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Molecular characterization of cyanobacterial silicification using synchrotron infrared
micro-spectroscopy
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Abstract—Synchrotron-based Fourier-transform infrared (SR-FTIR) micro-spectroscopy was used to deter-
mine the concentration-dependent response of the organic structure of live cyanobacterial cells to silicification.
Mid-infrared (4000–600 cm�1) measurements carried out on single filaments and sheaths of the cyanobacteria
Calothrix sp. (strain KC97) were used to monitor the interaction between a polymerizing silica solution and
the organic functional groups of the cells during progressive silicification. Spectra of whole-cells and sheaths
were analyzed and the spectral features were assigned to specific functional groups related to the cell: lipids
(-CH2 and -CH3; at 2870–2960 cm�1), fatty acids (�C�O at 1740 cm�1), proteins (amides I and II at 1650
and 1540 cm�1), nucleic acids (�P�O 1240 cm�1), carboxylic acids (C-O at 1392 cm�1), and polysaccha-
rides (C-O between 1165 and 1030 cm�1). These vibrations and the characteristic vibrations for silica (Si-O
between 1190 and 1060 cm�1; to some extent overlapping with the C-O frequencies of polysaccharides and
Si-O at 800 cm�1) were used to follow the progress of silicification. Relative to unsilicified samples, the
intensity of the combined C-O/Si-O vibration band increased considerably over the course of the silicification
(whole-cells by� 90% and sheath by�75%). This increase is a consequence of (1) extensive growth of the
sheath in response to the silicification, and (2) the formation of thin amorphous silica layers on the sheath. The
formation of a silica specific band (�800 cm�1) indicates, however, that the precipitation of amorphous silica
is controlled by the dehydroxylation of abiotically formed silanol groups.Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

Cyanobacteria are a major group of oxygenic, phototrophic
prokaryotes, often found in hot spring environments (Fay,
1983; Ward et al., 1998; Brock et al., 1994), where it has been
proposed that they participate in both metabolically induced
and passive mineral formation reactions (Lowenstam, 1981;
Krumbein, 1983; Fortin et al., 1997). Although the active
precipitation of amorphous silica (opal A) is one of the most
obvious and important geological processes in many modern
hot springs, the role microorganisms play in the precipitation
process is unclear. In modern settings, during ascent to the
Earth’s surface and upon exposure to atmospheric conditions,
geothermal waters undergo extreme changes in chemical (e.g.,
redox, pH, saturation state) and physical (e.g., temperature,
pressure) properties (Henley et al., 1984). These changes in-
duce the precipitation of amorphous silica (and other compo-
nents) and this affects the chemical environment of the micro-
bial communities that live in the subboiling parts of thermal
springs. In such environments, the supply of aqueous silica in
the effluent solution is continuous and often supersaturated
with respect to amorphous silica and silica adsorption/precipi-
tation processes can be sustained via inorganic processes. The
kinetic and thermodynamic parameters controlling inorganic
silica precipitation and stability have been quantified in a series
of field and laboratory studies (e.g., Rimstidt and Barnes, 1980;
Fournier, 1985; Dove and Crerar, 1990; Carroll et al., 1998).
Furthermore, experimental studies with pure cell cultures have

shown that microbial surfaces have a low affinity for silica
when compared with metals (Ferris et al., 1988; Daughney et
al., 1998; Phoenix, 2001; Fein et al., 2002; Phoenix et al.,
submitted; Yee et al., in press). However, ample circumstantial
laboratory and field-based evidence suggests that the presence
of microorganisms may influence the precipitation of amor-
phous silica from modern hot spring fluids (e.g., Walter et al.,
1972; Ferris et al., 1986; Schultze-Lam et al., 1995; Westall et
al., 1995; Konhauser and Ferris, 1996; Jones et al., 2000;
Phoenix et al., 2000; Konhauser et al., 2001; Mountain et al.,
2002). It has been speculated that microorganisms might act as
possible nucleation sites for aqueous silica, thus influencing
silica polymerization rates. Yet, direct evidence for an active
role of microbial cells in the silicification process is so far
lacking.

Many geochemical reactions may be affected by microbial
metabolism in geothermal environments, but interactions be-
tween microbial cells and the geothermal solutions are still
poorly understood. This is mainly a consequence of the dearth
of in situ and in vivo experimental data quantifying microbe-
mineral and microbe-fluid interactions. The molecular level
quantification of the interaction between a polymerizing silica
solution and the cell surface functional components remains the
critical step in elucidating silicification processes occurring in
near-Earth surface geothermal systems. Only such studies can
provide data for a mechanistic model, which may be applied to
a whole range of biomineralization reactions. Furthermore,
understanding the interactions that occur at the microbe/fluid/
mineral interface in modern geothermal settings, will improve
the ability to interpret some of the earliest records of life on
Earth (e.g., Archean siliceous stromatolites and their recogniz-
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able microfossils, Awramik, 1992; Cady, 2001), which provide
a proxy for the biogeochemical conditions of the early bio-
sphere. Batch-type measurements can reveal changes in bulk
concentrations of inorganic or organic species in microbial
microcosms. However, the lack of temporal and spatial control
in such studies precludes detailed measurements of mineral/
fluid/interactions. Conversely, in situ experiments, can provide
quantitative data on the effective changes in reactions occurring
at the microbe/fluid/mineral interface and this can be done time
resolved and in vivo.

In this study, results from microbe/fluid/mineral interaction
experiments that were followed in situ and in vivo are pre-
sented. The experiments were carried out with cultured cya-
nobacterial filaments and the changes in the chemistry of their
organic framework and their response to precipitation of amor-
phous silica was ascertained. The main questions that have
been addressed are: (1) what role do cyanobacteria play in the
biomineralization process and (2) how do cyanobacterial cells
respond to changes in the chemical environment they live in?
The results show that it is possible to establish the vibrational
frequencies, which correspond to the organic functional groups
of cyanobacterial cells and cell components, and to ascertain
and quantify the changes in cell composition in response to
silicification.

