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Abstract: A series of experiments was made to determine the capacity of an archaeal strain,
Methanocaldococcus jannaschii to bind metals and to study the effects of metal-binding on
the subsequent silicification of the microorganisms. The results showed that M. jannaschii can
rapidly bind several metal cations (Fe**, Ca?*, Pb?*, Zn?*, Cu?"). Considering the lack of
silicification of this strain without metal-binding, these experiments demonstrate that Fe(l1)
ion binding to the cell wall components was of fundamental importance for successful

silicification and, especially, for the excellent preservation of the cell wall. This study brings
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new elements to the understanding of fossilisation processes, showing that the positive effect
of Fe(l1l) on silicification, already known for Bacteria, can also apply to Archaea, and that
this preliminary binding can be decisive for the subsequent fossilisation of these organisms.
Knowledge of these mechanisms can be helpful for the search and the identification of

microfossils in both terrestrial and extraterrestrials rocks, and in particular on Mars.

Keywords: Archaea, Methanocaldococcus jannaschii, metal binding, fossilisation, Early

Archean.

THE earliest fossil traces of life in 3.5-3.3 billion years old (Ga) Early Archaean rocks
comprise silicified microfossils that probably included chemotrophic and possibly anoxygenic
photosynthetic microorganisms (Westall and Southam 2006). These fossils, however, most
likely represent only a portion of the diversity of microorganisms living at that epoch, mainly
because of the differential susceptibility of different species of microorganisms to
fossilisation and preservation (Orange et al. 2009). Although still a matter of debate (Kasting
et al. 2006), ocean water temperatures in the Early Archaean were estimated to be warm (<
55°C; van den Boorn et al. 2007) to hot (70-80 °C; Knauth and Lowe 2003), the higher
temperatures being probably related to the pervasive hydrothermal activity (Hofmann and
Bolhar 2007). In these conditions, early life was probably represented by mesophilic to
thermophilic microorganisms, as well as hyperthermophiles in the vicinity of hydrothermal

vents.

In a previous study we showed that two species of hyperthermophilic Archaea,

Methanocaldococcus jannaschii and Pyrococcus abyssi, have very different reactions to
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silicification (Orange et al. 2009). Whereas P. abyssi cells were able to bind silica and

become silicified, M. jannaschii cells lysed rapidly and were not preserved (Figs. 3A-B-C).

However, if experiments with silica alone constitute a necessary preliminary step in the
experimental study of the silicification of microorganisms, they do not necessarily take into
account of the variety of elements that are contained in natural media, some of which might
also intervene in the fossilisation process. Accordingly, it has been demonstrated that the
fixation of Fe(lll) on bacterial cell surfaces can inhibit early degradation of the cell walls and
improve silica fixation (Ferris et al. 1988; Urrutia and Beveridge 1993, 1994; Fortin et al.
1998; Fein et al. 2002; Phoenix et al. 2003). More specifically, it has been suggested that
Fe(ll) ions fixed to bacterial cell walls inhibit the activity of autolytic enzymes responsible
for cell decay after death of the cell, allowing more time for the fixation of silica and, thus,
efficient preservation of the cellular structures (Ferris et al. 1988). Fein et al. (2002) have
suggested that, in the case of a negatively charged cell wall, Fe(IlI) ions can form a ‘cation

bridge’ and act as an intermediate between the cell wall functional groups and silica.

As part of a wide-ranging study on the preservation of the kinds of microorganisms that could
have lived under the extreme environmental conditions of the early Earth and following on
from a preliminary fossilisation experiment using pure silica (Orange et al. 2009), we
undertook an investigation to determine whether Fe(l11) ions and other metal cations could be
taken up by microorganisms in the Archaea domain and, thus, improve their chances of
fossilisation. We focused especially on delicate strains, such as M. jannaschii, whose cells
are particularly fragile (Jones et al. 1983) and can quickly lyse following changes in the
osmotic equilibrium of their environment (e.g. pH changes), or simply by prolonged growth.

M. jannaschii was not fossilised after being exposed to silica alone (Orange et al. 2009).
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For this study, five common metal cations (Fe, Ca, Zn, Cu, Pb) were tested. As previously
mentioned, Fe(lll) was firstly chosen for its positive effect on the fossilisation of Bacteria
(Ferris et al 1988; Fein et al 2002). Fe and Ca are elements common in many environments
and are concentrated by microorganisms with various processes (Beveridge and Murray
1976). Furthermore, numerous Fe-rich deposits (banded iron formations) show that the Early
Archean (4.0-3.3 Ga) seawaters were rich were rich in metal ions, especially iron (Beukes
and Kelin 1992). Cu, Zn and Pb are also known to be organophilic species (Disnhar 1981).
Finally, Cu and Zn cations are found on the extreme points of the Irving-Williams series,
which classify the stability of the complexes formed with divalent cations (Irving and

Williams 1948; Schnitzer and Khan 1972).

