band plane (2c) and at an angle
from the valve plane (2d). Visible in both sections is the electron-bright silica surrounding the
cell, and less bright but still visible organic material within the cell, highlighting organellar
membranes and intracellular compartments. In Fig. 2d the plastid thylakoid membranes are
readily visible. These images demonstrate the ability of ion-abrasion SEM to image both hard
(mineral) and soft (organic) material at high resolution simultaneously in the same cell.
Processing of a series of sections derived from the ion-abrasion SEM approach enables
reconstruction of structure in 3D. This is demonstrated in Fig. 2e and f, where a standard SEM
image of the inner valve surface (Fig. 2e) is compared with a 3D reconstruction generated from
a series of sections through a similar object (Fig. 2f). In addition to the comparable resolution
of standard SEM, the 3D image can be rotated to enable examination from a variety of angles.
One caveat is that at certain angles the sectioning is emphasized (due to a finite amount of
material being removed during sectioning), but, at other angles or with small section depth,
this is minimized.

3.3. Elemental map analysis of sections of T. pseudonana

3.4. Imaging

Figures 3a, b, and ¢ show the P, O, and Si elemental maps of an ion milled cross-sectional view
of T. pseudonana and Figure 3d is the overlay of the elemental maps and the SEM image of
the same region. In the SEM image, both the siliceous components and the lipid containing
bodies exhibit somewhat similar contrast. On the other hand, the atomic mass (Z) contrast is
much enhanced in the elemental map and can clearly distinguish the high Si concentration
regions from the phosphorous rich regions.

of valves in intact cells

A major goal of this investigation was to identify cell wall structural intermediates in the context
of the entire cell. Fig. 4 shows a series of sections oblique to the valve planes through a cell
where the two daughter cell valves have been completed, but the daughter cells have not yet
separated. Visualization of the 3D spatial arrangement of nascent valves within an intact cell
is achieved. These images highlight the spatial separation between the two valves, the
arrangement of ribs and nanopores, and the ability to cross-section structures such as portulae
without distorting structural features. Also evident is the relative positioning of features on
adjacent daughter cell valves, for example it is apparent that the rimoportulae are alternately
positioned in the adjacent valves in these cells.

A cell at an extremely early stage of valve formation was imaged in Fig. 5. There was a close
association of the nascent valve on one side of the cell with the girdle band region. A similar
arrangement was seen in a number of cells, see also Fig. 3and 7. This arrangement is in contrast
with previously documented initiation of valve synthesis adjacent to the cleavage furrow near
the center of the cell (Pickett-Heaps J. et al., 1990). In Fig. 5, ribs of silica in the base layer of
the valve were highly flexible at the initial stage of deposition, and in some cases were folded
over on themselves. Closer examination of individual sections (average 20 nm in depth)
through the same cell revealed additional features (Fig. 6). At section 34 the overlap between
the epi- and hypo-theca is visible (Fig. 6). By section 40, an additional silica structure was
visible in the position where the new valve will form, and at the ends the structure was
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apparently fused with the hypotheca girdle band (Fig. 6). Based on previous analysis, only
valves and not girdle bands should be forming at this stage in the cell cycle (Hildebrand et al.,
2007). At section 44 (approximately 80 nm from section 40), additional structures and features
were visible, including another layer fused to the hypotheca girdle band, and a discontinuity
in the original additional structure. In section 63, valve ribs from the side view were visible,
and in section 68, the spaces between the ribs were observed to be filling in. These data
indicated that at least a portion of the newly forming valve is aligned with the long axis of the
cell, and not in the valve plane. Circular structures that appear to be forming rimoportulae were
also visible (Fig. 6, section 75).