2. BACKGROUND: FOURIER TRANSFORM INFRARED
MICRO-SPECTROSCOPY AND MICROORGANISMS

Fourier transform infrared (FTIR) spectroscopy has proven
to be a fundamental technique that can provide an unique and
accurate insight into the in situ and in vivo changes in the
chemical character of human and microbial cells at high spatial
resolution. For biologic spectroscopy, the important vibrations
occur in the mid-infrared region (700–4000 cm�1 or wave-
lengths, �, between 2.5 and 16 �m) where most organic mole-
cules show characteristic spectral features (Diem, 1993, Nau-
mann et al., 1996). Infrared light is absorbed when the
vibrational motion (e.g., stretching, bending, and rotating) of a
species (e.g., a molecule, functional group, or cation-anion
pair) induces a change in its dipole moment. The strength and
frequency of infrared absorptions are determined primarily by
factors that include symmetry, bond type and the masses of the
atoms (McMillan and Hofmeister, 1988; Diem, 1993; Stuart
and Ando, 1997).

2.1. Conventional FTIR and Micro-Spectroscopy

In the last few decades, conventional thermal FTIR spectros-
copy has been extensively used in biology and medicine (1) to
characterize cell compounds and structures (Parker, 1983; Nau-
mann et al., 1991; Diem, 1993) (2) to differentiate, classify, and
identify microorganisms (Naumann et al., 1996; Naumann,
2000; Choo-Smith et al., 2001) and (3) to detect, enumerate,
and identify microcolonies (Schultz and Naumann, 1991; Diem
et al., 1999). Furthermore, FTIR measurements may be carried
out on untreated (e.g., unstained) material, thus preserving the
integrity of the original cells. The combination of infrared
spectroscopy with microscopy (thermal FTIR micro-spectros-
copy) has improved the spectral quality and reproducibility of
infrared measurements of small samples (Wetzel and LeVine,

1999; Lasch et al., 2002). Thermal FTIR-micro-spectroscopy
on biologic samples was pioneered in the medical sciences
where it is used as a clinical tool to distinguish between
malignant and healthy human cells (i.e., to quantify the devel-
opment of cancer, Alzheimer’s disease or bone osteoporosis,
Naumann, 1997; LeVine and Wetzel, 1998; Chiriboga et al.,
2000). To date only a few studies have used conventional
thermal FTIR micro-spectroscopy to characterize the organic
composition of natural environmental samples or their effect on
geochemical and biochemical cycles. Usually such studies have
been carried out with mixed-cultures and were used as a dis-
criminatory tool (Schuster et al., 1999; Naumann, 2000; Choo-
Smith et al., 2001) or to follow bulk reactions in biotechnolog-
ical processes (Kansiz et al., 1999; Giordano et al., 2001).

Thermal FTIR is usually used to characterize bulk samples,
and in the midinfrared, the microscope incident beam can
typically be focussed to an area of �100 � 100 �m2. However,
a further increase in spatial resolution can only be achieved by
the use of slits or apertures and this results in a dramatic
decrease in signal to noise ratio for a given scan time.

2.2. Synchrotron-Based FTIR-Micro-Spectroscopy (SR-
FTIR)

The most exciting advance in the field of FTIR-micro-spec-
troscopy has occurred with the implementation of synchrotron-
based FTIR micro-spectroscopy (SR-FTIR; Fig. 1). This tech-
nique has only recently been used to image changes in the
molecular characteristics of cells during the growth and life
cycles of isolates or mixed cultures (Jamin et al., 1998a, 1998b;
Miller et al., 1998, 2002; Tobin et al., 1999; Holman et al.,
2000b). Depending on the specific biochemical character of a
species or strain, SR-FTIR micro-spectroscopy has been used:
(1) to track changes in the organic structure of live cells (Jamin
et al., 1998a, Holman et al., 2000b); (2) to follow the devel-
opment of environmentally induced changes in the overall
molecular framework of cells (Holman et al., 1999, 2000a,
2002; Benning et al., 2002) and (3) to distinguish and discrim-
inate changes in specific biogeochemical environments (Sigee
et al., 2002).

Synchrotron-based FTIR micro-spectroscopy has clear ad-
vantages over thermal-based FTIR micro-spectroscopy due to
the 100 to 1000 times greater brightness (higher photon flux;
Carr, 1999). However, this improvement is not due to a higher
emitted power but, because the effective source size is smaller
and the light is emitted into a narrower range of angles. The
relationship between the emitted power and the source area
allows smaller regions to be probed and for a 10-�m aperture,
a � 1000 times better signal to noise ratio is observed for the
synchrotron source compared with a thermal source (Reffner et
al., 1995; Martin et al., 2002). Furthermore, this also results in
a 10-fold improvement on spatial resolution (Carr, 2001). SR-
FTIR micro-spectroscopy permits measurements of the organic
structure of individual microorganisms and their environment
non-destructively and rapidly (seconds to tens of seconds). Due
to the non-destructive nature of infrared light, microorganisms
can be observed in situ and in vivo and the changes in their
biochemical character can be monitored over time and with
changing solution composition. Since there is no need for
sample preparation (no fixation, staining, etc.) the organic
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functional character of biomolecules is retained. With infrared
light radiation damage is not observed even for counting times
up to 30 min (Martin et al., 2001).

In this study, SR-FTIR micro-spectroscopy was used to
study single cyanobacterial filaments and their response to
changes in their chemical environment. These changes were
monitored in situ and in vivo via the variations in mid-infrared
band intensity and position. Such variations were linked to
several factors, including increasing concentration of an ab-
sorbed surface species or variations in density of various cel-
lular components.

2.3. Organic Components of Cyanobacterial Cells

Microbial cells consist of complex chemical macromolecules
that are distributed in various cellular components. They in-
clude the cytoplasm (dominated by proteins and nucleic acids),
the cytoplasmic cell membrane (composed predominantly of
phospholipids), and the cell wall (composed predominantly of
peptidoglycan). The cell walls of gram-negative Bacteria (such
as the strain used here, Calothrix sp.) also contain an outer
membrane (mainly composed of phospholipids and lipopoly-

saccharides). In the case of Calothrix sp. the cell wall is
surrounded by a sheath composed of a complex array of poly-
saccharides (e.g., Weckesser et al., 1988). The cyanobacterial
sheath separates the cell from its surrounding environment and
act as a shield against dehydration and predation, or protects the
cell wall from detrimental metal uptake or biomineralization
(Dudman, 1977; Weckesser et al., 1988; Scott et al., 1996;
Hoiczyk, 1998; Wilson et al., 2001; Phoenix et al., 2002).