MATERIAL AND METHODS

Cell growth

Methanocaldococcus jannaschii is a hyperthermophilic, methanogenic and autrotrophic
Archaea that was isolated from a hydrothermal vent on the East Pacific Rise. Cells can grow
between 45 and 86°C and at pH values between 5.2 and 7.0 (Jones et al. 1983). Pure cultures
were provided by the Laboratoire de Microbiologie des Environnements Extrémes (Brest,
France).

M. jannaschii was cultured in an autotrophic medium. The medium contained (per liter of
distilled water) 25 g of NaCl, 3 g of MgCl,, 1 g of NH,4CI, 0.15 g of CaCl,, 0.5 g of KCI, 0.3 g
of KH,PO,4, and 0.001 g of resazurin. The pH was adjusted to 6.5 and the medium was

sterilized by autoclaving. The medium was dispensed (20 mL) into 50-mL sterile vials.
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Anaerobiosis was obtained by first applying vacuum to the vial and saturating it with N,
(Balch and Wolfe 1976), and then replacing the N, by a H, / CO, atmosphere (80:20; 300
kPa). The medium was finally reduced by adding 0.2 mL of a sterile ten per cent (wt/vol)
solution of Na,S.9H,0 to each vial. The medium was inoculated to a final concentration of
one per cent and was incubated at 80°C with shaking. Microbial growth was monitored by a
phase-contrast microscope (Olympus CX 40). The end of the exponential growth phase was

usually obtained after 24 to 36 hours.

Metal binding experiment

The experimental setup used for the metal-binding experiment was simplified from Beveridge
and Murray (1976) and Beveridge and Koval (1981).

Metal ion solutions at an approximate concentration of ten mM were prepared by dissolving
the following salts in distilled water: FeCls;.6H,O, CuCl,.2H,0, ZnCl,, Pb(NOs), and
CaCl,.2H,0. Before use, the metal solutions were passed through a 0.2 pm filter for removal
of particles in suspension.

At the end of the exponential growth phase, cells were harvested by collecting ten mL of
culture that were filtered on a Millipore 0.2 pm filter and rinsed with 20 mL of ultrapure
water passed through the filter. For each of the metal ions tested, the filter, acting as a support
for the cells, was placed in a plastic vial and covered with ten mL of the metallic solution. The
microorganisms were exposed to the metal solutions for 1 hour in an oven at 60°C. After this
period, the filters with cells were rinsed with distilled water and placed in a 2.5 per cent
glutaraldehyde solution for fixation. The samples were stored at 4°C until preparation for the
electronic microscopy. The remaining metal solutions were filtered at 0.2 um and kept for

metal concentration measurements. For each metallic ion tested, a control sample was
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prepared by exposing a blank Millipore filter to the same metal solutions for one hour at

60°C.

Experimental fossilisation

To test the effect of the iron binding on silicification, M. jannaschii cells were successively
exposed to Fe(l11) cations and then to a 350 ppm Si (750 ppm SiO,) silica concentration. The
silicification procedure is identical to that used by Orange et al. (2009), and is derived from
the methods used for previous silicification experiments (Birnbaum et al. 1989; Toporski et
al. 2002).

At the end of the exponential growth period, a sterilized Fe(lll) solution was added to the
culture medium to obtain a final approximate concentration of ten mM and the vials were
placed in an oven at 60°C for one hour. Experimental silicification immediately followed. As
a silicifying agent, we used a commercially available pure sodium silicate solution (Riedel de
Haén) containing c. 27 per cent SiO, and c. 10 per cent NaOH (Na,SizO;, M = 242 g/mol).
This pure solution was diluted ten times to make a stock solution and filtered at 0.2 um to
remove particulate material. 0.4 mL of this stock solution was injected into vials to obtain a
final approximate silica concentration of 350 ppm Si (750 ppm SiO;). The vials were
incubated in an oven at 60°C until sampling. After two and nine months, samples were
collected with a syringe and filtered onto a 0.2 um Millipore filter. This filter was then placed
in a 2.5 per cent glutaraldehyde solution and stored at 4°C until preparation for TEM analysis.
To test the effect of Fe(lll) on the lysis rate of M. jannaschii cells, two cultures (both at the
end of the exponential growth phase) were used as control samples. The first vial was left
untouched (i.e. prolonged growth) and in the second one a Fe(lll) solution was added to

obtain a final approximate concentration of ten mM. Vials were then incubated at 60°C for
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two weeks. The number and the state of the cells were regularly checked by a phase-contrast

microscope (Olympus CX 40).

