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Abstract
The cyanobacterium Calothrix sp., an isolate from the Krisuvik hot spring, Iceland, was mineralised in both silica and
iron–silica solutions. After 12 days of incubation, many filaments in the silica solution developed extensive mineral crusts
up to 5 mm thick. Mineralisation of filaments in the Fe–Si solution was more rapid; in 12 days, the entire colony became
totally encased within a mineralised matrix. Examination by transmission electron microscopy ŽTEM. revealed mineralisation of intact cells only occurred upon the extracellular sheath; no intracellular mineralisation was observed. Additionally,
mineralisation was predominantly restricted to the sheath’s outer surface. Analysis of the mineralised bacteria by
autofluorescence revealed the mineralised cells were intact and therefore likely viable. The viability of these cells was
confirmed by oxygen electrode analysis, which showed that the mineralised colonies were photosynthetically active.
Moreover, the mineralised colonies exhibited comparable rates of photosynthesis to the non-mineralised colonies, suggesting
mineralisation was not notably detrimental. It is thus proposed that mineralisation can occur on living microorganisms,
providing it is restricted to extracellular material such as the sheath. We further suggest that the sheath may be necessary in
enabling some microorganisms to survive mineralisation, by both acting as an alternative mineral nucleation site Žpreventing
cell wall and cytoplasmic mineralisation. and by providing a filter against colloidal silica. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Bacteria inhabiting solute-enriched environments,
such as hot springs, often become coated in mineral
crusts through the process of biomineralisation. This
process results from the microorganism’s ability to
bind metal ions from solution, which ultimately serve
as templates for mineral nucleation ŽBeveridge and
Murray, 1980; Beveridge and Fyfe, 1985.. The even)
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tual growth of the biomineral crust is abiologically
regulated, and, hence, its composition will depend
largely upon the chemistry of the effluent water
ŽKonhauser and Ferris, 1996.. At hot springs in
Yellowstone National Park ŽWalter et al., 1972; Ferris et al., 1986; Hinman and Lindstrom, 1996.,
Geysir, Iceland ŽSchultze-Lam et al., 1995; Konhauser and Ferris, 1996., and the Taupo Volcanic
Zone in the North Island of New Zealand ŽJones et
al., 1997a,b., where the spring waters are saturated
with respect to amorphous silica, bacteria have been
observed encrusted within amorphous silica matrices.
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In other iron-rich geothermal sites, such as Husatottir
and Lysuholl, Iceland ŽHolm, 1987; Konhauser and
Ferris, 1996., studies have revealed bacteria encapsulated in an iron-hydroxide precipitate.
The mineralisation of hot spring bacteria generally occurs as fine grained crystallites Žgenerally
- 100 nm., both extracellularly upon the sheath, and
intracellularly, within the cytoplasm ŽSchultze-Lam
et al., 1995; Konhauser and Ferris, 1996.. Continued
mineralisation causes these particles to coalesce,
eventually encompassing an entire colony in a mineralised matrix several micrometers thick. The cell
remains also become progressively obscured and
eventually only the sheath and cell wall of the
original framework remain recognisable.
Although the mineralisation of bacteria is ubiquitous in modern geothermal environments, very little
is understood about whether the microorganism can
actually survive the mineralisation process and continue to function with a mineral coating. Previous
studies, which examined the silicification of
cyanobacteria speculated that mineralisation inside a
microbial cell would cause cell lysis by disrupting
metabolic processes, whereas mineralisation restricted to external components, such as the sheath or
capsule, may not be detrimental ŽSchultze-Lam et
al., 1995, Konhauser and Ferris, 1996.. These studies
further suggested that mineralisation occurred initially upon the extracellular sheath, while the cell
was still functioning. Then later, after cell lysis,
mineralisation proceeded intracellularly. This was
substantiated by observations that the cyanobacterium Calothrix thermalis Žfrom Orakeikorako Pool,
New Zealand. continued to function while partly
encased in silica ŽCassie and Cooper, 1989.. Certainly, the degradation of filamentous cyanobacteria
is rapid, such that decay begins only a few days after
cell death ŽBartley, 1996.. It follows that the excellent preservation of cyanobacterial trichomes and
sheaths at hot springs must be due to rapid mineralisation, which occurred while the cells were still
viable or shortly after their death ŽJones et al., 1998..
In this study, we attempt to resolve whether bacteria remain viable once mineralised by studying the
silicification of a cyanobacterium Ž Calothrix sp.. in
a laboratory setting. Through autofluorescence analyses, and measurement of the rate of photosynthesis
of mineralised and non-mineralised cells, we show