On average, the composition of Bacterial cells are fairly
homogeneous: �40 to 60% proteins, �15 to 20% nucleic
acids, �10 to 15% polysaccharides, �10 to 15% lipids, and �1
to 3% other organic and inorganic components (e.g., Brock et
al., 1994, Naumann, 2000). Naturally, this composition de-
pends on a variety of factors including cell division stage and
growth cycle. It was assumed that the average composition
noted above applied to the whole-cells of the culture used in
these experiments (see below). In the cytoplasm, the proteins
dominate the vibrational spectra because the total concentration
of proteins is high (�100 mmol/L, Diem et al., 1999). Al-
though, the average infrared spectra of all proteins are remark-
ably constant, the intensity and frequencies for proteins may

Fig. 1. Schematic of infrared micro-spectroscopic set-up at beam line 13.3 at the Daresbury Laboratory. Additional details
of the beamline and its performance are given in Tobin et al. (1999).
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vary depending on their primary and secondary structure, their
hydration state, as well as the ionic strength of the solvent. In
cyanobacteria, the content of polysaccharides can be signifi-
cantly higher due to the presence of an extracelluar polysac-
charide sheath which may represent up to 20 to 30% of dry
mass of the whole-cell (Weckesser et al., 1988).

The sheath of the cyanobacteria that was studied here (Calo-
thrix sp.) consists of �50% neutral sugars, mainly glucose, and
�5% amino acids (of sheath dry weight; Drews and
Weckesser, 1982; Weckesser et al., 1988). Often sugars are
also found in the cell body but then they are combined with
proteins and form glycoproteins. The hydration state of a cell is
strongly dependent on the hydration of this sugar “coating” and
this will strongly affect the infrared vibrations because in most
microbial cells the enzymatic changes are controlled by the
changes in protonation states of the functional groups.

3. MATERIALS AND METHODS

3.1. Microbial Culture, Silicification Experiments and Reference
Materials

The silicification experiments were carried out with the filamentous
cyanobacteria Calothrix sp. (strain KC97, Phoenix et al., 2000). Cul-
tures were obtained by growth for 4 weeks in autoclaved liquid
BG11-N media at 28°C, under cool florescent light at an intensity of 25
�mol m�2 s�1. Four-week-old cultures were used, as Calothrix sp. is
a relatively slow growing organism that takes weeks to produce a
suitable dense culture for experimentation. After 4 weeks growth, the
colonies were healthy and in growth phase. Once such a suitable culture
was obtained, a series of microcosms, each one with a biomass of 2.3
mg dry weight (see below), were prepared in 50-mL polypropylene
centrifuge tubes. Standard 10.7 mmol/L (300 ppm) monomeric Si
solutions were prepared from Na2SiO3 · 7H2O and sterile 18 M� water.
Polymerization of this solution was induced just before addition to each
microcosm by neutralizing to pH � 7 with 2 mol/L HCl. Immediately
thereafter, silicification experiments were initiated by adding to each
microcosm 10 mL of the freshly neutralized 10.7 mmol/L Si solution
containing 10% BG11-N. The silicification process was sustained by
exchanging the Si solution every 2 to 3 days with fresh Si solution for
a maximum of 12 times. In a parallel study (Phoenix, 2001), for each
exchange step an average of 3.6 �mol Si were estimated to be sorbed
by the cyanobacterial biomass (2.3 mg/microcosm; Phoenix, 2001).
Therefore, after 12 exchanges a maximum of �43 �mol Si was sorbed
onto the cell surface. Silica sorption was determined by measuring the
amount of silica remaining in solution (via ICP-AES). The amount
sorbed onto the reaction vessel wall was determined from a control
(cyanobacteria free) experiment. Thus, the total silica sorbed by the
cyanobacteria was calculated as the difference between that immobi-
lized in the control and that immobilized in the cyanobacterial micro-
cosm (Phoenix, 2001).

Unsilicified Calothrix sp. whole-cells (i.e., intact chains of cells
enclosed within a polysaccharide sheath) and unsilicified chemically
purified Calothrix sp. sheaths (see below) were used as controls. These
two microbial control fractions together with the standard 10.7 mmol/L
silica solution were used as reference materials for identification and
verification of band assignments. Chemically purified Calothrix sp.
sheaths were obtained via a method modified after Weckesser et al.
(1988). Mature cultures were homogenized in a tissue grinder, followed
by 6 h ultrasonication in a Branson 3200 sonicating bath. The homog-
enates were washed by centrifugation at 3000g re-suspended in 100 mL
of 0.05 mol/L HEPES buffer (pH 6.8) with 200 mg/L lysozyme
(chicken egg white; EC. 3.2.1.17), and incubated for 16 h at 37°C.
After incubation, the resulting fraction was added drop wise to 100 mL
of boiling 4% w/v (final concentration � 2%w/v ) sodium dodecyl
sulfate (SDS). After boiling for 15 min, the remaining purified sheath
fractions were washed 7 times in 18 M� water by centrifugation at
20,000g.

3.2. Infrared Measurements and Data Analysis

3.2.1. Sample and Reference Material Preparation

Just before the infrared measurements, aliquots of each microcosm
were diluted and washed three times in 50 mL of 18 M� water with
intermittent centrifugation at 5000g to remove all the organic compo-
nents associated with the BG11-N media and the non-bound silica
(both monomeric and polymeric fractions). To disperse the filamentous
clusters, the washed pellets were transferred to a 1.5-mL Eppendorf
tube and sonicated for three 10-s cycles using an ultrasconic disinte-
grator (Sanyo Soniprep 150) with an output frequency of 23 kHz and
6-�m amplitude. Immediately after sonication, 100 � 2 �L of each
sample suspension were placed onto low-emissivity infrared reflec-
tance slides (Kevley Technologies, USA), which show a 100% reflec-
tance across the mid-IR. The slides were dried in an incubator at 30°C
for 4 h. In addition, samples of each reference material (unsilicified
whole-cell control, unsilicified chemically purified sheath control and
the 10.7 mmol/L silica standard solution) were prepared in the same
way. During sonication, of the whole-cell materials (both reference and
silicified) most filaments remained intact. However, some of the
sheaths were mechanical partially separated from the silicified fila-
ments (Fig. 2), and in all discussions below, spectra of silicified
whole-cells (including sheath, section 4.2.1.) or spectra of separated
silicified sheaths (described in section 4.2.2.) refer to analyses per-
formed on these two fractions. Note that the silicification was not
carried out on chemically purified sheaths, but that the separated
sheaths discussed below were silicified on the original filaments and
than mechanically separated during sonication. This is different to the
chemically purified sheaths, which were used as sheath control for
spectral assignments and which were not silicified (see above). Previ-
ous work has shown that the synchrotron infrared light is not damaging
to microbial cells (Martin et al., 2001). During a later examination of
the silicified samples (repeat spectra collected on same samples), strong
water peaks were still visible in all cell spectra, suggesting that full
dehydration of the cells had not occurred. Furthermore, although we
did not carry out viability counts after analysis, the successful culturing
of cyanobacteria from the slides corroborated the that cells were still
viable post-analysis.