Electron microscopy

Transmission electronic microscopy (TEM) was used to qualitatively evaluate the metal
binding capacity of archaeal cell walls. Metal cations bound to cellular structures produce an
electron-scattering effect, in an identical manner to the usual metallic compounds used for
staining ultrathin sections (e.g. uranyl acetate or lead citrate). Samples from the experimental
fossilisation experiment were prepared for electron microscopy following the same procedure.
Samples were rinsed four times for 15 minutes in a pH 7.4 sodium phosphate buffer, while
being gently shaken. They then were filtered on a 0.2 um filter that was cut into small mm-
sized squares and embedded in a 20 g/L agar-agar solution. After the agar-agar cooled and
hardened, the sample was dehydrated using a series of increasing ethanol / distilled water
solutions in percentage steps of 10, 30, 50, 70, 93 and finally three times in absolute ethanol
(15 minutes for each step), followed by an ethanol / acetone series (10, 30, 50, 70, 90 and
finally three times in 100 per cent acetone, 15 minutes for each step). The samples were
prepared for ultrathin sectioning by embedding in TAAB 812 Resin (TAAB Laboratories,
UK), with a series of acetone / resin mixtures in proportions step 3:1, 1:1, 3:1, followed by
two baths in 100 per cent resin (three hours for each step). The resin blocs were finally left to
harden in a 60°C oven for three days. Ultrathin sections were made using a Diatome diamond
knife mounted on a Reichert ultramicrotome and placed on carbon coated copper TEM grids.

As the objective of the metal binding experiments was to obtain evidence of metal ion binding
on cellular structures by observing the contrast they produced, no post fixation (e.g. with
osmium tetroxide) or staining (e.g. with lead citrate or uranyl acetate) was performed on the

ultrathin sections from the metal binding experiment. However, some sections of the
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fossilisation experiment were treated with standard electron microscopy stains to verify if
additional contrast could be obtained and to better identify the preservation of the cellular
components: they were placed on drops of a four g/L lead citrate solution for ten minutes and
then for 20 minutes on drops of a saturated uranyl acetate saturated solution prepared in 50
per cent ethanol. Observations and analysis were made with a Philips CM20 Transmission

Electron Microscope, equipped with an EDX detector (Oxford Instruments).

Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) was used to measure metal concentrations in
solutions after exposure in order to quantify the metal uptake by M. jannaschii cells.
Concentrations were determined with a GBC 905AA flame spectrophotometer, with the
following procedure.

Each sample was diluted 100 times (500 times for Zn) and acidified and split in four parts. In
three of them, a standard solution was used to add two, four and six ppm (0.2, 0.4 and 0.6
ppm for Zn) of the cation analysed (standard addition method). The concentration was then
calculated from absorbance measurements in the four parts. For each sample, the maximum
absorbance difference between two successive measurements did not exceed 0.0016. This
value was converted into mM to obtain the error margin. Uptake values were determined as
the difference in the concentrations of the remaining solutions of the experiments performed

with and without microorganisms.

RESULTS

Metal immobilisation by M. jannaschii cells
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Table 1 shows the metal ion concentrations measured in the remaining solutions after one-
hour exposure at 60°C in experiments made with and without M. jannaschii cells. Table 2
shows pH values in the initial metal stock solutions and final pH after one-hour exposure at
60°C in absence or presence of M. jannaschii cells.

For each metal ion, the same stock solution was used for cell exposure and for the control
sample without cells. This guaranties identical initial concentrations. The comparison of the
two measurements (with and without cells) allows us to determine the particular influence of
the cells on the metal ion concentrations, avoiding disturbance by other factors (culture
medium, glassware and plastic materials used and temperature).

In all cases, the quantity of metal in solution was always lower in the experiments with cells,
compared to the experiments without cells, although the total uptake was relatively low (Fig.
1). Concentration differences varied for the different metals tested. For the Fe** experiment, a
Fe(lll) precipitate formed in the sample with cells during incubation (EPS), leading to a
greater concentration difference and preventing determination of the real influence of M.
jannaschii cells on the Fe** concentration. No precipitate was observed for the other metals
tested. Thus, the 0.94 to 5.95 per cent decrease in the concentrations of the metal cations show
that M. jannaschii cells exert a slight influence on the uptake of these ions.

The pH of the solution varied slightly during the one hour of incubation but the variations did
not exceed 0.5 pH unit and could not be attributed with certainty to the presence of
microorganisms.

The evolution of the metal ion concentrations showed immobilisation of these ions by M.
jannaschii cells but did not provide any information on the mechanisms of the process. TEM
study of unstained ultrathin sections allowed identification of the cellular structures that bind

the metal ions. The ultrathin sections were not stained in order to clearly document the
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adsorption, binding and incorporation of metal ions by observing the contrast they produce by
interception of the electron beam.