that cyanobacteria are not inhibited by mineralised
coatings. We further describe the role of the sheath
in the biomineralisation process, and speculate how
this extracellular polysaccharide may allow the microorganism to function in solute-enriched environments.

2. Methodology
2.1. Laboratory mineralisation of cyanobacteria
Many Icelandic hot springs provide excellent examples of diverse Fe and Si biomineralisation
ŽSchultze-Lam et al., 1995; Konhauser and Ferris,
1996.. Recently, we have demonstrated that the
cyanobacterium Calothrix sp., an isolate from the
Krisuvik hot spring, Iceland, can be successfully
mineralised under laboratory conditions ŽPhoenix et
al., 1998.. Cultures of Calothrix sp. were isolated
from samples collected from Krisuvik by repeated
plating out on BG11-N agar and reculturing from
individual colonies; Calothrix sp. being identifiable
by characteristic tapering filaments with single basal
heterocysts. Once the Calothrix sp. culture had been
made unicyanobacterial, isolates were recultured in
liquid BG11-N, at approximately 208C at low incident light irradience Ž; 300 lx. and maintained as
stock cultures. Finally, this stock culture was used to
inoculate agar plates containing either nitrate enriched Žcontaining 17.6 mM sodium nitrate. or nitrate deficient BG11 nutrient agar. Once the agar
surface was almost covered by cyanobacterial growth,
the cultures were mineralised by placing the petri
dishes, without lids, on the bottom of 2 L beakers
containing 1000 ml of distilled water with either 300
ppm Si Žusing Na 2 SiO 3 P 5H 2 O. for silica mineralisation, or 300 ppm Si and 50 ppm Fe Žusing FeSO4 P
7H 2 O. for iron–silicate mineralisation. These concentrations were chosen to represent the highly saturated conditions present in hot springs, and also to
ensure that an abundant supply of the mineralising
metal was present. Both solutions were then neutralised to circum-neutral pH with 2 M HCl. Inoculated petri dishes were also placed in control Žnonmineralising. beakers containing 1000 ml of distilled
water to which 10 ml of 2 M HCl was added to
reach an equivalent salinity to that in the silica
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mineralising solutions Ži.e. 710 ppm Cly. . Similar
salinities were used in both mineralising and nonmineralising solutions, as differences in salinity may
have caused differences in rates of photosynthesis. A
total of 3 M NaOH was then added to obtain a
circum-neutral pH. The mineralisation process was
run for 20 days at 288C, during which period the
solutions were changed every 2 to 3 days to ensure a
continual supply of Si and Fe, as in a flowing hot
spring. Periodically, samples of culture were collected and stored in 2% gluteraldehyde, a fixative for
electron microscopy. During the experiment, the
plates were incubated under normal white light at an
incident light irradience of approximately 700 lx.

NaOH, with a 1 ml solution containing 0.02% wwrvx
CuSO4 P 5H 2 O q 1% wwrvx sodium tartate.. The reaction was allowed to proceed at room temperature
for 10 min, and then 0.5 ml of Folins reagent was
added, mixed by inversion, and left to stand for a
further 30 min. Finally, the absorbance was measured at 750 nm and calibrated against protein standards made using bovine serum albumin.
It should be noted that the harvesting of filaments
from the agar plates did not remove the mineral
coating from the microorganisms Žconfirmed by SEM
and TEM.. Therefore, oxygen production rates measured from mineralised cultures were of genuinely
mineralised filaments.