3.5. Cross-sectional structure of valves

In Fig. 7a we imaged a cell at an obligue angle from girdle band plane view with a transverse
dark opening (white arrowhead) in the location of valve synthesis. Because of its location, and
the presence of silica in subsequent sections (Fig. 7b), we interpreted this as the SDV. A
microfilamentous structure with the thickness of actin was seen on one edge of the dark opening
(Fig. 7a, dark arrow). The opening was visible near the cell surface through successive sections
spanning 280 nm, and then the first indication of silica was visible in the form of ribs making
up the base layer (Fig. 7b). This indicated that the SDV was pre-formed at its final diameter
by the time of initial silica deposition. Wherever silica was visible, the dark opening was absent,
indicating that the SDV membrane and silica were closely appressed. Closer examination of
the interior of the SDV prior to silicification revealed a series of regularly-spaced dark “holes”
approximately 22 nm in diameter (Fig. 7c—e, arrows). Although difficult to visualize, these
features were present in corresponding locations in successive sections, indicating a coherent
tube-like structure that propagates through the x/y plane of the SDV. Figures 7c and d represent
successive sections, and 7e and f another set of successive sections. The average spacing
between the holes corresponded to the spacing of initial ribs [holes = 81.2+6.1 nm (n=8), ribs
= 83.846.3 nm (n=4)], and in the successive sections presented in Figs. 7e and f, the location
of the holes corresponded to the position of the ribs, suggesting that silica is filling in the holes.
In Fig. 7g, the SDV is imaged in a cell at an oblique cross-section as a circular object, and is
more electron-dense that other membranous intracellular material. Serial sections of this cell
also revealed that the SDV was fully expanded prior to silicification (as in Figs. 7a and b), and
a large number of smaller vesicles were observed fusing to the SDV, consistent with previous
observations (Li C-W and Volcani B.E., 1985;Schmid A-M. and Schulz D., 1979). Close
examination revealed that electron-dense material was present on the internal face of the vesicle
membrane. In some sections of the SDV, the outlines of defined structures (e.g. rimoportulae)
were visible. There also was an association of the SDV with the girdle band region on one side
of the cell, as was seen in Figs. 3, 5, and 6. In Fig. 7h, a cross-section of mature valve silica
indicated an average thickness of 60 nm. Also visible were interconnections through the center
of the nanopores at the junction of the base layer and distal layer. Measurements of these
connections ranged from 6-19 nm (ave. 15) in thickness; however, considering the possibility
of imaging a portion of the pore wall (depending on the angle of sectioning), the width of these
structures probably tends towards the lower value. It is not clear whether the occluding material
is composed of organic or mineral; the electron brightness suggests that it is silica, but imaging
of similar pores in girdle bands (see below) suggest the possibility of organic material or an
organic/silica composite.

3.6. Visualization of the SDV and associated filaments during girdle band formation

Forming girdle bands were also imaged, revealing that the girdle band SDV had a dark
appearance similar to the valve SDV, and encircled the entire periphery of the cell (Figs. 8a
and b). Similar to the valve SDV, areas with no silica deposition were present (Fig. 8a),
consistent with initial formation of the SDV, followed by silicification. Girdle bands in cross-
section were tapered at the ends where they overlapped each other (Fig. 8c) and a girdle band
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plane view showing the forming girdle band and SDV (Fig. 8d), revealed that the tapered shape
was formed without the girdle band being closely appressed to the adjacent girdle band. At the
leading edge of a forming girdle band, a tangled microfilamentous structure (c.a. 7 nm
filaments) was visible (Fig. 8e), and in a subsequent section, initial silica deposition was
observed (Fig. 8f) in this region.

3.7. Girdle bands have a laminate structure

Imaging of one cell in girdle band plane view near the cell wall periphery revealed an apparent
organic matrix with the width of a girdle band in the expected location of girdle band synthesis
(Fig. 9a, bracket). This was flanked on one side by filamentous structures (Fig. 9a arrows)
corresponding to the same relative location as the microfilaments in Figs. 8e and f. A different
section at a higher level of the same cell showed the organic matrix in side view (Fig. 9b,
bracket), and in particular sections, both sides could be seen. Close examination of the mature
silica in girdle bands indicated an electron-transparent strip in the center flanked by more
electron-dense silica (Fig. 9c), suggestive of an organic center. This was supported by a
disruption of girdle band structure in some cells (Fig. 9d), consistent with a laminated structure
of organic material flanked on both sides by silica. Pores in girdle bands were occluded by a
thin strip of material (Fig. 9e) similar to that seen in valves; the occlusion corresponded in
position with the presumed organic center of the laminate, suggesting that organic material
occludes the pores, although we cannot eliminate the possibility of the presence of silica.