Figures 2A-B are taken from a study of the experimental fossilisation of Archaea (Orange et
al. 2009) and are used here to illustrate the appearance of M. jannaschii cell in unstained and
stained ultrathin sections. Due to the lack of additional contrast, the outline and the structures
of the cell on the unstained section are hardly visible (Fig. 2A). The cytoplasm shows a
slightly higher contrast than the resin, while the different layers of the cell wall appeared
clearer than the resin. On the section treated with usual lead citrate and uranyl acetate stains,
the cell wall is clearly visible and the stained cytoplasm exhibits a granular texture. Given the
difficulty to identify an unstained cell in ultrathin section, as well as the low cell numbers in
the M. jannaschii cultures, one the main challenges of the TEM observations was to locate
and clearly distinguish cells from artefacts. This was possible for the Fe** and Pb?*
experiments, but unfortunately was not possible with the other metals tested.

After exposure to the Fe* solution, the M. jannaschii cells exhibited sufficient contrast to
allow their structure to be visible in ultrathin section (Fig. 2C). A large area, including the
wall and the outer part of the cytoplasm, had an electron dense appearance and the cell wall
was intermittently visible. A 100 nm thick area surrounding the cell appeared clearer and less
electron dense than the resin and probably represents extracellular polymeric substances
(EPS) bound to the cell wall. Numerous black particles, possibly hydrous iron oxide deposits
(Beveridge 1989) were visible around and inside the cells (Figs. 2C-D). As they were clearly
linked to the cell, they are unlikely to be artefacts or dirt on the section. High magnification
observation of the cell wall (Fig. 2D) showed a sharp, thin, electron dense structure that could
be attributed to the plasma membrane (Mb arrow). Another structure, discontinuous and less
contrasted than the membrane, lies externally adjacent to the plasma membrane and was

identified as the external glycoprotein surface layer (S-layer) (S arrow).

10
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Cells exposed to a Pb?* solution (Fig. 2E) demonstrated a similar aspect to those stained with
the usual lead-based stains used in cytological TEM studies (Fig. 2B). The cell shown in
Figure 2E was found inside a deposit containing dark particles of all sizes. This deposit could
possibly be EPS mixed with lead particles. The cell wall appears clearly, but the staining was
diffuse. Several darker linear features running parallel to the cell wall (Fig. 2E, arrow) may be
the plasma membrane or the S-layer. The cytoplasm was also stained and showed a granular
texture.

Samples exposed to Ca?*, Cu** and Zn** were also prepared and observed with transmission
electron microscopy, but it was impossible to distinguish cells from artefacts on the ultrathin

sections.

Experimental silicification after exposure to metal cations

As previously mentioned, the experimental silicification of M. jannaschii without preliminary
metal ion exposure was not successful (Orange et al. 2009). Most of the M. jannaschii cells
naturally lysed within a week after the beginning of the experiment and silicification of the
cells remains was extremely rare. Only a few highly deformed cells and cell remains were still
present after one month (Figs. 3A-B) and, after one year, the very few remaining cells were
heavily deformed (Fig. 3C) and had lost all recognisable features.

As for the fossilisation experiment performed with silica alone, a precipitate formed
spontaneously within a few hours after injection of the silica to the Fe(ll1)-exposed cells. The
pH of the medium, which was not adjusted after the addition of Fe nor silica, was about 2.5
and did not change during the experiment. Monitoring of the control cultures for natural lysis
by light microscopy suggested that lysis was uninhibited by the presence of Fe and the low

pH as only a few cells were visible after two weeks.

11
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After two months of silicification, numerous cells (Figs. 3D-E) and some cell remains (Fig.
3F) were still clearly visible as documented in the unstained sections (compare Figs. 2A and
3D). Cells exhibited better contrast after two months than after the one hour exposure to the
Fe(Il) solution, possibly because of continued Fe(lll) binding to the cell wall components
(compare Figs. 2C and 3D). Cells were trapped in a light grey granular precipitate which
included some dark particles, possibly silica or hydrous iron oxide (Fig. 3D). EDX analyses
indicate that this precipitate contains both silica and iron (Fig. 4A), with traces of Cl, coming
from the iron chloride (FeCls.6H,0) used, and P, coming for the sodium phosphate buffer
used for sample preparation.

Cells were in a good state of preservation (e.g. no apparent lysis, and with a still perfectly
recognizable cell wall structure). Most of them appeared empty, as ho major structures could
be seen inside, apart from a few particles (Fig. 3D, arrow) that could be hydrous iron oxide, as
in the Fe binding experiment (Fig. 2C). About ten percent were almost entirely filled with a
homogeneous Fe-SiO, granular precipitate (Fig. 3E), that also coated the inside of the cell
wall. This precipitate had a darker and finer texture than the one embedding the cells. No
differences in composition between the two precipitates (Figs 4A-B) could be detected by the
EDX analyses.

Staining of some ultrathin sections with lead citrate and uranyl acetate produced no additional
contrast of the cellular structures (Fig. 3G). The stained sections showed mainly empty cells,
indicating lysis, although some of them had kept some cytoplasmic material (Fig. 3G). The
stained sections revealed that the dark particles that formed inside cells (cf. Fig. 3D) had
precipitated on remains of the cytoplasmic material (Fig. 3G, arrow).

