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ABSTRACT

The reconstruction of the history of microbial life since its emergence on early Earth is impaired by the diffi-

culty to prove the biogenicity of putative microfossils in the rock record. While most of the oldest rocks on

Earth have been exposed to different grades of diagenetic alterations, little is known about how the

remains of micro-organisms evolve when exposed to pressure (P) and temperature (T) conditions typical of

diagenesis. Using spectroscopy and microscopy, we compared morphological, mineralogical, and chemical

biosignatures exhibited by Fe mineral-encrusted cells of the bacterium Acidovorax sp. BoFeN1 after long-

term incubation under ambient conditions and after experimental diagenesis. We also evaluated the effects

of Si on the preservation of microbial cells during the whole process. At ambient conditions, Si affected the

morphology but not the identity (goethite) of Fe minerals that formed around cells. Fe-encrusted cells were

morphologically well preserved after 1 week at 250 °C-140 MPa and after 16 weeks at 170 °C-120 MPa

in the presence or in the absence of Si. Some goethite transformed to hematite and magnetite at 250 °C-

140 MPa, but in the presence of Si more goethite was preserved. Proteins—the most abundant cellular

components—were preserved over several months at ambient conditions but disappeared after incubations

at high temperature and pressure conditions, both in the presence and in the absence of Si. Other organic

compounds, such as lipids and extracellular polysaccharides seemed well preserved after exposure to diage-

netic conditions. This study provides insights about the composition and potential preservation of microfos-

sils that could have formed in Fe- and Si-rich Precambrian oceans.
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INTRODUCTION

Reports of extremely well-preserved ancient micro-organ-

isms and even potentially new shapes of microbial life in

siliceous rock layers of the 1.9-Ga-old Gunflint formation

have triggered tremendous interest in understanding the

process of cell preservation by Si (Barghoorn & Tyler,

1965; Brasier et al., 2015). Microbial silicification has been

studied in natural environments, such as hot springs (Phoe-

nix et al., 2003; Konhauser et al., 2004) and deep-sea sedi-

ments (Westall et al., 1995) or mimicked in laboratory

experiments (Oehler & Schopf, 1971; Francis et al., 1978;

Westall et al., 1995; Orange et al., 2009, 2013a,b). When

micro-organisms are incubated in solutions containing vari-

ous concentrations of Si, encrustation starts with the precip-

itation of silica colloids onto the cell surface, followed by

the formation of silica gel by polymerization. Eventually cel-

lular components become completely impregnated by crys-

talline Si compounds (Konhauser & Jones, 2011). For a

good preservation of the morphology, silicification of cells

must occur quickly; however, once silicified, cells can be

preserved for several years (Orange et al., 2014). Although

cells are recognizable after encrustation, only the cell wall is

well preserved, and internal features seem to disappear

(Konhauser & Jones, 2011; Orange et al., 2014). Various

groups in the Bacteria and Archaea domains have been fos-

silized in silica, such as Cyanobacteria, Aquificae, Firmi-

cutes, or Euryarchaeota (e.g., Francis et al., 1978; Westall

et al., 1995; Toporski et al., 2002; Lalonde et al., 2005;

Orange et al., 2009) and it is generally accepted that
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micro-organisms play a passive role in silicification

(Konhauser & Jones, 2011). However, as cell surface

composition varies among micro-organisms, the initial

precipitation of Si colloids might vary as well, leading to dif-

ferent degrees of silicification depending on the type of

micro-organism considered (Konhauser et al., 2004; Kon-

hauser & Jones, 2011 and references therein).

In natural environments, silicified micro-organisms are

also found associated with Fe minerals (Ferris et al., 1986;

Fortin et al., 1998; Konhauser, 1998). The most common

phases associated with micro-organisms in sediments, river

biofilms, hot springs, or hydrothermal deposits are Fe, Al

silicates of varying crystallinities (e.g., Ferris et al., 1987;

Konhauser & Ferris, 1996; Fortin et al., 1998; Konhauser

et al., 1998). It is suggested that the formation of these

phases around cells starts with the primary fixation of

cations, such as Fe3+, on the functional groups of the outer

membrane or cell wall, followed by the secondary fixation

of silicate groups onto the cations that serve as nucleation

sites (Urrutia & Beveridge, 1993, 1994; Fein et al., 2002).