3.8. Structure of the rimoportula

A model for the complex structure of the rimoportula was previously presented based on
observation of external features and intermediates seen during the process of formation
(Hildebrand et al., 2006), but ion-abrasion SEM offered the possibility of a serial visualization
of the complete internal and external structure. This was achieved as documented in Fig. 10.
Details of the internal structure were readily visible, such as internal pores associated with the
larger external chamber. A complete 3D reconstruction of the rimoportula was generated
revealing that the inner and outer central pores openings were not precisely aligned (Fig. 10
and Supplemental Material).

4. Discussion

An important consideration in evaluating the ion-abrasion SEM approach is whether artifacts
are generated by the ion-beam milling process. Our observations suggest that artifacts are not
generated at the limit of resolution for either the organic or mineral material because features
observed in the slice and view series are closely comparable to those seen in previous TEM
images of microtomed sections (Pickett-Heaps J. et al., 1990). Regarding silica, as an example,
the numerous 20 nm circular pores in the valve of T. pseudonana (Hildebrand et al., 2006) are
imaged faithfully in valve plane images in this study (Fig. 7h), and views in the girdle band
plane provide the first images of cross-sections of the pores in these structures (Fig. 9e). When
the angle of sectioning is in the same plane as the center of the pore (Figs. 7h and 9d), the
observed width of the pore (corresponding to the diameter when viewed from top) is exactly
as measured previously (Hildebrand et al., 2006). In addition, the depth of imaging is precisely
defined because the center of the pore can be imaged without the “back” wall being visible
(Figs. 7h and 9d), indicating a depth resolution in the range of ~10 nm. When assembling a
series of sections, resolution can suffer in the plane of sectioning, due to the depth of material
removed, which in this study varied from 10-20 nm. As the depth of sectioning decreases to
become close to the depth resolution, as in sectioning of the rimoportula in Fig. 10, highly
faithful reproduction in three dimensions is achieved.
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We were also able to generate elemental maps using the ion-abrasion technique and energy
dispersive x-ray spectroscopy (EDS). The spatial resolution of an elemental map depends on
many factors including the beam energy used to generate x-rays, sample orientation, and the
elemental composition and homogeneity of the sample. In general, the spatial resolution of an
elemental map depends on the size of the x-ray generation volume which is much larger than
the size of the incident electron beam (Goldstein et al., 2003). In the ion-abrasion SEM setup
used in this study, the spatial resolution is further compromised by several factors related to
the instrument geometry. However, the use of EDS in combination with higher resolution SEM
imaging can be useful for studying the subcellular localization of specific elements, provided
that the concentration of the elements are above trace level. Subcellular elemental analysis can
be extended to 3D elemental mapping of an entire cell by introducing the EDS spectrum
imaging step to the existing sequential ion-abrasion SEM technique. However, the throughput
of the 3D elemental mapping technique is limited by the x-ray generation and detection
efficiency. Because biological specimens are beam sensitive, relatively low beam energy (<5
keV) must be used to generate x-rays. Generating enough x-rays to achieve usable count
statistics at these low beam energies requires long mapping time (20 to 30 minutes), although
this time is likely to be shortened in the future with the newer generation of EDS detectors such
as silicon drift detectors.

One major advantage of the ion-abrasion SEM technique is the ability to image structures
within intact cells at high resolution. There are two levels of resolution for the IASEM
technique. The first is the resolution resulting from abrasion, which is relevant to the depth of
sectioning. This typically was c.a. 20 nm, but in some cases was 10 nm. The second is in-plane
image resolution, which is ~6 nm (Heymann et al. 2009). Previous characterization of forming
diatom silica structures by electron microscopy required extraction of material from cells
(Hildebrand et al., 2006; Li C-W and Volcani B.E., 1985; Pickett-Heaps J. et al., 1990; Schmid
A-M.M. and Volcani B.E., 1983), which could bias observations towards structures that were
sturdy enough to withstand the harsh extraction procedures required, or involved TEM imaging
of microtomed sections (Pickett-Heaps J. et al., 1990; Pickett-Heaps J.D., 1983; Pickett-Heaps
J.D. and Kowalski S.E., 1981; Pickett-Heaps J.D. et al., 1979; Schmid A-M. and Schulz D.,
1979; Schmid A.M. et al., 1981), which provided useful “snapshots” of objects in one or a few
sections, but did not enable a full 3D reconstruction due to difficulty in alignment. The latter
point is extremely critical in visualizing structure formation in a whole cell context —
examination of a limited number of sections from one viewpoint can prevent correct
interpretation, whereas a large number of sections that can be examined at a variety of angles
enable more careful evaluation.