2.2. Comparison of rates of photosynthesis

2.3. Autofluorescence

After the filaments in the metal enriched solutions
were successfully mineralised, rates of photosynthesis were measured to assess whether these mineralised colonies were still functioning. To determine
the rate of photosynthesis, the filaments were harvested from the petri dish and placed in the analysis
chamber of a Rank oxygen electrode using BG11q N
as the liquid medium. Oxygen production rates were
then measured at two different incident light irradiences Ž1000 and 10 000 lx. and in darkness to measure respiration. After each analysis, the culture was
retained to estimate cell biomass by the determination of protein using a modified Lowry assay.
Oxygen production rates were then normalised to
measured protein, hence, overcoming differences in
oxygen production rates resulting from differing
biomass in the samples. The modified Lowry protein
assay was performed as follows: each culture retained from the oxygen electrode analysis was firstly
gently homogenised to break up clumps of cells, then
2.5 ml aliquots were taken and washed in deionised
water by centrifugation at 4000 rpm for 30 min.
After centrifugation, the supernatant was discarded
and 2.5 ml of 1 M NaOH was added to the remaining biomass. The mixture was then heated for 15 min
at 1208C to hydrolyse the protein. The samples were
cooled and again centrifuged at 4000 rpm. One
milliliter of the supernatant was then removed and
added to 5 ml of reagent Žproduced by mixing a
50 ml solution of 2% wwrvx Na 2 CO 3 in 0.1 M

Cell viability in both mineralised and nonmineralised samples was further determined using
fluorescence microscopy to visualise autofluorescence of the pigment, phycocyanin. This watersoluble pigment is lost rapidly from cells once they
begin to lyse, and, thus, its presence indicates cell
wall integrity. This was performed on a Zeiss Axioskop MC100 with short-arc HBO Osram mercury
lamp.
2.4. Analytical methodology
Cells fixed in 2% gluteraldehyde were prepared
for transmission electron microscopy ŽTEM. by
washing four times in 0.1 M phosphate buffer ŽpH
7.4., enrobed in Agar–Agar ŽSigma., and dehydrated
through a series of ethanol solutions Ž2 = 70%, 2 =
90%, 4 = 100%.. Dehydrated tissue was then washed
twice in propylene oxide, followed by one overnight
stand in a 50r50 mixture of propylene oxide and
Agar100 resin ŽAgar Scientific., to aid diffusion of
resin into the tissue. Samples were then allowed to
stand in 100% resin for 24 h, then transferred into
fresh embedding tubes where they were set in fresh
resin and polymerised at 608C for 24 h. These were
then sectioned on a Reichert–Jung ultramicrotome,
mounted on copper grids and stained with uranyl
acetate and lead citrate to improve contrast under
TEM. Samples for scanning electron microscopy
ŽSEM. were washed in buffer and dehydrated as
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described above, then air dried onto aluminium SEM
stubs.
TEM analysis was performed with a Philips CM10
TEM operating at 100 kV. Qualitative biomineral
composition was determined using a Philips CM20
transmission electron microscope–scanning transmission electron microscope ŽTEMrSTEM. operating at 200 kV, equipped with an Oxford Instruments
energy dispersive spectrometer ŽEDS.. Mineral structure was determined by TEM using selected area
electron diffraction ŽSAED.. Whole mount SEM was
performed on a Camscan operating at 10 kV.

3. Results
3.1. Mineralisation of cyanobacteria
After 12 days of incubation in the silica solution,
many filaments had developed significant silica

crusts, often up to 5 mm thick ŽFig. 1a.. These crusts
often coalesced to totally encompass entire clusters
of trichomes in a continuous mineralised matrix, as
shown in Fig. 2. Interestingly, silicification was predominantly restricted to the outer surface of the
sheath ŽFig. 1a.; mineralisation was very rarely observed within the sheath matrix. Close inspection by
TEM revealed that mineralisation on the sheath surface appeared to result from the binding of preformed silica colloids, of the order of 20 nm in
diameter. These colloids eventually coalesced to form
a continuos amorphous silicate matrix ŽFig. 3.. Intracellular mineralisation Ži.e. within the cytoplasm.
and cell wall mineralisation were not observed ŽFig.
1b., and the cells themselves appeared intact, retaining good structural integrity. SAED analysis showed
the precipitates to be amorphous in structure.
Filaments incubated in the Fe–Si solution underwent more rapid and extensive mineralisation. After
5 days in the Fe–Si solution, examination by SEM