3.2.2. Spectrometer and Microscope Set-up

The infrared measurements were carried out on station 13.3 at the
Daresbury Laboratory, Warrington (UK) using a Nicolet NicPlan In-
frared Microscope fitted with a 730 mid-IR spectrometer with the light
derived from an external synchrotron source (Fig. 1; Tobin et al.,
1999). The spectra were collected in reflectance mode with a liquid N2

cooled mercury-cadmium-telluride (MCT) detector, at a resolution of 8
cm�1 by co-adding 256 scans per point. A Happ-Genzel apodisation
function was used, with the zero-filling factor set to two. In this mode,
the infrared beam passes through the sample, is reflected off the IR
slide (100% reflecting), and is collected with the microscope operating
in reflectance mode. The synchrotron beam on station 13.3 focuses,
unapertured, to �20 � 30 �m2, and with the slits set to 20 � 10 �m2,
the full intensity of the beam is not used, thus avoiding saturation
automatically. Nevertheless, the interferograms corresponding to the
background and to the sample were carefully checked for saturation
before each measurement. To be able to optically image and record the
areas investigated a camera was attached to the bright field microscope.
The NicPlan infrared microscope used in these experiments was
equipped with a 32� Cassegrain objective that could be used in two
modes: view and collect. The sample-slides were placed under the
microscope (at 320� magnification) and in the view mode, single
cyanobacterial filaments or separated sheaths were located and centered
near the desired position (Fig. 2) using a computer-controlled x-y stage.
In addition, a spot free of sample was located and recorded (e.g., point
marked ‘B’ in Fig. 2) to establish the background signal. The FTIR
radiation is directed onto the sample for infrared analyses in the collect
mode. In this study, per sample, at least three points on a cyanobacterial
filament, and three on a separated sheath were identified for analysis.
On each point, triplicate measurements were carried out with a sample-
free background spectrum collected after every third measurement.
Each spectrum was thus corrected for instrumental response and beam
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profile by referencing against a background spectrum collected from a
clear area of the IR reflecting slide.

Reflectance spectra over the range of 600 to 4000 cm�1 were
collected with the aperture on the microscope set so that the beam was
focussed onto a 20 � 10 �m2 area. This allowed a high spatial
resolution and the chosen aperture covered an area just slightly larger
than the cyanobacterial filaments or the separated sheath material (Fig.
2). However, this aperture setting strongly affected the quality of the
spectra below �700 cm�1. Decreasing the aperture dimension leads to
a degradation of signal to noise ratio and, more importantly, as the
aperture size approaches the wavelength of the infrared light diffraction
becomes a problem. The diffraction limited spatial resolution is defined
as (0.61 �/NA), where � is the wavelength of the energy and NA is the
numerical aperture of the optical system (in this case NA � 0.65,
Messerschmidt, 1995), and thus the lower limit for the aperture in all
experiments was 20 � 10 �m2. Only with such an aperture could a
good signal to noise ratio be achieved and good quality data in the
region of interest (vibrations at and below 1000 cm�1) be acquired.
Thus for each measurement, single filaments or sheaths that were
similar in size (diameter �8–10 �m) were chosen. This size was a
prerequisite as multiple tests had shown that the best and most repro-
ducible spectra were obtained when the cutoff size in the preset 20 �
10 �m2 aperture ‘box’ was such that � 90% (�5%) of the ‘box’ was
filled with sample. This was done to minimize variations due to sample
thickness and water content.

4. RESULTS AND DISCUSSION

4.1. Vibrational Characteristics

4.1.1. Spectral Analysis and Corrections

The collected reflectance spectra were transformed into ab-
sorbance spectra (A� log[1/R]) using the Nicolet OMNIC and
Atl�s software (ThermoNicolet Ltd.) and are presented as

absorbance vs. wavenumber (cm�1). To derive the character-
istic frequencies and to compare relative intensities, all back-
ground-corrected spectra were baseline corrected with the base-
line set as a two-point straight-line between two end-points of
a desired frequency region. This was done using the automatic
baseline correction algorithm within the OMNIC software,
either for 4000 to 700 cm�1 or for 1800 to 700 cm�1. This
procedure allowed a minimization of the differences between
spectra due to baseline shifts and corrected for the intensity
decay of the synchrotron beam. Furthermore, all baseline cor-
rected silicified sample spectra were compared with the base-
line corrected reference spectra to determine the quality of the
baseline corrections and the changes in assigned peak position.

4.1.2. Spectral Reproducibility

A comparison of the raw, background corrected spectra of
triplicate measurements on the same spot shows a high degree
of reproducibility as indicated by the consistency between the
relative peak intensities (	2.5% variation, five triplicate mea-
surements). In addition, a comparison between relative inten-
sities of spectra collected on two different points on the same
filament (seven different samples) exhibit a variation in relative
intensities of 	 8% (Fig. 3). This variability may be caused by
some degree of incomplete baseline correction but in part, it
will be a consequence of the variations in sample thickness and
non-uniformity of the deposited cells. Such differences can lead
to variations in scattering and diffraction, which occur as the
beam is refracted off the reflective slide. However, in this study

Fig. 2. Infrared bright field photomicrograph of a Calothrix sp. whole cell (points 1, 2, 3) and its separated sheath (points
4 and 5). The picture was captured in visible light mode at 320� magnification. The size of the white aperture ‘box’ is 20
� 10 �m2 and B is the point where the background was measured. Note point 6, on a smaller bacterial filament (left upper
corner), which denotes a point that was not used in the measurements because its size was smaller than the cutoff size set
for all measurements (�90% of a 20 � 10 �m2 aperture ‘box’ must be filled with sample).
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extreme care was taken to minimize these problems by select-
ing filaments and separated sheaths that were similar in size and
appearance, and visibly free of loose particles.