After nine months, unstained ultrathin sections showed no major changes and still clearly

showed a high number of intact cells, with most of them appearing empty (Fig. 31, bottom).

12
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Some cells were filled with the Fe-SiO, precipitate (Fig. 31, top). The Fe-SiO, precipitate
surrounding the cells now appeared more dense (compare Figs. 3D and 31).

Throughout the experiment, the cell wall structure was well preserved and the S-Layer and
plasma membrane remained clearly visible (Figs. 3H-J) as a result of iron binding. However,
high resolution micrographs showed that the two layers of the plasma membrane were visible
only when the Fe-SiO, precipitate started to infill the cell and precipitate on the inner part of
the cell wall (Fig. 3H, upper right). When this was not the case (“empty cell”), only the outer
layer of the cell wall was visible (Fig. 3H, bottom), as was the case for the metal binding
experiment (Fig. 2D). After nine months of silicification details of the cell wall structure were

still clearly recognizable for all cells and no detectable degradation occurred (Fig. 3J).

DISCUSSION

Metal uptake by M. jannaschii cells

TEM micrographs and AAS data document uptake of dissolved metal cations by M.
jannaschii. Owing to technical difficulties electron microscopy could only demonstrate
binding to the cell wall of Fe and Pb but the AAS data, that all point to a lowering of metal
concentration during the experiments, suggested that the other metals (Ca, Cu, and Zn) were
also immobilized by the cells and possibly fixed to the cell walls. These two techniques were
thus complementary and show that M. jannaschii cells are able to immobilise and bind several
metal ions.

Beveridge and Murray (1976, 1980) and Beveridge and Koval (1981), studying metal uptake
by Bacteria Bacillus subtilis and Escherichia coli, identified the carboxyl and hydroxyl

functional groups of peptidoglycan in the cell wall as the main cation-binding site. Phosphoryl

13
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groups in membrane lipids are also able to bind cations (Beveridge and Fyfe 1985). Archaea
exhibit a great variety in the composition of their cell walls, although they have in common
membrane lipids made of isoprenoid di- and tetra-ethers and the lack of peptidoglycan (Konig
2001). M. jannaschii cell wall consist only of a plasma membrane and an external S-layer,
which is the most common and the simplest archaeal cell wall structure. Despite this, TEM
micrographs coupled with AAS analysis show that metallic ions can bind to several
components, such as the S-layer and the plasma membrane, of the M. jannaschii cell wall
(Fig. 2D). This demonstrates the presence of negatively charged functional groups within the
cell wall, despite the low pH (Fein et al. 1997). Furthermore, dark aggregates were also
visible inside cells suggesting that cations are able to cross the cell wall and penetrate into the
cytoplasm. In the Pb?* experiment, the S-layer and the plasma membrane could not be clearly
distinguished on the micrographs (Fig. 2E). However, as the whole cell wall showed
significant staining, it is possible that both the S-layer and the plasma membrane had bound
Pb%* ions. In this case also, Pb®* ions were able to pass through the membrane and penetrate
inside the cytoplasm. Finally, the accumulation of dark deposits around the cells (Fig. 2E)
suggests Pb** fixation by the EPS.

Despite the lack of peptidoglycan, several functional groups in M. jannaschii cell wall and
EPS are able to bind dissolved metal ions. Although bacterial and archaeal membrane lipids
have different compositions, the phosphoryl groups of the polar heads of the lipid molecules
are similar and can explain metal fixation by M. jannaschii plasma membrane. The S-layer is
composed of proteins and glycoproteins whose carboxyl and hydroxyl groups can also bind
metal ions (Schulze-Lam et al. 1996). The S-layer appeared less contrasted than the
membrane, which may indicate that it could bind a smaller amount of dissolved cations than
the membrane. This in turn suggests that it has fewer functional groups available for binding

cations than the membrane. The EPS consist mainly of polysaccharides and proteins and the

14
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metal ions would be able to bind to the carboxyl groups on these proteins (Schultze-Lam et al.
1993; Fortin et al. 1998; Chan et al. 2004; Fortin 2004).

For all the other metal ions tested (Ca®*, Cu®*, Zn*"), immobilisation mechanisms and binding
sites are uncertain, but are likely to be similar to those involved for Fe** and Pb** cations.
Thus, Ca**, Cu** and Zn* cations may have bound on the different layers of M. jannaschii
cell wall and EPS and could have penetrated into the cytoplasm.

TEM micrographs show that Fe** and Pb®* cations are able to cross the membrane and to
make their way into the cytoplasm. Grown in an autotrophic medium, M. jannaschii cells use
several cations for their metabolism (e.g. Mg®*, Ca®*, K", see the detailed growth medium
composition in Materials and Methods section). Mechanisms and pathways thus exist that
allow dissolved cations to enter the cell. The metallic ions were able to bind onto and cross
the cell wall within an hour, which suggests that there were no protective mechanisms, either
active or passive, to avoid metal adsorption and binding. This is in contrast to previous
experiments, which showed that such protective mechanisms exist in the case of dissolved

silica (Lalonde et al. 2005; Orange et al. 2009).