The fixation of cations to anionic groups at the surface of

the cells seems to inhibit the activity of catalytic enzymes

and appears to be essential for the preservation of Archaea

and Bacteria in silica (Ferris et al., 1988; Orange et al.,

2011). This is highly relevant for the preservation of

microbial remains in the past, as Precambrian oceans

before 1.8 Ga contained high concentrations of both Fe

and Si (Holland, 1973; Siever, 1992; Maliva et al., 2005).

The hunt for microfossils in the rock record has been

pursued for several decades to reconstruct the different

steps in the evolution of life and metabolisms (Westall,

2008). Given the small size of micro-organisms and the

limited morphological diversity in the microbial world, the

biogenicity of microbial-like structures is difficult to estab-

lish. An excellent example for this challenge is illustrated by

cell-like structures in the famous 3.46-Ga Apex chert pro-

posed to be microfossils, based on the analysis of thick sec-

tions (Schopf, 1993; Schopf et al., 2002). Recent nanoscale

structural and chemical analyses of these putative microfos-

sils using transmission electron microscopy (TEM) rather

suggest that these structures are indistinguishable from ver-

miform phyllosilicate grains grown during hydrothermal

alteration of the deposit (Brasier et al., 2002, 2015). There

is, however, still debate regarding the carbon associated

with these mineral structures (Brasier et al., 2015).

Although microbial fossilization studies show a general

good preservation of micro-organisms at ambient condi-

tions, and even for long periods of time (Orange et al.,

2014), preservation in the rock record also requires a lim-

ited degradation of microbial remains under diagenetic con-

ditions. Very few studies have addressed that question

(Oehler & Schopf, 1971; Oehler, 1976; Beveridge et al.,

1983; Li et al., 2013, 2014; Picard et al., 2015). Although

there is no means to reproduce the effects of geological

times in the laboratory, experimental diagenesis experi-

ments, performed at high temperature (T) and pressure

(P), provide useful information about the evolution of

microbial shape and composition and about what can be

expected in the rock record. In this study, we evaluated the

preservation potential of bacteria encrusted in Fe minerals

under T–P conditions simulating sediment burial and rock

formation. For that purpose, we used the bacterium

Acidovorax sp. BoFeN1 which forms Fe(III)-mineral crusts

around cells when exposed to Fe(II) during growth (Kap-

pler et al., 2005). The early steps of Fe biomineralization

have been well characterized at high resolution (Miot et al.,

2011; Pantke et al., 2012; Klueglein et al., 2014; Schmid

et al., 2014). The evolution of organic compounds in Fe

mineral-encrusted BoFeN1 cells after short heating experi-

ments has been recently reported (Li et al., 2013). Addi-

tionally we assessed whether the presence of Si during the

formation of the Fe crust had an impact on the preservation

of Fe-encrusted cells for several months at ambient condi-

tions and for 1–16 weeks under experimental diagenetic

conditions. Scanning electron microscopy (SEM), confocal

laser scanning microscopy (CLSM), Raman spectroscopy,

and scanning transmission X-ray microscopy (STXM) aimed

to determine mineralogical and chemical changes occurring

in bacteria as a function of temperature and pressure.

MATERIALS AND METHODS

Microbial strain and cultivation

Strain Acidovorax sp. BoFeN1, a nitrate-reducing Fe(II)-

oxidizing bacterium isolated from freshwater lake sediments

(Kappler et al., 2005), came from our laboratory culture

collection. Strain BoFeN1 was grown in anoxic freshwater

mineral medium, as described by Ehrenreich and Widdel

(Ehrenreich & Widdel, 1994). Instead of 0.5 g L�1,

KH2PO4 was decreased to 0.14 g L�1, and NaCl was

added at 0.2 g L�1 to maintain the ionic strength (Hoh-

mann et al., 2010). Fe(II) was added to the medium at an

initial concentration of 10 mM from a sterile stock solution

of FeCl2. After formation of white precipitates, identified as

vivianite (Miot et al., 2009), the medium was filtered in an

anoxic glove box and distributed in 25-mL aliquots into

58-mL serum bottles. Acetate and nitrate were added to

serum bottles from sterile stock solutions at a final concen-

tration of 5 and 10 mM, respectively. Amorphous Si was

added to the medium at a final concentration of 2 mM from

a suspension of Na2SiO3∙9H2O prepared at pH 7.0. A pre-

culture, transferred and grown twice at 30 °C in medium

without Fe, was used to inoculate bottles of medium con-

taining Fe and Fe+Si. Cultures were incubated at 30 °C
and atmospheric pressure. These cultures were sampled