A prime example of the advantage of 3D imaging using the ion-abrasion SEM approach is seen
in Fig. 5. The objects observed correspond in dimension with those in the completed valve
structure. This indicates an early stage in valve formation; however the structures are extremely
flexible and out of plane with the final structure. This is consistent with early stages of valve
formation being dominated by organics that either template or confine (see below) the
polymerizing silica. This is reminiscent of in vitro silicification experiments showing the initial
formation of a “plastic” stage of an organized silica/organic matrix prior to silica
polymerization (Kroger N. et al., 2002). Also seen in Figs. 3,5, and 7 is the association of the
forming valve with the girdle band region on one side of the cell. Previous TEM-based studies
on valve formation in a variety of diatom species indicated that valve formation initiated at a
“primary silicification site” (PSS) that was located close to the center of the final valve
structure, and that the forming valve was centrally located adjacent to the cleavage furrow in
the daughter cell (for review see (Pickett-Heaps J. et al., 1990). Our observations do not
contradict the idea of a PSS; the initial deposition of silica is seen to be enriched near the center
of the forming valves (Figs. 5 and 7). The distinction comes in the location of the initially
forming valve, which in T. pseudonana was commonly seen to be adjacent to, and associated
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with, the girdle bands (Fig. 5-7). Images for sections 63 and 68 in Fig. 6 also indicate that a
significant portion of the center of the forming valve is oriented along the long axis of the cell,
and not in the final valve plane. Previous work on Cyclotella cryptica indicated that when
cytokinesis was inhibited, valves were also formed along the side of the cell (Badour, 1968).

One possible explanation for the lack of positioning of initially forming valves near the center
of the cleavage furrow in T. pseudonana is the small size of this species compared with most
of the larger diatoms previously examined. Ongoing work in our lab, and observations in this
study, indicate that the majority of cell volume is occupied by the plastid, and that the cytoplasm
represents a minority fraction, with a rough estimate of 15-25% of the total volume. In whole-
cell cross-sections we observed newly forming valves in thin cytoplasmic strands only slightly
wider than the forming valves they contained (data not shown) highlighting the lack of space
available for valve formation. In other species, the nucleus and microtubule center (MC) are
located near the center of the forming valve (Pickett-Heaps J. et al., 1990), and although we
have not determined this directly, the sparseness of intracellular space in T. pseudonana could
inhibit or affect similar positioning of these entities. To compensate, perhaps T. pseudonana
initiates valve formation in an area where other silica structures form, near the girdle bands.

How would a valve that was initiated out of position eventually occupy the correct position?
Perhaps the process of silica polymerization forces the SDV to expand like the inflation of
fingers in a rubber glove. As long as the valve is anchored in one place, and has a defined
outline dictated by the bounds of the silicalemma, then expansion to its full circumference
could eventually result in correct placement.