Experimental fossilisation

The fossilisation and the remarkable preservation of most of M. jannaschii cells show that
preliminary Fe(lll) ions uptake was decisive for, and spectacularly improved the result of the
experimental silicification. Thus, the positive effect of Fe(ll1) binding on silicification appears
to also apply to Archaea.

Initially mineral particles precipitated rapidly on the cell wall, especially on the S-Layer (Fig.
3H), and embedded the cells within an Fe-SiO, precipitate, while hydrous iron oxide particles

formed inside the cells using the remaining cytoplasmic material as a template (Figs. 3D and
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3G). The inability of uranyl acetate and lead citrate stains to increase cell wall contrast shows
that most of, if not all, the functional groups of the cell wall, where the strains usually bind,
were occupied by Fe(lll) ions.

The formation of a dense precipitate inside the cells (Fig. 3E) appeared to be the next step of
the fossilisation. However, as the percentage of ‘precipitate-filled’ cells did not significantly
increase between two and nine months of fossilisation, this sequence of events remains
hypothetical. As this inner precipitate had a different aspect from the precipitate embedding
the cell, we can assume that it formed directly inside the cells after dissolved iron and silica
ions had penetrated into them. The inner layer of the plasma membrane evidently acts as a
support for the formation of this precipitate, from which it grew and gradually filled the cell
(Figs. 3E and 3I). The remaining cytoplasmic compounds could also have served as a support
for the precipitate (Fig. 3G), which could explain its rapid growth within the cells. Note that
the cell preservation was efficient even when mineralisation was limited to the outer cell wall.
The loss of the cytoplasm in most of the cells indicates lysis of the M. jannaschii cells,
probably within a few days after the start of the experiment, as a consequence of a prolonged
growth. As suggested by light microscopy observations on prolonged growth cultures, with
and without Fe, the presence of Fe alone does not seem to have stopped the lysis of M.
jannaschii cells. Thus, the inhibiting effect of Fe cations on the autolytic enzymes does not
seem to apply here.

As silica alone could not also prevent rapid M. jannaschii cell lysis (Orange et al. 2009), it is
likely that the combination of Fe and silica binding led to good preservation of the cell
remains. Preliminary Fe(lll) binding appeared to have had a positive effect on the rate of
silicification by serving as an intermediate between the silica particles and the organic
molecules. This is demonstrated by the fact that the cell wall was completely mineralised and

the inner cell began to be filled either by a few particles or by a dense Fe-SiO, precipitate
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after only two months. This phenomenon was not observed in the fossilisation of the Archaea
P. abyssi until one year of fossilisation (Orange et al. 2009).

Another positive effect of the preliminary Fe(l1l) binding was the faithful preservation of the
cell wall structure during fossilisation. Although cells can be preserved by silicification, this
process alone does not result in the preservation of the archaeal cell wall structure. Without
prior metal fixation, the cell wall structure disappears after a few months and is hidden by the
growing silica precipitate (Orange et al. 2009). In this study, the mineralisation of the cell
wall appears to have been very delicate and mainly limited to the exterior and the interior of
the cell wall. Only fine particles were bound in between the different layers of the cell wall,
allowing it to perfectly recognizable after nine months (Fig. 3J). Consequently, the
morphological features that allow identification of these cells as Archaea (i.e. a simple and
thin cell wall made only of an S-Layer and a plasma membrane) are still present at the end of
the fossilisation.

This study was designed to obtain a first qualitative insight on the metal binding ability of
Archaea and on the effect of preliminary Fe binding on silicification. pH values (2.5) during
the experimental fossilisation were lower than those found normally in the natural
environment, and lower than those estimated for the Early Archaean oceans (6-7; Grotzinger
and Kasting 1993). They are, however, normal for acidic environments, such as hot springs
(Jones and Renaut 2006), the Rio Tinto river (Gonzélez-Toril et al. 2003; Fernandez-Remolar
et al. 2004), mine tailings (Fortin and Beveridge 1997), or some cave environments
(Vlasceanu et al. 2000). Although the low pH does not appear to have influenced cell lysis, it
did change the electric charges of the functional groups in the organic components and the
dissolved species involved in the binding, and thus may have had an effect on the binding
rates of Fe and silica, which are difficult to evaluate. For example, Amores and Warren

(2007) suggest that low pH would allow a better silica binding on cellular structures whereas
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Swedlund and Webster (1999) and Fein et al. (2002) concur that low pH would lower the

adsorption of undersaturated silica by Fe.