after 1, 9, and 19 months for SEM, after 12 and

17 months for Raman spectroscopy, after 19 months for
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STXM, and after 21 months for CLSM. Aliquots of the

same cultures were taken after 2, 6, 7, and 21 months to

perform diagenesis experiments at 130 °C-100 MPa

(1 week), 170 °C-120 MPa (16 weeks), 250 °C-140 MPa

(1 week), and 170 °C-120 MPa (4 weeks), respectively.

Loading of bacterial cultures in gold capsules

Gold capsules (~3 cm long) were cut from gold tubes (inner

diameter 2.1 mm, outer diameter 2.5 mm; Wieland Edel-

metalle GmbH, Pforzheim, Germany) previously combusted

at 800 °C for 4 h to remove organic residues used for pro-

cessing. Capsules were sealed at one extremity by tungsten

inert gas welding, sonicated in ethanol, and dried at 60 °C
prior to filling. Bacterial cultures were left to settle before

sampling, so organo-mineral precipitates could be concen-

trated at the bottom of the bottle. Cultures were neither

centrifuged nor washed. Approximately ~100 lL of concen-

trated culture, withdrawn from the culture bottle with sterile

needles and syringes, was immediately transferred into the

capsule. The second extremity of the capsules was quickly

clamped to remove gas space and transported to the welding

apparatus. The whole procedure was performed under ambi-

ent atmosphere. The cell density in the capsules could not

be determined as some loss occurred during the welding

process of the second extremity.

Experimental diagenesis and preparation of samples for

analytical measurements

Experimental diagenesis was performed in a hydrothermal

autoclave (SITEC 01603-1500-R300 °C; SITEC-Sieber

Engineering AG, Ebmatingen, Switzerland) that comprised

three independent reactors. Gold capsules containing sam-

ples were placed into the reactors of the autoclave. Pressure

was increased after the reactors reached the target tempera-

ture (usually after 1–2 h). Independent incubations were

performed for 1 week at up to 250 °C and 140 MPa.

Long incubations of 4 and 16 weeks were performed at

170 °C-120 MPa. After incubation, capsules were opened

with a razor blade cleaned with ethanol and samples were

recovered using sterile micropipettes. Samples were (i) air-

dried on glass slides for Raman spectroscopy, (ii) rinsed

with sterile deionized water, and air-dried on glass cover-

slips that were subsequently mounted on aluminum stubs

with conductive double-side carbon tape for SEM, (iii)

rinsed with sterile deionized water and air-dried on 200-

mesh Cu TEM grids with a support film in pure Formvar

(Plano, Wetzlar, Germany) for STXM, and (iv) stained in

their original wet state by fluorescent dyes for CLSM.

Scanning electron microscopy

Samples were sputter-coated with ~8 nm of Pt with a Bal-

Tec SCD 005 sputter coater (BalTec, Balzers, Liechten-

stein) and imaged with a LEO 1450 VP scanning electron

microscope equipped with a tungsten hairpin filament

(now Zeiss, Oberkochen, Germany) at the Department of

Geosciences of the University of T€ubingen. Secondary

electron images were obtained at an acceleration voltage of

5 kV with a working distance of 3–4 mm using an Ever-

hart–Thornley secondary electron detector. Imaging was

performed on samples deposited on coverslips mounted on

stubs, as described above, and samples on TEM grids (after

STXM measurements were performed at the synchrotron)

mounted on a custom-made scanning transmission electron

microscopy (STEM) sample holder for SEM. Although the

imaging procedure is similar for both sample supports, the

background of images differs. SEM images of cells pre-

pared on glass slides attached to carbon tape have a dark

background, while SEM images of cells imaged on TEM

grids have a bright background.