4.1.3. Band Assignments: Calothrix sp. Whole-Cell and
Purified Sheath Control Samples

To determine the main frequencies in the reference materials,
spectra for a whole-cell control (unsilicified Calothrix sp.), a
sheath control (unsilicified, chemically purified Calothrix sp.
sheath) and a 10.7 mmol/L standard silica solution were com-
pared and cross-referenced against literature data for microor-
ganisms, macromolecules as well as aqueous and amorphous
silica (see below and sources in Table 1). Although at high
wavenumbers (�2000 cm�1) some lipid, water and silica vi-
brations are found (bands 1–3 in Table 1; Figs. 4a and 4b), the
most characteristic spectral features of cyanobacterial cellular
components are observed between 700 and 1800 cm�1 (bands
4–14 in Table 1, Fig. 4d). Below 2000 cm�1, two spectral
regions have been distinguished: the “double bond” region
(2000–1500 cm�1, C�O bonds) and the “fi ngerprint” region
(1500–600 cm�1; Diem, 1993; Stuart and Ando, 1997).

4.1.3.1. Proteins. In the double bond region (2000–1500
cm�1), dominantly in the whole-cell and less so in the chem-
ically purified sheath, the protein spectra exhibit two primary
features that arise from specific stretching and bending vibra-
tions of the peptide backbone. The whole-cell spectra are
dominated by the amide I feature at �1650 cm�1 (band # 5,

Figs. 4a and 4d). This band is sensitive to the protein’s sec-
ondary structure, to ligand interactions and to its folding char-
acteristics (Brandenburg and Seydel, 1996; Zeroual et al., 1995;
Panick and Winter, 2000). The amide II vibration can be found
at �1540 cm�1 (band # 7) and consists mainly of a C-N
stretching vibration coupled with an N-H bending vibration. In
the chemically purified sheath the amide I and II bands are
weaker and the amide II band has shifted to lower frequencies
as a consequence of thermal denaturation due to the preparation
procedure (see section 3.1). These two vibrations are usually
the most characteristic features in a microbial spectrum but
often an additional protein feature may be found at lower
wavenumbers (e.g., amide III at �1450 cm�1; band # 8, Diem,
1993; Fig. 4a). However, in cyanobacterial spectra strong poly-
saccharide vibrations usually conceal the amide III vibrations.

4.1.3.2. Nucleic acids. The most distinctive absorption band
for the nucleic acids can be found at �1240 cm�1 (band # 10;
Fig. 4a) and this band corresponds to the asymmetric phos-
phodiester stretching vibration (�asP�O) of the DNA or RNA
backbone structure (Naumann et al., 1996). Another important
nucleic acid phosphodiester peak is the symmetric stretching
vibration at 1080 cm�1, but in cyanobacteria, the main carbo-
hydrate vibrations (see below) conceal this band.

4.1.3.3. Lipids. Below 2000 cm�1, the main lipid band can be
found at �1740 cm�1 (�C�O ester stretching vibrations, band
# 4), and is derived primarily from the ester linkage of the fatty
acids (aliphatic monocarboxylic acids). This lipid feature can
reach a maximum of 5 to 10% of the amplitude of the amide I

Fig. 3. Comparison between two spectra measured on the same Calothrix sp. filament but on different points, in order
to assess the differences due to baseline correction, sample thickness variations and hydration levels. Points 1 (diamonds)
and 2 (squares) were located �30 �m apart from each other. The difference spectrum (triangles) is calculated using the
standard subtraction function in OMNIC.
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intensity and when the aliphatic lipids are conjugated with
aromatic ring compounds this feature is often shifted to lower
frequencies (�1730–1720 cm�1, Keller, 1986). Other lipid
vibrations can be found at �1450 cm�1 (see above) and
between 2900 and 3000 cm�1, where three phospholipid vi-
brations are found (band # 3, Fig. 4a). These distinctive bands
at �2960, �2930, and �2875 cm�1 correspond to the sym-
metric and asymmetric vibrations of CH2 methyl and CH3

methylene groups.

4.1.3.4. Polysaccharides. The control samples for the Calo-
thrix sp. whole-cells and purified sheaths both contain promi-
nent features corresponding to complex carbohydrates (Figs. 4a
and 4b). These features exhibited characteristic C-O derived
carbohydrate absorption bands that spread over �300 wave-
numbers between 1200 and 900 cm�1 (bands covered by the

regions # 11 and 12; Fig. 4). For Calothrix sp., the carbohydrate
bands are the main distinguishing features in the ‘fi ngerprint’
region, since Calothrix sp. cells possess an ample polysaccha-
ride sheath surrounding the cell body (Fig. 2; Weckesser et al.,
1988; Phoenix et al., 2002). Carbohydrate peaks were found in
both the whole-cell and the chemically purified sheath (at
�1165, �1110, �1050 and �1030 cm�1), but the frequency,
position, and intensity could be established more accurately in
the purified sheath spectra (Figs. 4b and 4d).

In the spectra for the chemically purified sheath control
(Figs. 4b and 4d), at wavenumbers between 700 and 950 cm�1,
some additional weak bands were observed, (i.e., at �820
cm�1 and a shoulder at �900 cm�1). However, these features
could not be quantified in the silicified samples because the
bands were weak and were obscured by the much stronger
silica band (at �800 cm�1).

Table 1. Frequencies and band assignments for FTIR spectra derived from the Calothrix sp. whole-cells, purified sheath and silica spectra.

Band #
Wavenumbers

(cm�1) Assignmentsa
Main group with

sourceb Comment

1 �3750 Si8O-H Silica(22) Surface hydroxyl groups
2 �3300–3400 v O-H and v N-H Water(4,20) Water/amide A;
3 �2960 vas CH3 Lipids(5) Methyl groups
3 �2930 vas CH2 Lipids(5) Methylene groups
3 �2875 vs �CH2/�CH3 Lipids(4,5) Methyl and methylene groups in fatty acids
4 �1740 v �C�O of esters Membrane lipids(1–5) Fatty acids
4 �1710 v �C�O of esters Carboxylic group Esters
5 �1650c v C�O Amide I(1–8) Protein (mostly �-helical structure; the secondary structure

of the protein can affect the position; 1695–1637
cm–1(4))

6 �1630 v O-H Water(17) Water; for hydrated silica this represents the water in
hydrogen-bonded silanols

7 �1540c � N-H and v C-N Amide II(11–8) Protein
8 �1450 �as CH2 / �as CH3 Lipid/amide III(2,5,8,10) Broad methylene peaks with positions varying in the

literature; amide III protein
9 �1392 vs C-O Carboxylic acids(2,8) Stretching of carboxylates; can interfere with the methyl

bending �s CH2/�s CH3 of the proteins and with the
methyl bending, �s N(CH3)3 of the lipids

10 �1240c vas P�O Nucleic acid(2,8–10)/
phosphoryl group

Stretching of phosphodiester backbone of the nucleic acids
(DNA and RNA); general phosphoryl groups