Implications for the preservation of Archaea in the rock record

In a previous experiment (Orange et al. 2009), we concluded that the fossilisation potential of
Archaea species was low because of the relatively weak silica binding ability of the archaeal
cell wall and because only the most robust strains were fossilised. Our present results show,
on the contrary, that preliminary binding of Fe(lll) ions appears to significantly increase the
rate of fossilisation and allows the fossilisation of even the most fragile strains, such as M.
jannaschii. It implies that all microbial species can theoretically can be fossilised and
preserved in rocks if they have been able to bind metals to their surfaces. As ideal
fossilisation conditions (in our case, the presence of dissolved Fe(lll) cations and silica) may
not always be met, the microfossil assemblage in the rock record is unlikely to be
representative of the total original microbial community, although it may represent a wider
range than previously believed. The fact that the cell walls of Archaea can be well preserved
also provides hope for the possible identification of fossilised Archaea in the rock record.

These results thus highlight the importance of the role of metals in the preservation of
microorganisms by silicification. Habitats on the early Earth, for instance, included metal and
silica-rich effluents of hot springs and hydrothermal vents (Nisbet and Sleep 2001). The
association between iron (or other metals), silica and well-preserved micro-organisms in
recent hydrothermal environments (Ferris et al. 1986; Fortin et al. 1998), as well as in the
Proterozoic and Archean epochs (Southgate 1986; Rasmussen 2000) has been previously
documented. Considering certain similarities between environmental conditions on the early
Earth and early Mars, these results have important implications in the search for possible

fossilised traces of life in early Martian rocks from the Noachian period, especially
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considering the high amount of iron oxides associated with Martian rocks (Bibring et al.
2005; Poulet et al. 2005; Carr 2006) and the possible presence of hydrothermal systems on

early Mars (Squyres et al. 2008).

CONCLUSIONS

This study is a first attempt to determine the metal binding ability of an Archaea and to verify
its effect on the silicification of the microorganisms. The results provide new information
regarding the binding abilities of Archaea and further understanding of the fossilisation
process. The association of electron microscopy observations and atomic absorption
spectroscopy analyses demonstrated that an Archaea (M. jannaschii) with a relatively simple
cell structure can rapidly immobilize several metal cations (Fe**, Ca**, Pb®*, Zn*", Cu®").
Fe(lll) and Pb ions were able to bind on the plasma membrane and the S-Layer and to pass
through the cell wall to be incorporated into the cytoplasm. Although preliminary exposure of
M. jannaschii cells to Fe(lll) cations alone did not affect cell preservation, the rate of
mineralisation of the cellular structures by a Fe-SiO, precipitate was faster, probably as a
result of Fe(lll) acting as an intermediate between the cell functional groups and the silica.
This combination of Fe and silica binding and its rapidity appears to be one of the main
factors responsible for the cell preservation. In contrast to silicification alone, the cell wall
structural components were extremely well preserved, allowing the cells to be still identifiable
as Archaea at the end of the experiment. This study thus underlines the importance of metal
binding in the fossilisation of microorganisms, as it allows good preservation of even the most

fragile archaeal strains, despite their low binding capacities. Archaea may thus be preserved,
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and could possibly be still identified, in recent and ancient rocks and, possibly even in

Martian rocks.
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Figures captions

FIG. 1. Comparison of metal ion concentrations measured by atomic absorption spectroscopy
after a one hour incubation at 60°C in the metal solution, with and without M. jannaschii
cells. In the Fe** experiment with cells, the formation of a precipitate led to a greater

concentration difference.

FIG. 2. Metal binding experiments. A-B, Transmission Electron Microscopy (TEM)
micrographs showing examples of M. jannaschii cells (C) on an unstained (A) and stained (B)
section, obtained from an experimental silicification experiment (Orange et al. 2009). Arrows
indicate the outline of the cell on the unstained section. Dark particles are silica crystallites.
C, Unstained TEM micrograph showing a M. jannaschii cell exposed to a Fe(lll) solution
during 1 hour at 60°C. Note the contrasted cell wall (arrow) and the dark particles, possibly
hydrous iron oxide, around and inside the cell. D, High magnification view of the cell wall,
showing the contrasted plasma membrane (Mb arrow) and the slightly contrasted S-layer (S
arrow). E, Unstained TEM micrograph showing a M. jannaschii cell exposed to a Pb solution
during 1 hour at 60°C inside a dark precipitate. Note the contrasted cell wall (arrow) and the

contrasted granular cytoplasm. All TEM micrographs were made at 200 kV.

FIG. 3. Experimental silicification experiment.