Raman spectroscopy

Raman spectroscopy is a well-established method for the

characterization of Fe minerals (Das & Hendry, 2011). The

mineralogy of the samples was characterized on an

Alpha300 Raman spectrometer (WITec, Ulm, Germany) at

the Department of Pharmaceutical Technology (University

of T€ubingen). The excitation source was a 534-nm-line laser

with power of light evaluated at <1 mW on the sample. The

spectrometer was equipped with charged coupled device

(CCD) and 1800 grooves mm�1 grating. Each Raman

spectrum was an average of two acquisitions of 60 s.

Goethite (86–88%, Bayferrox 920 Z), magnetite (98%, Bay-

ferrox E8710; LANXESS Inorganic Pigments, Krefeld, Ger-

many), and hematite (Fluka > 99%) were used as reference

compounds and measured as dry powders on a glass slide.

Confocal laser scanning microscopy

Z-stacks of images were acquired on a Leica SPE confo-

cal laser scanning microscope (CLSM; Leica Microsys-

tems, Wetzlar, Germany) equipped with 405, 488, 561,

and 635 nm lasers and a 639 water immersion lens with

a numerical aperture of 1.15 at the Center for Applied

Geoscience (Environmental and Analytical Microscopy

group, University of T€ubingen). The fluorescent probes

NanoOrange� stain, wheat germ agglutinin Alexa Fluor�

633 conjugates (WGA-633), and FM�4-64 stain, used

to detect proteins, polysaccharides, and lipids, respec-

tively, were purchased from Molecular Probes�, Life

TechnologiesTM.

Scanning transmission X-ray microscopy and near-edge X-

ray absorption fine structure spectroscopy

Scanning transmission X-ray microscopy and near-edge X-

ray absorption fine structure (NEXAFS) spectroscopy were

done at the STXM 5.3.2.2 beamline of the Advanced

Light Source (Berkeley, CA, USA). Details on the
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beamline are given elsewhere (Kilcoyne et al., 2003).

Image sequences (stacks) were recorded on cells across the

C K-edge (280–320 eV) and the O K-edge (530–560 eV),

with a spectral resolution of 0.1 eV in regions of interest,

to gain information on the distribution of cellular compo-

nents and minerals, respectively. To map the distribution

of Fe, images were recorded both below the Fe L3,2 edges,

at 704 eV, and at the main absorption peak of Fe(III) oxy-

hydroxides at the L2 edge at 723.8 eV. Additionally, refer-

ence spectra at the O K-edge were acquired at the STXM

beamline of the Canadian Light Source (CLS; Kaznatcheev

et al., 2007).

Data analysis

Scanning transmission X-ray microscopy and NEXAFS data

were processed using the AXIS2000 software package (Hitch-

cock, 2015). Images were converted from transmission scale

to linear absorbance scale [optical density (OD)], using the

equation: OD = �ln(I/I0), where OD is the optical density

of an individual pixel, I is the intensity of the transmitted

photons, and I0 is the intensity measured in an empty area

adjacent to the sample. Average NEXAFS spectra were

extracted from whole image sequences collected across the

C K-edge and the O K-edge and fitted to a linear combina-

tion of standard spectra. For that purpose, we used the ‘sin-

gular value decomposition’ or singular value decomposition

(SVD) function in aXis2000. The standard spectra of xan-

than (used as polysaccharide standard), albumin (used as

protein standard), 1,2-dipalmotoyl-sn-glycero-3-phospho-

choline (used as lipid standard), and aragonite (used as car-

bonate standard), provided by others (Lawrence et al.,

2003; Dynes et al., 2006; Obst et al., 2009), gave the best

results for data analysis at the C K-edge. Reference spectra of

synthetic Fe minerals—hematite, goethite, and magnetite—

provided the best results for fitting analyses at the O K-edge.

After determining which standard spectra provide the best

fitting results, quantitative maps were derived from images

sequences using the SVD function in aXis2000, as described

in other studies (Lawrence et al., 2003; Dynes et al., 2006).