11 �1200–950c v C-O/vas P�O
�1080 cm–1 for
P�O �1165,
1110, 1050 and
1030 for C-O

Polysaccharides(2,4,9)/
nucleic acid(8,9)

Dominated by the ring vibrations in polysaccharides;
overlaps with stretching phosphodiester backbone of the
nucleic acids (DNA and RNA); in the presence of silica
these bands may be concealed by the stronger ionic
siloxane band

12 �1150–1000c v C-O / v Si-O
1190, 1060 cm–1

for Si-O

Polysaccharides (2,9)

siloxane(11–15)
Main region for carbohydrate peaks; however, stretching

of siloxanes interferes strongly with the stretching of
carbohydrates; often exhibits a shoulder at �1200 cm–1

that corresponds to the Si-O stretching vibrations of
SiO4 tetrahedra(15)

13 �950c v Si-Hn (n � 1–3)
v Si-OH

Silane/silanol(19,21) Typical silica band on the shoulder of the main Si-O peak;
usually of low amplitude; attributed to Si-O vibrations
for silica glasses with non-bridging oxygens(18), or to
the stretching mode of the Si-O (OH) bonds(19) in silica
gels

14 �800c v Si-O Siloxane(18,20)/SiO4

ring structure(16)
Corresponds to multiple siloxane bond (Si-O-Si) or chain

(Si3O9
6–) vibrations in solid amorphous silica;

sometimes interferes with silanol Si-OH stretching in
silica gels

c Bands discussed in spectral evaluations. a v � stretching; � � bending; as � asymmetric, s � symmetric b 1: Hendrick et al. (1991); 2: Zeroual
et al. (1995); 3: Williams and Fleming (1996); 4: Nauman et al. (1996); 5: Stuart and Ando (1997); 6: Lewis and McElhancy (1996); 7: Giordano
et al. (2001); 8: Nelson (1991); 9: Wong et al. (1991); 10: Liquier and Taillandier (1996); 11: Pouchard (1985); 12: Bertoluzza et al. (1982); 13:
Padmaja et al. (2001); 14: Kloprogge et al. (2000); 15: Lazarev(1972); 16: Lippencot et al. (1958); 17: Socrates (2001); 18: Mukherjee (1980); 19:
Zarzycki and Naudin (1962); 20: Keller (1986); 21: Nakamoto (1986); 21: Tripp and Hair (1991).
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4.1.4. Band Assignments: Silica, H2O, and CO2

For silica, the main absorption bands were derived by com-
parisons with literature values reported for silica gels, glasses,
and amorphous silica powders (Fig. 4c; Table 1). The spectrum
of the silica standard contains a peak at �3750 cm�1 (band #
1), which indicates the presence of free silanols and is assigned
to the isolated surface Si8O-H groups (Tripp and Hair, 1991).
Partly hydrated silica exhibits a band at �1630 cm�1 (band #
6), which correspond to the stretching vibrations of adsorbed
OH groups representing the hydrogen-bonded silanols with
some water (Ringwald and Pemberton, 2000, band # 6). The
presence of this band in the standard spectra shows that the
silica is not fully dehydrated. It is worth noting that in a
silicified cyanobacterial cell, other organic groups (i.e., amide I,
and lipids) usually completely conceal this band. The main
siloxane frequencies are found between 1200 and 800 cm�1

(bands # 12–14) and they partially overlap with the carbohy-
drate bands. The asymmetric Si-O stretching vibrations at 1190
and 1060 cm�1 are derived from the vibrations of SiO4 tetra-
hedra with three or four bridged oxygens (Lazarev, 1972;
Farmer, 1974). Usually, the bands for the Si-O group have a
stronger ionic character and are therefore more intense than the

corresponding carbohydrate C-O bands (Nakamoto, 1986). In
many cases, a weak band at �1115 cm�1 is manifested as a
shoulder on the broad 1060 cm�1 peak (Figs. 4c and 4d;
Farmer, 1974). This latter band however, strongly overlaps
with the C-O bands of the carbohydrates (at 1050 cm�1).

Fortunately, at lower frequencies two additional vibrations
(950 and 800 cm�1) typical for freshly precipitated silica gels
are found (see Table 1 and Farmer, 1974). A medium intensity
band at �950 cm�1 (band # 13) can be assigned to the Si-O
stretching of Si-OH silane and silanol groups in silica gels
(Zarzycki and Naudin, 1962; Hino and Sato, 1971). This band
can also represent the vibration of the Si-O bond in glasses or
gels containing non-bridging oxygens (Moenke, 1966;
Mukherjee, 1980). Furthermore, Moenke (1966) has shown that
this band is a common feature in spectra for diatoms or opaline
silica and that the 950 cm�1 band weakens and shifts to �970
cm�1 as the Si-OH groups condense to form Si-O-Si bonds.

The 800-cm�1 band (band # 14) is assigned to the Si-O
stretching vibrations of the SiO4 ring structure. This is usually
correlated with fully condensed Si atoms surrounded by four
Si-O-Si linkages (Landmesser et al., 1997). Overall, amorphous
silica structures, in contrast to their crystalline analogues, ex-

Fig. 4. Representative FTIR absorbance spectra for the reference materials: (a) Calothrix sp. whole-cell, (b) Calothrix sp.
sheath, and (c) silica standard. All spectra were baseline corrected for wavenumbers between 4000 and 600 cm�1 and the
details for the band assignments are discussed in Table 1 and in the text. (d) Enlargement of the “double bond and fingerprint
region” for the standards shown in (a) to (c); main bands are indicated by dotted lines and numbers in brackets above the
spectra correspond to the band # in Table 1.
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hibit no long-range order and are built up from SiO4 tetrahedra
with variable Si-O-Si bond angles and Si-O bond distances.
These structures may comprise a large number of tetrahedrally
coordinated silica atoms that are connected through oxygen
atoms to other silicon atoms or to hydrogen atoms. Three or
five coordinated silicon species are not expected to be stable in
such structures (Perry, 1989). The centers of such a structure
(gel or particle) are usually built up from chain or rings of
various sizes and can essentially be fully dehydrated. However,
the outside of such a particle will show a range of hydroxyl
functionality and the hydration states will vary dramatically
depending on the stage in the condensation process (Iler, 1981).
Amorphous silica structures are usually formed by oligomer-
izing orthosilicic acid via the expulsion of water, which ulti-
mately produces nanoparticles which grow to yield silica sols,
gels or aggregates (Iler, 1981). In the infrared spectra presented
here, these two bands (950 and 800 cm�1) represent exclusive
silica vibrations and for the 800-cm�1 band no interference
with cyanobacterial cells, sheath vibrations or other silica bands
were observed. For the 950-cm�1 Si-OH band, the only inter-
ference has been observed with the strong Si-O band at 1060
cm�1. This strong Si-O band may cause the Si-OH band to
weaken move to higher frequencies and become a shoulder of
the 1050-cm�1 band (Moenke, 1966).