A-C, TEM micrographs showing examples of the few remaining Methanocaldococcus
jannaschii cells exposed to a 350 ppm Si silica-solution for various length of times on thin
sections stained with lead citrate and uranyl acetate (from Orange et al., 2009). A-B, 1 month,

intact and deformed cells (C). C, 1 year, heavily deformed cell (C).
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D-J, TEM micrographs showing M. jannaschii cells exposed to a c. 10 mM Fe(l11) solution
during 1 hour at 60°C, then to a 350 ppm Si silica-solution for various lengths of time. Note
that the thin sections were not stained with lead citrate or uranyl acetate, unless otherwise

stated. 2 months of silicification: D, ‘empty’ cell (C) within a Fe-SiO, precipitate; note the

fine particles inside the cell (arrow). E, Cell (C) filled with a Fe-SiO, precipitate; note the
different texture of this precipitate and its binding on the inner side of the cell wall. F, cell
remains within the Fe-SiO, precipitate. G, cell (C) observed on a thin section stained with
lead citrate an uranyl acetate, note the remaining cytoplasmic material on which fine particles
are attached (arrow). H, high magnification view of the walls of two cells showing the plasma
membranes (Mb arrows) and the S-Layers (S arrows) for each cell; note that the inner layer of
the membrane is only visible when the Fe-SiO, has formed inside the cell (upper right), and is

invisible if not (bottom). 9 months of silicification: I, ‘empty’ and ‘filled’ cells (C) within the

Fe-SiO, precipitate; note the more dense aspect of the precipitate. J, high magnification view

of the preserved wall structure of both cells. All TEM micrographs were made at 200 kV.

FIG. 4. Experimental silicification experiment.

EDX spectra obtained on TEM ultrathin sections of M. jannaschii cells exposed to a ¢. 10
mM Fe(l11) solution during 1 hour at 60°C, then to a 350 ppm Si silica-solution for 9 months
(Fig. 3I). A, spectrum made on the Fe-SiO, precipitate surrounding the cells. B, spectrum
made on the Fe-SiO, precipitate filling the cells. Note the similar compositions. All EDX

spectra were made at 200 kV.
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FIG. 2. Metal binding experiments. A-B, Transmission Electron Microscopy (TEM) micrograph
showing examples dfl. jannaschii cells (C) on an unstained\) and stainedR) section, obtained
from an experimental silicification experiment (@geet al. 2009). Arrows indicate the outline of the
cell on the unstained section. Dark particles dieascrystallites.C, Unstained TEM micrograph
showing aM. jannaschii cell exposed to a Fe(lll) solution during 1 hou6@°C. Note the contrasted
cell wall (arrow) and the dark particles, possiblydrous iron oxide, around and inside the dg|l.
High magnification view of the cell wall, showinge contrasted plasma membrane (Mb arrow) and
the slightly contrasted S-layer (S arro&).Unstained TEM micrograph showingvh jannaschii cell
exposed to a Pb solution during 1 hour at 60°Qmsi dark precipitate. Note the contrasted cell wal
(arrow) and the contrasted granular cytoplasmTA&IM micrographs were made at 200 kV.



insu-00616553, version 1 - 12 Oct 2011

FIG. 3. Experimental silicification experiment.

A-C, TEM micrographs showing examples of the few reimg Methanocaldococcus jannaschii
cells exposed to a 350 ppm Si silica-solution fariaus length of times on thin sections stainedhwit
lead citrate and uranyl acetate (from Oraegal., 2009).A-B, 1 month, intact and deformed cells
(C).C, 1 year, heavily deformed cell (C).

D-J, TEM micrographs showiniyl. jannaschii cells exposed to @ 10 mM Fe(lll) solution during 1
hour at 60°C, then to a 350 ppm Si silica-solution various lengths of time. Note that the thin
sections were not stained with lead citrate or ylracetate, unless otherwise stated. 2 months of
silicification: D, ‘empty’ cell (C) within a Fe-Si@precipitate; note the fine particles inside thé ce
(arrow).E, Cell (C) filled with a Fe-Si@precipitate; note the different texture of thiegpitate and

its binding on the inner side of the cell wall.cell remains within the Fe-Sj@recipitateG, cell (C)
observed on a thin section stained with lead @teat uranyl acetate, note the remaining cytoplasmic
material on which fine particles are attached (&)jr¢d, high magnification view of the walls of two
cells showing the plasma membranes (Mb arrows}lad®-Layers (S arrows) for each cell; note that
the inner layer of the membrane is only visible whiee Fe-Si@ has formed inside the cell (upper
right), and is invisible if not (bottom). 9 montbésilicification: |, ‘empty’ and ‘filled’ cells (C) within

the Fe-SiQ precipitate; note the more dense aspect of thepitate.J, high magnification view of
the preserved wall structure of both cells. All TENCtrographs were made at 200 kV.
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FIG. 4. Experimental silicification experiment.

EDX spectra obtained on TEM ultrathin sectiond/ofannaschii cells exposed to@a 10 mM Fe(lll)
solution during 1 hour at 60°C, then to a 350 ppinsiica-solution for 9 months (Fig. 3IA,
spectrum made on the Fe-Sifrecipitate surrounding the celB, spectrum made on the Fe-$iO
precipitate filling the cells. Note the similar cpaositions. All EDX spectra were made at 200 kV.