Fig. 1. Ža. TEM micrograph of a laboratory silicified Calothrix sp. filament, seen in cross-section. The extensive amorphous silica crust
Žlarge arrow. occurs upon the outer surface of the thick fibrous sheath Žsmall arrow.. The cell wall and cytoplasm appear intact and ‘ viable’.
Scale bar: approx. 2 mm. Žb. TEM micrograph of laboratory silicified Calothrix sp. This sample has not been stained with uranyl acetate
and lead citrate, to help show the areas of mineralisation more clearly. Note that silicification Ždarkropaque areas. only occurs
extracellularly, the cytoplasm ŽC. is light in colour, i.e. electron translucent, indicating no intracellular mineralisation has occurred. Scale
bar: approx. 5 mm.
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Fig. 2. TEM micrograph of a cluster of silicified Calothrix sp.
filaments. The cluster is encompassed in a continuos silica matrix
Žarrow.. Scale bar: approx. 5 mm.
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cyanin. This pigment is rapidly lost once the cell
begins to lyse, and, hence, its abundance suggests
the mineralised cyanobacteria were still intact, and
were therefore potentially viable.
Results obtained from oxygen electrode analysis
further indicate that both the Fe–Si and the Si mineralised colonies were photosynthetically active ŽFig.
5.. Significantly, the mineralised colonies did not
exhibit lower rates of photosynthesis than the nonmineralised colonies, suggesting that mineralisation
was not notably detrimental to the microorganism
Žeither by disrupting metabolic functions, or by restricting photosynthetically active light from reaching the cell.. Interestingly, there appeared to be no
significant difference in the rate of photosynthesis
between most of the nitrate deficient Žyn. and nitrate enriched Žqn. cultures. This may be explained

revealed initial precipitates developing upon the
sheaths of the cyanobacteria. Mineralisation rapidly
progressed such that after 12 days the mineralisation
totally encompassed the entire colony. This iron–
silica precipitate was frequently so extensive that it
had formed layers often 10–20 mm in thickness,
which overlaid the colony. It should be pointed out
that these crusts formed only upon the cyanobacterial
colony, as although the iron did penetrate the agar
Žproducing a reddish colour., no crusts formed upon
the agar itself. The filaments incubated in the control
solution remained free of precipitates throughout the
mineralisation period.
The filaments also underwent morphological variations during the mineralisation period. Examination
by TEM and SEM revealed filaments Žin both the
mineralising and control solutions. produced extensive sheaths, which often doubled or trebled the
filament diameter by up to 10 mm. This extensive
sheath growth was likely the result of incubation in a
saline medium ŽPadhi et al., 1998..
3.2. Rates of photosynthesis and autofluorescence
Mineral encrusted cells ŽFig. 4a. autofluoresced
strongly under fluorescence microscopy ŽFig. 4b..
The strong fluorescence of the iron–silica encrusted
cells indicates the presence of the pigment phyco-

Fig. 3. TEM micrograph of part of a silicified Calothrix sp.
filament. The micrograph shows part of the cell ŽC. and the sheath
ŽS.. The outer surface of the sheath is coated in a silicate matrix
Ždark, electron opaque material., this matrix appears to form from
the binding of preformed silica colloids ŽX.. Scale bar: approx. 1
mm.
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Fig. 4. Black and white light micrographs of the cyanobacterium Calothrix sp. mineralised in iron–silica solution. ŽScale bar: approx. 75
mm.. Ža. Light micrograph showing extensive biomineral crust ŽX., encompassing a colony of Calothrix sp. with some filaments protruding
from the mineralised cluster. Žb. Autofluorescence micrograph of the same field of view as in Ža., showing the glow Žlight area. of
fluorescing cells encompassed in iron silicate biomineral, suggesting the mineralised cells are still intact. ŽNota bene: This is a black and
white image, fluorescence of the pigment phycocyanin is actually red in colour..