To determine whether the size of cells changed as func-

tion of experimental conditions, the length of individual

cells was measured on SEM images. A total of 30–352 cells

were measured for each experimental condition, depending

on the number of SEM images available. A one-way analy-

sis of variance (ANOVA) was performed with the Kaleida-

graph application (F = 3.4030223, P = 0.0004). The

Dunnett post hoc test was chosen to determine whether

the mean of one group (BoFeN1 cells grown in Fe—ambi-

ent conditions), designated as the control group, differs

significantly from each of the means of the other groups. If

the P-value of the test is lower than 0.05, there is thus a

significant difference between the groups. Data are summa-

rized in Table S1.

RESULTS

Preservation of cell morphology during aging at ambient

conditions and during experimental diagenesis

The bacterium Acidovorax sp. BoFeN1 was cultivated with

Fe(II) in the absence or presence of Si (hereafter called Fe

and Fe+Si cultures, respectively). Over the course of several

months, the morphology of cells was evaluated using SEM.

Mineral crusts that formed around cells did not signifi-

cantly change over the course of 19 months (Fig. 1).

Spike-shaped crusts were typically observed in the Fe cul-

tures (Fig. 1A,C,E), while round mineral aggregates

formed around the cells in the Fe+Si cultures (Fig. 1B,D,

F). The same cultures were subsampled several times and

the culture aliquots were used to perform diagenesis exper-

iments at temperatures (T) and pressures (P) of up to

250 °C and 140 MPa, respectively, and for up to

16 weeks. After experimental diagenesis, the general mor-

phology of bacterial cells from Fe cultures and from Fe+Si
cultures was preserved after 1 week at the highest T–P
conditions of 250 °C and 140 MPa (Fig. 2G,H) as well as

after 4-week and 16-week long incubations at 170 °C and

120 MPa (Fig. 2C–F). A few cells from the Fe culture

incubated at 170 °C-120 MPa for 4 and 16 weeks

appeared cracked open (Fig. 2C,E). The difference in mor-

phology observed between Fe- and Fe+Si-grown cultures

at ambient conditions was preserved after experimental dia-

genesis. The evolution of the cell length was analyzed as a

function of T–P conditions (Fig. 3, Table S1). The cells

were significantly longer only in the Fe+Si culture after 16-

week incubation at 170 °C-120 MPa.

Evolution of mineralogy with increasing T–P conditions

In both cultures, with and without Si, orange precipitates

formed within a few days after inoculation, but did not

change color afterward at ambient conditions. Minerals in

the Fe culture attached to the bottom of the glass serum

bottles, while minerals in the Fe+Si culture did not (see

Fig. S1 showing bottles after shaking). This suggested a

difference in charge of mineral aggregates and/or a differ-

ence in mineral aggregate structure between Fe and Fe+Si
precipitates, which leads to a different affinity to the glass

wall. Raman spectra of 12-month and 17-month cultures

showed the spectral features of goethite in both Fe and

Fe+Si cultures as a result of Fe(II) oxidation by BoFeN1

(Fig. 4 displays spectra acquired after 12 months at ambi-

ent conditions). The Raman spectrum of ferrihydrite has

one broad feature that is at a different wavenumber than

any peak from other reference spectra. Although it is not

possible to completely rule out the presence of ferrihydrite

after 12–17 months at ambient conditions, we can affirm

that ferrihydrite is not present at levels detectable by

© 2015 John Wiley & Sons Ltd

Experimental Diagenesis of Microbial Cells 279



Raman spectroscopy. In samples incubated under diage-

netic conditions, goethite was the only mineral detectable

up to 170 °C-120 MPa, including in the sample incubated

for 16 weeks, while it transformed to hematite and mag-

netite after 1 week at 250 °C-140 MPa. Some goethite

appeared to be preserved as shown by the Raman signal

(Fig. 4).

To investigate the mineralogy at the cellular level, NEX-

AFS spectra, extracted from image sequences recorded at

the O K-edge, were analyzed (Fig. 5). At ambient condi-

tions, the best match for the sample spectrum was the

goethite spectrum, although peaks are not as intense as

those of the reference spectrum. The ferrihydrite spectrum

did not match the sample spectrum and resulted in higher

residual signals when used for the fitting procedure. The

spectra of the samples incubated at the highest T–P condi-

tions were fitted to a linear combination of goethite,

hematite, and magnetite spectra. While hematite (~76%)
dominated the Fe culture after the highest T–P treatment,

goethite (~51%) was still the major component preserved

in the Fe+Si culture after the T–P treatment (Table 1).