Our observations may be consistent with mesoscale silica deposition of the ribs in the valves
occurring within a defined space, rather than around a central template. This is supported by
the observation of the internal structure of the SDV in the form of tubes in which silica is
apparently deposited (Fig. 7). This data, coupled with previous TEM observations of the initial
form of silica, suggest a “confinement” model for silicification of the valve ribs in T.
pseudonana (Fig. 11). Several conceptual models for mesoscale structure formation are found
in the literature. The earliest involves a templating protein around which silica is deposited
(Robinson and Sullivan, 1987), which is depicted schematically in Fig. 11b. A later one
(Sumper et al. 2002) proposes phase separation events by long-chain polyamines (LCPAS)
which form droplets by hydrophobic association (Fig. 11c). In both cases, deposition of silica
is proposed to occur on the surface of the organic molecule involved. In these models, the form
of silica should take the shape of the template, and be concentrated around it, generating either
a linear (template protein) or circular (polyamine droplet) structure with an organic or hollow
(if the organic is removed) center (Fig. 11b and c). An alternative model for mesoscale structure
formation involves nucleation at defined points coupled with limitation of growth by the
confines of the SDV (Gordon R. and Drum R.W., 1994). Our TEM imaging reveals that initially
deposited silica is homogenous, branched, and not concentrated in one area (Fig. 11a), which
is inconsistent with a central organic core (Fig. 11b and c), but is consistent with confinement.
Branched structures are ideal for filling in a space. In the confinement model (Fig. 11d), at the
initial stage, prior to silica polymerization and corresponding to Figs. 7 c—e, the tubular
structure is located between the pores (Fig. 11d, left). Silica polymerization begins, and a thin,
relatively flat sheet of branched silica is formed (Fig. 11d center), as in Fig. 11a. Eventually
the space between the pores becomes filled with silica, as seen in Fig. 7f, and the rib and pore
arrangement characteristic of the valve is formed (Fig. 11d, right). Less polymerized silica
would occur in the pore regions, because they effectively exclude silica polymerization within
their confines, as is seen even at the earliest stages (Fig. 11a). In this model, silica is initially
not concentrated in one area, but becomes so over time. We do not propose that the confinement
model is exclusive for mesoscale silica structure formation in all diatoms; there are numerous
examples of structures that appear to involve centralized templates (both linear and circular),
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and in fact it appears that the T. pseudonana girdle bands have this feature (Fig. 9). However,
the structures observed in valve formation of T. pseudonana are more consistent with a
confinement model than a central templating model for mesoscale structure formation.

Previous imaging of the SDV relied on TEM, which emphasized the inorganic silica and
membranes appressed closely around it (Pickett-Heaps J. et al., 1990; Pickett-Heaps J.D.,
1983; Pickett-Heaps J.D. and Kowalski S.E., 1981). Using the ion-abrasion SEM approach,
for the first time, the entire SDV can be visualized in a whole-cell context. With TEM, precise
alignment of serial sections is challenging, hence features spanning several sections are
difficult to reconstruct. Serial sections obtained by ion-abrasion indicate that the SDV is fully
formed prior to complete silica deposition (Figs. 7a and 8a and b). This implies that at least
portions of the structure forming apparatus are assembled first, and silica polymerization is
prevented until this has happened. It is not clear what a possible “trigger” would be to enable
silica polymerization. In the absence of silica, the luminal space of the SDV is expanded (Figs.
7a and 8a and b); however in areas where silica is deposited, the silicalemma becomes tightly
appressed to the silica (Fig. 7a and b). This suggests the possibility that SDV membrane
components become integral parts of the silica structure.

Recent NMR analysis (Groger et al., 2008) of T. pseudonana indicated the presence of highly
condensed silicon, possibly a silica sol, in addition to the weakly condensed silica in the cell
wall. The intracellular location of highly-condensed silicon could not be determined, but a
logical location (considering the amount required for NMR detection) would be in the SDV,
where silica polymerization determinants could be involved in coordination (Groger et al.,
2008). We observed, in the same plane as the deposited silica, that the SDV contained “open
spaces” with a lack of electron density (Figs. 7 and 8). However when viewed perpendicular
to the plane of silica deposition, material with higher electron density than other cellular
membrane structures, but not as high as fully condensed silica, was visible (Fig. 7g). Since
previous work has indicated a close association of silica with one intralumenal side of the SDV
during formation of early stage structures (Hildebrand et al., 2006; Schmid A-M. and Schulz
D., 1979; Schmid A-M.M. and Volcani B.E., 1983), these observations suggest an enrichment
of possible silica sol material also associated with one intralumenal side of the SDV. The
putative sol material is proposed to be a precursor to the fully polymerized silica (Groger et
al., 2008), so this hypothesis is consistent with the eventual appearance of silica in that location.
Flanking the SDV is a microfilament with dimensions similar to actin (Fig. 7a), consistent with
fluorescence microscopy work locating actin at the periphery of the SDV, playing a role in
defining its overall size and shape (van de Meene A.M.L. and Pickett-Heaps J.D., 2002).