by the regular changes of mineralising solution,
which would have leached nutrient from the agar,
resulting in both systems essentially being nitrate
deficient. However, for the nitrate deficient samples,
the non-mineralised culture unexpectedly exhibited a
lower rate of photosynthesis compared to the mineralised cultures. Rates of respiration were also comparable between most samples, although sample ‘Fe–Si

Fig. 5. Rates of photosynthesis for mineralised and non-mineralised colonies as measured by oxygen production in a Rank
oxygen electrode. Oxygen production rates were measured at two
different light intensities Ž1000 and 10 000 lx., and in darkness to
measure respiration ŽResp rate.. Labels on x-axis as follows:
ŽCont. Control, i.e. non-mineralised cyanobacteria; ŽSi. Cyanobacteria mineralised in silica solution; ŽFerSi. Cyanobacteria mineralised in iron–silica solution. Cyanobacteria were cultured on agar
either with nitrate Žqn. or without nitrate Žyn. added. Note that
the mineralised colonies do not exhibit lower rates of photosynthesis than the non-mineralised colonies.

q n’ did exhibit a slightly higher respiration rate.
This higher respiration rate may be explained by the
presence of a small quantity of other bacteria, such
as epiphytes, in the culture Ža by-product of culturing
from a natural hot spring environment.. As all the
samples were not axenic Žalthough they were unicyanobacterial. it is possible that all respiration rates
were slightly increased by the presence of other
bacteria. In contrast, the only source of oxygen in
this system is from cyanobacterial photosynthesis
and thus other bacteria could only have effected the
rate of photosynthesis by suppressing it slightly
Žthrough oxygen consumption.. It is possible therefore, that the true rate of cyanobacterial photosynthesis may be higher than the recorded rate. However,
we feel the small population of ‘contaminant’ bacteria would not have dramatically altered our results,
and could certainly not alter the fact that all the
mineralised cultures were still photosynthetically active.
4. Discussion
4.1. Cell Õiability during mineralisation
It is evident that mineralisation of intact, healthy
cells, only occurs upon extracellular sheath material.
No healthy cells exhibited intracellular or cell wall
mineralisation. This contrasts TEM observations
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made on dead cells where mineralisation of the cell
wall and cytoplasm had occurred ŽKonhauser and
Ferris 1996.. Furthermore, both autofluorescence and
oxygen electrode analyses show that mineralised
cyanobacteria are both intact and functioning. We
therefore propose that some species of bacteria can
continue to function when mineralised, provided that
mineralisation is restricted to extracellular material
such as the sheath. Comparable rates of photosynthesis between non-mineralised and mineralised bacteria
also suggest that silicification is not notably detrimental to the microorganism. TEM micrographs of
naturally mineralised cyanobacteria collected from
other hot spring sites such as the Lysuholl hot spring,
also exhibit intact, apparently viable cells, with mineralisation restricted to the sheath ŽFig. 6. ŽPhoenix,
1997.. This suggests that results obtained here are
highly applicable to the natural environment, and not
just artefacts observed under laboratory conditions.
4.2. The role of extracellular polysaccharide in promoting cell Õiability
The cell wall and cytoplasm fulfil vital metabolic
functions, and the mineralisation of these compo-
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nents is likely to be harmful to the microorganism
ŽSchultze-Lam et al., 1995; Konhauser and Ferris,
1996.. From the results described in this study, it
appears that the sheath plays an important role in
enabling the microbe to survive environments subject to extensive mineralisation. This correlates well
with other experimental work which has shown that
incubation in saline enriched media promotes sheath
growth on microorganisms such as Calothrix sp.
ŽPadhi et al., 1998.. Moreover, the development of
this extracellular polysaccharide has been suggested
to allow the microorganism to flourish under solute
stressed conditions ŽPadhi et al., 1998.. Apparently,
sheath growth is necessary in enabling certain microorganisms to inhabit solute enriched environments, such as hot springs.
In this study, TEM analysis showed that silicification was predominantly restricted to the outer surface
of the sheath. Obviously, such restrictive mineralisation may be advantageous to the microorganism by
preventing mineralisation of the cell wall and cytoplasm. In a recent study of the bacterial silicification
process, Phoenix et al. Ž1999. proposed a model
demonstrating how this may occur. In their study,