In all spectra (Figs. 4a–4c) liquid or gaseous water (at
�3500–3300 cm�1 band # 2), and gaseous CO2 (at �2360
cm�1, band not listed in Table 1, but shown in Fig. 4c) are
often present. They are IR active and the samples, although
dried for 4 h, retained water in the cell structure and in the
sheath, and CO2 is present in the air. However, the amount of
water in a sample depends on the size of the bacterial cell, on
the covered area during measurement, on the dryness of the
sample and on the amount of water vapour in the room. In all
experiments, single bacterial filaments were measured and the
same aperture used. In addition, all samples were dried in the
same way and thus it was assumed that the amount of water in
the samples was fairly constant. The number of people breath-
ing close to the interferometer also affects the size of the CO2

peaks. Although some studies have corrected for these features
by subtracting standard H2O or CO2 spectra acquired using
attenuated total reflectance (ATR) infrared standard spectra,
water and CO2 were not quantified by the methods used here,
and thus no correction for H2O or CO2 was made. This cor-
rection was not necessary, as the vibrations affected by water
and CO2 (mostly lipids at high wavenumbers) were not used as
characteristic bands in this study.

Thus, the whole-cell spectrum shows a combination of pro-
tein, lipid, and carbohydrate bands, and the sheath spectrum
shows mainly polysaccharide bands. The characteristic bands
for amorphous silica structures in part overlap with the carbo-
hydrate bands but also show a distinctive band at �800 cm�1.

4.2. Silicification Experiments

After having identified the main vibrational features in the
whole-cells and purified sheath controls, the progressively si-
licified Calothrix sp. samples were characterized via the
changes in specific intensity and position of each band with
increasing silica load. The measurements were carried out on
single cyanobacterial filaments and on separated sheaths from

each microcosm. Care was always taken to choose single
filaments or separated sheaths (which were well separated from
the other filaments, Fig. 2 that were of equal dimensions and
appearance and free of loose particles.

4.2.1. Whole-Cells

The changes in the main spectral features during the pro-
gressive silicification of whole-cell samples are shown in Fig-
ure 5a. With increasing silicification (here shown as total
sorbed Si in �mol) a �90% increase in the intensity between
1250 and 950 cm�1 and the formation of a new band at �800
cm�1 (band # 14) was observed. Some additional, less prom-
inent changes in the features in this region need to be pointed
out. Firstly, with increasing Si load (in micromoles sorbed Si)
a shift in the amide I frequency towards lower wavenumbers
occurred (�20–30 wavenumbers; horizontal arrow at band # 5
in Fig. 5a). The reason for this shift is unclear but with increas-

Fig. 5. Infrared absorbance spectra of the silicified Calothrix sp.
filaments, plotted as a function of increasing silica-load (in �mol). All
spectra were baseline corrected between 1800 and 700 cm�1. (a)
Whole-cell spectra, (b) spectra for the sheath; numbers to the right of
the spectra correspond to silica load in micromoles while numbers in
brackets above the spectra correspond to band # in Table 1. Infrared
spectra have been vertically shifted for clarity.
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ing silicification protein denaturation (not thermal but chemi-
cal) may lead to this shift. Furthermore, the carboxylic acid and
amide III bands (1392 and 1450 cm�1, bands # 8 and 9)
broadened and this latter change can be attributed to the more
amplified Si-O and C-O vibrations around 1100 cm�1. At
roughly the same rate the increase in absorbance for the main
Si-O/C-O region (1060–1030 cm�1) causes the phosphodiester
band (the P�O stretching band # 10, 1240 cm�1) and the C-O
band at 1165 cm�1 to transform into a shoulder of the main
Si-O/C-O region.

The vibration bands corresponding to the frequencies at
�1100 to 1000 cm�1 were attributed to a mixture of the
asymmetric Si-O stretching vibrations (intertetrahedral mode),
and the carbohydrate C-O vibrations. The Si-OH band at 950
cm�1 is concealed in the whole-cell spectra (Fig. 5a) and is
manifested only as a weak shoulder of the mixed Si-O/C-O
region although when compared with the silica standard spec-
trum (Fig. 4c) this band is expected to form at the highest silica
loads. However, the intense Si-O bands with stronger ionic
character at 1050 cm�1 obscured this weaker Si-OH band. In
many silica gels and opaline silicas this band is known to
weaken, broaden and move to higher wavenumbers (970 cm�1,
Moenke, 1966) upon condensation and dehydroxylation of the
silanol, Si-OH groups on the path to form Si-O-Si siloxane
bridges (Farmer, 1974). Furthermore, in the whole-cell spectra
the absorbance intensity value for the 1100- to 1000-cm�1

bands is �5 times larger than the same band in the whole-cell
control spectra (0.1 vs. 0.5). This dramatic increase will natu-
rally affect all vibrational bands in the close surrounding (i.e.,
1392, 1165 and 950 cm�1).

However, the newly forming vibration at �800 cm�1 cor-
responds exclusively to symmetric intratetrahedral Si-O
stretching modes (Landmesser et al., 1997) and no interference
with the carbohydrate or silica bands was observed. This band
can thus be used to infer the formation of amorphous silica
gel-like structures that are linked to the cyanobacterial cells.
Mechanistically the formation of the 800-cm�1 band indicates
the formation of stable Si-O-Si bonds via dehydroxylation of
linked Si(OH)4 tetrahedral units. This process has been attrib-
uted to pore closure in the gel-like nanocrystalline porous
material followed by the collapse of the interconnected chan-
nels (Landmesser et al., 1997).

Scanning and transmission electron microscopic evidence
(Phoenix et al., 2001; Benning et al., 2002, 2003) showed that
during the silicification experiments silica particles accumulate
on Calothrix sp. whole cells only extracelullarly, while intra-
cellular silicification occurs only upon lysis of the cells. This
however, is not the case here as in all whole-cell spectra we still
see the prominent protein peaks attesting to the viability of the
cells. Furthermore, Phoenix et al. (2000) showed that cells
remain viable during biomineralization.