In the past, girdle bands have been difficult to image because of their thinness, and little
information has been available on the mechanism of their formation. Our results greatly clarify
this process in T. pseudonana. Figures 8a and b show the girdle band SDV, which indicates
that it is fully formed prior to complete silica deposition. In contrast to the valve, the
silicalemma membranes are not both closely appressed to the silica (Fig. 8d), which is
consistent with the organics involved in their formation being centrally located as in a laminate
structure. Precursor material for a girdle band is seen in Figs. 9a and b, and the laminate
structure observed in Figs. 9c and e indicate that the organic material forms a core, and silica
is deposited on both sides of it. Girdle bands are tapered as they are formed (Fig. 8d), and
apparently do not require close appression to an adjacent girdle band to generate the taper,
which suggests intrinsic shaping by the organics responsible for their formation. At the leading
edge of the girdle band SDV is a tangled microfilamentous material (Fig. 8e and f), with the
dimensions of actin. This suggests a possible involvement of cytoskeletal elements in girdle
band formation, which has not been previously documented.
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It is not clear whether the thin layer observed occluding pores in both valves (Fig. 7h) and
girdle bands (Fig. 9d) is organic material, silica, or a composite of both. The prevention of
filling in of the valve pores (Fig. 11a) and apparent alignment between the organic in the
laminate structure of girdle bands and the pore occlusions (Fig. 9c and e) suggest that the
material is organic. However, thin coverings of silica over diatom pores have been observed
in other species (Round F.E. et al., 1990). Unfortunately, the EDS analysis lacks sufficient
resolution to resolve this issue.

The ability to generate a high resolution 3D image of the complicated rimoportula structure
clarifies the relative arrangement of the central pores on the proximal and distal faces of the
valve (Fig. 10 and supplemental material). One clear feature is that the proximal and distal
central pores are offset from each other, which is in contrast to previous observations inferred
by TEM and SEM (Herth W., 1979a;Hildebrand et al. 2006). This argues against newly
synthesized chitin fibrils being rigid prior to extrusion through the outer pore. Diatom chitin
fibrils are in the beta form, are exceptionally crystalline, and consist of individual microfibrils
assembled to form a ribbon structure (Herth and Zugenmaier, 1977). TEM cross sections
indicate that chitin fibrils are assembled prior to entering the inner tube of the portula (Herth
W., 1979a). Application of ion-abrasion SEM to a cell which is actively extruding chitin
through the portulae followed by 3D reconstruction should provide valuable information on
the details of this process.

Two previous studies on diatoms related to 3D reconstruction and sectioning have been
reported (Habchi et al., 2006; Massé et al., 2001). The first used scanning transmission ion
microscopy tomography (STIM-T) to generate a 3D rendering of the silica cell wall of
Ondontella sinensis (Habchi et al., 2006). In this study, intracellular components were
removed, so it is not clear whether they could have been imaged by this approach. STIM-T did
not generate high resolution images. The second approach relied on microtome sectioning
followed by heat treatment to remove organics, then SEM (Massé et al., 2001). High resolution
cross-sections of cell wall silica structures were obtained in this study, but their relationship
to intracellular organics could also not be determined.

The application of ion-abrasion SEM to T. pseudonana cells in the process of silica structure
formation enabled 1) simultaneous imaging of both inorganic and organic materials without
the need of stains or coatings, 2) serial sectioning with minimal artifacts, 3) 3D reconstruction
of intact cells, which enabled observation of extremely fragile structural intermediates and the
spatial arrangement of forming structures, and 4) elemental analysis. It has provided an
unprecedented view of a variety of cell wall formation processes, including 1) observation of
the flexibility of initial-stage silica structures, which indicates a high organic content, 2) an
association of forming valves with the girdle band region, 3) visualization of filaments that are
likely cytoskeletal elements associated with valves and girdle bands, 4) the possibility of
confinement rather than deposition around a template, and 5) laminate structures for the girdle
bands. Not explored in this study, but certainly feasible, is the possibility of locating specific
proteins by epitope tagging and immunolocalization as demonstrated recently by Heymann et
al (2008). This would extend the IASEM approach to the molecular level, and allow finely
detailed mapping of the 3D arrangement of organics involved in silicification in a whole cell
context.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Organization of T. pseudonana cell features and views resulting from sectioning in different
planes. (a) Schematic diagram of the exterior of a T. pseudonana cell. The valves are labeled
at the top and bottom, and girdle bands are located by arrowheads at left. Views of sections
through the cell in different planes are indicated. (b) Cross-sectional diagram of a T.
pseudonana cell containing two daughter cell protoplasts. The epi- and hypo-theca are denoted
by overlapping brackets. Inside each daughter cell protoplast, new valves have been formed
(located by arrows), but these have not yet exocytosed to form the new cell wall.
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Figure 2.