Fig. 6. TEM micrograph of a naturally mineralised filamentous bacteria collected from the Lysuholl hot spring, Iceland. Mineralisation
Žarrow. is restricted to the outer surface of the sheath, and the cells appear intact. Scale bar: 2 mm.
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polycationized ferritin ŽPCF., an iron-cored protein,
was used to label the sheaths of viable Calothrix sp.
trichomes. The PCF labelled the outer surface of the
sheath, indicating that this outer periphery exhibits a
distinct electronegative characteristic, and thus provides a suitable site for mineral precipitation. The
PCF failed, however, to penetrate into the sheath
matrix, suggesting the sheath was impermeable to
particles of this size Ži.e. G 11 nm.. It follows that
the sheath may also be impermeable to particles such
as colloidal silica, common in supersaturated hot
spring environments. Certainly, the silicification observed in this study appeared to result from the
binding of pre-formed Si colloids of at least 20 nm
in diameter. The sheath’s filtering effect was combined with the cell’s ability to photosyntheticaly
alkalinize its surrounding microenvironment to produce a hypothetical model for the restriction of
silicification to the outer surface of the sheath. This
model is described as follows.
The microenvironment encompassing the bacteria
can be separated into two zones, as shown in Fig. 7.
In the outer zone, adjacent to the sheath, the production of hydroxyl ions during photosynthesis results in
the creation of moderately alkali conditions ŽThompson and Ferris, 1990; Verrecchia et al., 1995.. The
pH values in this zone are estimated to be between 7
and 9, based upon readings taken from the silicifying
media in this study. In this pH range, silica saturated
with respect to amorphous silica occurs dominantly

as colloids ŽShimada and Tarutani, 1979., which are
bound electrostatically to the surface of the sheath.
The colloids are unable, however, to penetrate the
sheath matrix due to its relative impermeability, and,
thus, silica is only bound to the sheath’s outer periphery. Within the inner zone Ži.e. within the sheath
matrix., the diffusion barrier created by the sheath
ŽMerz, 1992. causes a build up of OHy, creating a
higher alkalinity with pH values envisaged to be in
excess of pH 10. Under these conditions, any silica
present is both highly soluble and in its monomeric
form, a form which is less likely to bind to organic
surfaces ŽHeaney and Yates, 1998.. Therefore, silicification is unable to proceed within the sheath matrix
of functioning cells, restricting itself instead to the
sheath’s outer surface. Once cell lysis occurs, there
is no photosynthetically promoted alkalinization
within the sheath matrix, and mineralisation occurs
both within the sheath and intracellularly. Second,
the loosening of the sheath polymers during cell
decay allows colloids to penetrate the sheath matrix,
and ultimately the cell wall ŽPhoenix et al., 1999..
The restriction of mineralisation to the sheath may
afford other advantages. Certain cyanobacteria may
have the ability to shed and replace mineralised
sheath material, thus removing any detrimental sideeffects resulting from over-mineralisation. This characteristic has been displayed by the cyanobacterium
Synechococcus GL24, inhabiting alkaline lake waters
ŽThompson et al., 1990; Schultze-Lam et al., 1992..
In such environments, these cyanobacteria shed their
extracellular sheath once they become heavily encrusted in calcite.
4.3. Possible adÕantages of biomineralisation

Fig. 7. Model for the restriction of silicification to the outer
surface of the sheath, as described by Phoenix et al. Ž1999..