4.2.2. Separated Sheaths

Subsequent to the whole-cell measurements and at the same
silica loads, spectra of mechanically separated cyanobacterial
sheath fragments (see Fig. 2, and section 3.2.1) were recorded
(Fig. 5b). The relative reflectance intensity of the sheaths was
much lower than that for the whole-cells (�30–50% of whole-
cell). This was mainly due to the fact that the sheaths that were

separated from their original whole-cells were much thinner (at
best two layers of �0.02–0.5 �m, vs. up to 5-�m-thick whole-
cells; Weckesser et al., 1988; Shi et al., 1995, Phoenix, 2001).

With increasing silica load, similar to the whole-cells, the
absorbance intensity for the C-O and Si-O bands in the sepa-
rated sheath spectra (bands in region # 11, 12) increased
steadily (by �75%). In addition, at the highest silica loads (32
and 43 �mol), both exclusive silica bands clearly emerged (at
�950 cm�1, band # 13 and at �800 cm�1, band # 14). In the
silicified sheath spectra the 950-cm�1 band was clearly ob-
served (Fig. 5b), while this band was mostly concealed in the
whole-cell spectra (Fig. 5a). The reason for this difference is
unclear, but could stem from the much higher absorbance
intensity of the Si-O bands at �1000 to 1100 cm�1 the silic-
ified whole-cell spectra (up to 50% higher than in the separated
sheath).

4.2.3. Silicification Synopsis

The spectra demonstrate that in both cases, in the Calothrix
sp. whole-cell and in the sheath, the intensity of the bands
between 750 and 1300 cm�1 increased considerably with in-
creasing silica load. The vibrations in this region correlate with
the formation of polysaccharide and, at the highest silica loads,
the formation of silica related bonds. These bonds were ob-
served in the silicified whole-cells but also in the silicified
sheaths. This suggests that the reaction between the live cell
and the silica solution occurred predominantly on the surface of
the sheath although the cell wall itself is considered by far the
more reactive surface (i.e., the sheath contains only �15% of
the total reactive functional groups on the surface of Calothrix
sp., and most functional groups are located upon the cell wall;
Phoenix et al., 2002). Note that during the progressive silicifi-
cation, the sheaths still enclosed the filaments and that the
mechanical separation of sheath from the filament only oc-
curred before FTIR measurements, during the sonication step
(see section 3.2.1).

Microorganisms such as Calothrix sp. produce an extracel-
lular polysaccharide (EPS) coating for a number of reasons,
including protection against predation and dehydration (Dud-
man, 1977; Scott et al., 1996; Hoiczyk, 1998; Wilson et al.,
2001), prevention of detrimental biomineralization (Phoenix et
al., 2000), and to aid adhesion to a substrate (Dudman, 1977;
Scott et al., 1996). In both the whole-cell and the separated
sheath the increase in spectral intensity of the silica and car-
bohydrate bands was interpreted as a combination of increase
in EPS sheath thickness followed by the silicification of the
bacterial filaments in response to the amorphous silica precip-
itation.

These results corroborate the work by Phoenix et al. (2000),
who suggested that the sheath may be necessary to provide the
means for photosynthetically active cyanobacteria to survive
mineralization. This process might be assisted by the sheath
acting as the mineral deposition site, thus provide a physical
barrier against colloidal silica deposition and thus preventing
cell wall and/or cytoplasmic mineralization. This may also
explains why the observed silicification of the sheath predom-
inates over cell silicification. This is however, the first time that
this process has been monitored in situ on live cells.

The thickness of the sheath when attached to the cell grows

738 L. G. Benning et al.



in response to the silicification, but at some point, the sheath
C-O vibrational frequencies cease to dominate and the more
ionic linked Si-O bonds control the spectrum. However, it is
clear that the cellular substrates are still important and that
silica does not exclusively govern the spectra, because the
characteristic protein (at �1650 cm�1, Fig. 5a) and lipid bands
(at �2900 cm�1, data not shown) are still present. In addition,
microscopic SEM/TEM evidence (Phoenix, 2001, Phoenix et
al., 2001; Benning et al., 2003), also endorse the argument that
the sheath thickens in response to amorphous silica deposition.

5. CONCLUSIONS

The goal of this study was to establish the vibrational fre-
quencies corresponding to the organic functional groups of
cyanobacterial cells and cell components and to ascertain the
change in these frequencies during silicification. This was the
basis for determining whether microorganisms play an active
role in biomineralization and how they respond to biomineral-
ization. In this study we have (1) demonstrated that reactions
occurring between organic biomolecules on microbial surfaces
and silica solutions can be monitored in situ; (2) determined the
structure of cyanobacterial biomolecules and silica precipitates
and (3) determined the changes in vibrational frequencies
caused by the interaction of silica with the main compounds of
live Calothrix sp. cells. The molecular level changes observed
during the progressive deposition of amorphous silica on the
sheath, when combined with other microscopic observations,
improve our understanding of the mechanisms and processes
that occur in environments where cyanobacteria play a crucial
role in regulating the changes in their chemical environment.

The sequence of events observed in the silicified whole-cells
and in the silicified mechanically separated sheaths suggests
that, with increasing Si load initially, an increase in carbohy-
drate (absorbance increase in the mixed C-O/Si-O region) but
no formation of independent Si-O bonds at 800 cm�1 was
observed. However, the formation of independent silica units
on the cell and sheath surface was observed at the highest silica
loads (32 and 43 �mol sorbed Si). This leads us to postulate
that during silicification a mechanistic switch is occurring.
Initially, the process is governed by a mechanism controlled by
growth of sheath in response to silicification and possible
hydrogen bonding of the silica to the sheath. At higher Si loads
a switch to a mechanism controlled by a fully abiotic process
leading to the full silicification of the cells is postulated. The
quantification of the dynamics of the silicification based on the
changes in infrared spectral characteristics is presented else-
where (Benning et al., 2003).

The experimental evidence presented above shows that cya-
nobacteria interact actively with a polymerizing silica solution,
and that this interaction can be monitored and quantified. Once
the initial silica sorption stage is complete, the formed silica
substrate will enhance the precipitation of amorphous silica via
an autocatalytic, abiogenic growth process thus permitting the
formation of silica encrusted microorganisms as observed in
many hot spring environments (e.g., Beveridge and Murray,
1980; Ferris et al., 1986; Urrutia and Beveridge, 1994; Jones et
al., 2001; Konhauser et al., 2001; Phoenix et al., 2001; Moun-
tain et al., 2002).
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