Comparison of conventional SEM and ion-abrasion SEM imaging of T. pseudonana. (a and
b) Surface imaging of T. pseudonana emphasizing (a) the entire cell structure, and (b) a close-
up of the valve surface. (c and d) Cross-sectional images of T. pseudonana generated by ion-
abrasion SEM. In both images silica surrounding the cell is highly electron bright and
intracellular membranes are less bright. Numerous vacuoles are visible, and in (d), thylakoid
membranes of the plastid are predominant. (e) Surface image of the proximal valve surface of
T. pseudonana. Note the smooth but ribbed internal structure and inner projections of the
rimoportulae. (f) 3D reconstruction of a series of images of the proximal valve surface of T.
pseudonana generated by ion-abrasion SEM. Similar features are visible as in the surface image
in (e).
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Figure 3.

Elemental map analysis of a section of T. pseudonana.

Cross-sectional girdle band view of T. pseudonana with the corresponding (a) phosphorous,
(b) oxygen, and (c) silicon elemental maps, overlaid on an SEM image (d). Differences in the
field of view between the x-ray maps and the SEM image are due to the difference in the
detector positions relative to the sample. As expected, silicon is concentrated within the cell
walls. Phosphorous signals coincide with lipid-enriched portion of the cell. Oxygen signals are
relatively high over the entire field of view but there are areas of enrichment, mainly along the
cell wall
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Figure 4.

Imaging of newly formed valves in T. pseudonana just prior to cell separation. Left are images
from a series of successive (left to right, up to down) sections (20 nm average depth) through
a T. pseudonana cell that has completed both daughter cell valves but has not separated. The
view is slightly offset from the true valve plane. The valves are seen in succession
predominantly on the left initially, then on the right. Substructures such as the rimoportulae
and the 20 nm pores and ribs on the valve surface are visible, indicating that images produced
by ion-abrasion SEM have high fidelity. Right is a 3D reconstruction of the series, emphasizing
the two interior valves, colored red and yellow.
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Figure 5.

Extremely early stage in T. pseudonana valve formation. Images are in valve plane. Left are
images from successive (left to right, up to down) sections (20 nm average depth) indicating
convoluted rib structure initially associated with the girdle band region in the lower left corner
of the cell. Right is a 3D reconstruction confirming the association of the newly forming valve
with the girdle band region, and the extended ribs.
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Figure 6.

Association of the forming valve with the girdle band region. Higher magnification images of
sections from the same cell in Fig. 5. Section number of each image is denoted, individual
sections were separated by 20 nm. Section 34 shows the epitheca (e), and hypotheca (h) girdle
bands encircling the cell. Section 40 show an additional structure (as) associated with the
hypotheca girdle band. Section 44 shows more complicated additional structures (as) and a
discontinuity (dc) in structure. In section 63 valve ribs are visible (arrows) and in section 68
connections between the ribs are present (brackets). Circular structures in section 75 may be
freshly forming rimoportulae.
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Figure 7.