Because biomineralisation may occur upon functioning microorganisms, it must result either because
the bacteria are unable to prevent its formation Žby
living in such concentrated solutions. or because the
mineral coating is advantageous. Possible advantageous effects of biomineralisation have been observed in epilithic microbial biofilms from Ellesmere
Island in the Canadian Artctic ŽKonhauser et al.,
1994.. In this study, bacteria were shown encrusted
in iron phosphate precipitates, which were believed
to provide a viable store of phosphate under such
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nutrient-limiting conditions. Other mineral coatings,
such as clays, may provide a good source of exchangeable nutrients easily accessible to the microbe
ŽStotzky and Rem, 1966; Tazaki et al., 1994., as well
as protecting the microorganism from predation by
both toxin producing microbes ŽHabte and Barrion,
1984. and grazing protozoans ŽHeijnen et al., 1992..
Biomineralisation may also play a key role in the
formation of the stromatolitic community ŽKonhauser
et al., in review., increasing its binding and integral
strength, especially where large clusters of trichomes
are fused together in a mineralised matrix. High-intensity sunlight may be detrimental to many photosynthesising organisms, leading to photoinhibition
and photooxidative death ŽWyman and Fay, 1986..
Many cyanobacteria require shaded areas, or are
endolithic, burrowing into rock to reach suitable light
levels ŽPentecost, 1978.. It is therefore possible that
biomineralisation may protect a mineralised colony
from high intensity light; similar to endolithic
cyanobacteria, but, instead, the mineralising bacteria
induce the precipitation of their own protective layer.
Recently, Phoenix et al. Žin review. explained further
this premise by demonstrating that Fe–Si biominerals serve as an effective screen against high intensity
UV radiation.
It is notable that some of the advantageous characteristics displayed by biominerals are also provided by the sheath or capsule. It is possible that
biomineralisation in some circumstances merely enhances the role provided by this external polymer.
For example, exopolymers can also act as a shield
against predation, similar to biominerals. Certain
pigments within the sheath, such as scytonemin,
absorb UV radiation, and thus provide the microorganism with an effective ultraviolet screen ŽGarciaPichel and Castenholz, 1991.. External polymers
have also been proposed to act as an antidesiccant,
preventing dehydration and lysis of the individual
cell ŽScott et al., 1996.. Interestingly, many biominerals such as silica and ferric hydroxide are precipitated in a hydrated state, similar to a variety of clays,
which also have the ability to absorb conspicuous
quantities of water, and one may therefore envisage
such biominerals as affording the cell with a similar
antidesiccant cover. Hence, the biomineral crust may
often ‘reciprocate’ the role played by extracellular
polysaccharide.
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Obviously, at some stage, mineralisation must
become detrimental to the microorganism, inhibiting
vital physiological processes. One would envisage
that thick, rigid mineral coatings would be mechanically restrictive to the microorganism, decreasing the
filament’s flexibility and motility. However, certain
biominerals such as amorphous silica are initially
precipitated in a soft and gelatinous form, and thus
may not be problematic until dehydration to a more
crystalline state occurs. The cell’s ability to exchange compounds with its surrounding environment
is also vital to its survival. At some stage, the
mineral crust may become extensive enough to act as
a permeability barrier, restricting the flow of either
vital nutrient components into the cell, or waste out
of the cell. At what stage, this may become problematic is not known and would almost certainly vary
between microbial species and biomineral type.
However, in this study, the extensive Ž; 5 mm.
crusts, which often doubled or trebled the trichome’s
diameter, did not appear to cause any notable detriment to the organism, confirming that extensive
mineralisation may occur without causing such problematic effects. Obviously, the ability of the microorganism to shed its sheath would be vital in overcoming many of the negative attributes afforded by
biomineralisation.
In this study, we have demonstrated that microorganisms can continue to function when mineralised,
providing mineralisation is restricted to external
polymers such as the sheath or capsule. We have
also demonstrated that biomineralisation is not necessarily detrimental to the organism, and, moreover,
it may, in a variety of circumstances, afford the
microorganism a distinct advantage.
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