Visualization of valve formation and the SDV, and cross-sectional structure of a completed
valve. (a—f) are different sections from the same cell, imaged at an oblique angle from the girdle
band plane. For all sections of this figure, more detail can be seen by zooming in. (a) Cross
section of a cell just prior to initial visualization of silica. The dark band located by the white
arrowhead is the SDV, and the dark arrow locates an adjacent filament with the width of actin
(7 nm). (b) The next section towards the cell center from (a), which shows the first deposition
of silica as ribs of the base layer. The dark opening characteristic of the SDV is missing in the
location of the ribs, but is still present at the edges where rib silica is not visible (white
arrowhead). (c and d) Successive cross-sections of the SDV prior to the appearance of silica.
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Arrows locate dark “holes” that are aligned in the successive sections, in reality, because the
sectioning depth is 20 nm the dark areas are actually tubes oriented in the plane of the valve.
(e and f) Another set of successive sections of the SDV, corresponding to those seen in (a and
b). Arrows locate the dark holes in (e), which become filled with silica in (f). (g) Imaging of
the SDV in an oblique cross-section of a cell. Association of the SDV predominantly with one
side of the cell near the girdle bands is evident, as are circular outlines of fusing vesicles. (h)
Cross-section of mature valve silica from the girdle band plane. The relatively flat proximal
valve surface (towards the lower right) and ridged distal surface (towards the upper left) are
evident, as are thin occlusions at the junction of the base and upper layer in the 20 nm pores
(arrows) perforating the valve surface.
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Figure 8.

Visualization of the SDV and associated filaments during girdle band formation. (a) Valve
plane section through a cell showing the dark area characteristic of the girdle band SDV
(bracket) with some silica visible at left. (b) Another section of the same cell showing the
presence of more silicain the girdle band SDV. (c) Cross-sectional image of a three overlapping
girdle bands showing their tapered overlapping structure. (d) Girdle band plane view of a newly
forming girdle band and associated SDV. Arrow at left denotes the dark area of the SDV, and
arrowhead at right locates the forming girdle band on the other side of the cell. (e and 1)
Successive sections through a cell showing 7 nm filaments associated with a forming girdle
band. In (f), the initial polymerization of silica (more highly electron dense material) can be
seen.
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Figure 9.

Laminate structure of girdle bands. (a) Section in the girdle band plane near the cell wall
showing an enrichment of organic material (bracket) of the correct width and at the correct
location of a forming girdle band. Arrows denote filamentous material in a similar location as
identified in Fig. 8. (b) Another section of the same cell as in (a), showing the precursor material
of the girdle band in side view (bracket). (c) Cross-section of a girdle band showing the electron
transparent central section (arrow) we interpret as being organic material. (d) Girdle band
laminate structure in the process of separation. (e) Cross-sectional view of nanopores in girdle
bands, which have a similar thin occlusion as was seen in the valve (Fig. 7h). The occlusion
corresponds in position to the organic center of the girdle bands.

J Struct Biol. Author manuscript; available in PMC 2010 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hildebrand et al.

Page 25

A
s
a
o
A
A

T
N
N
NN
ANAN
A

DHIDH]

Figure 10.

Structure of the rimoportula. Left is a series of image sections through a rimoportula (left to
right, up to down), sectioning depth was 10 nm. Arrows in some of the images denote the
location of accessory pores in the rimoportula chamber. Right is a 3D reconstruction of the
portula highlighting the surface (red) or interior (pale pink) structure viewed from the outside
(upper) and inside (lower) of the valve.
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Figure 11.

Central templating vs. confinement model for mesoscale structure formation. (a) TEM image
of the silicification front during valve formation in T. pseudonana. Note the branched silica
structure, and the location of regions where pores are forming, which lack silica. Image is in
the same region as Fig. 3c in (Hildebrand et al., 2006), but is a distinct image. (b) Central
templating model involving a linear protein (green) around which silica (gray) is deposited to
form a rod structure. (c) Central templating model involving droplets of polyamines (blue)
around which silica (gray) is deposited. In both models, the initial deposition of silica is
concentrated around the template. (d) Confinement model of silicification. On left are depicted
organic complexes comprising pores (in red) which flank a tubular structure (light blue) made
of organics in the SDV lumen. Center depicts the initial stage of deposition, where silica is not
yet confined, but forms a flat sheet within the tubule and between the pores. On the right, silica
becomes concentrated in the tubule, and is less dense in the pore region. In this model, silica
is initially not concentrated in one area, but becomes so over time.
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