The proportion of magnetite in the T–P-treated Fe+Si cul-
ture (31%) was twice as the T–P-treated Fe culture (15%).

Component maps derived from the fitting analysis of image

sequences recorded across the O K-edge revealed variable

distributions of each Fe mineral (Fig. 6). While hematite

seemed to be mainly present close to the cells, the remain-

ing goethite appears to be around cells, perhaps in the

extracellular polymeric substances (EPS) remains surround-

ing cells (see last paragraph in the result section). Mag-

netite appears to be distributed homogeneously close to

and around cells (Fig. 6). Altogether, these results suggest

that Fe(III) reduction had occurred during experimental

diagenesis, probably coupled to the oxidation of organic

matter. The variable localization of minerals is possibly a

result of local differences in organic carbon concentration

and variable thicknesses of Fe minerals.

Distribution of organic and inorganic carbon as a function

of T–P conditions

To investigate the evolution of the carbon chemistry in

cells, the NEXAFS spectra at the C K-edge of whole cells

were extracted from image sequences (Fig. 7). At ambient

conditions, the main absorption peaks at 285.2 and

288.2 eV, assigned to 1s?p* excitations of C=C in aro-

matic groups and 1s?p* excitations of C=O adjacent to

peptide bonds, respectively, were indicative of the presence

of proteins, both in the absence and presence of Si. A third

peak was observed at 290.4 eV and was indicative of the

A B

C D

E F

Fig. 1 SEM images of BoFeN1 cells grown in

Fe (A, C, E) and Fe+Si (B, D, F). Cells appear

well preserved after 1 month (A, B), 9 months

(C, D), and 19 months (E, F) at ambient

conditions. Si affects the morphology of the

mineral crust around cells. Images E and F

were acquired from samples deposited on

formvar-coated TEM grids for STXM

measurements and therefore have a lighter

background than images A–D that were

acquired from samples deposited on glass

slides attached to a stub. Scale bar = 1 lm on

all images. SEM, scanning electron

microscopy; TEM, transmission electron

microscopy; STXM, scanning transmission X-

ray microscopy.
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A B

C D

E F

G H

Fig. 2 Scanning electron microscopy (SEM)

images of BoFeN1 cells before and after

experimental diagenesis. Cells grown in Fe (A)

and Fe+Si (B) were submitted to 170 °C-

120 MPa for 4 weeks (C, D) and for

16 weeks (E, F) and to 250 °C-140 MPa for

1 week (G, H). SEM images in panels A and B

are from the same samples as panels A and B

of Fig. 1, respectively. Cells appear well

preserved at all conditions. The difference in

morphology of the mineral crust around cells

caused by Si is preserved after incubations at

high T–P conditions. Scale bar = 1 lm on all

images.

Fig. 3 Average cell length (lm) as a function

of temperature and pressure conditions. An

ANOVA performed with a Dunnett test

revealed that only cells grown in Fe+Si and

incubated for 16 weeks at 170 °C-120 MPa

increased in size in comparison with the

ambient conditions. See Table S1 for data.
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1s?p* excitation of C=O in carbonates. Additional less

intense spectral features occurred at 288.6 eV and at

287.4 eV and were interpreted as carboxylic and aliphatic

C, assigned to polysaccharide and most likely saturated

lipids, respectively (Lehmann et al., 2009). Linear combi-

Fig. 4 Raman spectra of dried BoFeN1 cultures grown in Fe and in Fe+Si,

after 12 months at ambient conditions, and after incubations at high T–P

conditions. Raman spectra of hematite, goethite, ferrihydrite, and mag-

netite were acquired on synthetic powders. Transformation of goethite to

hematite occurs above 170 °C-120 MPa. Goethite is still present after

1 week at 250 °C-140 MPa.

Fig. 5 NEXAFS spectra at the O K-edge. (A) Reference spectra for protein

(albumin) and polysaccharide (xanthan). (B) Reference spectra for ferrihy-

drite, goethite, hematite, and magnetite. (C) Spectra of BoFeN1 cells grown

in Fe and Fe+Si before and after incubations under diagenetic conditions.

The original cultures kept at ambient conditions were 19 months old at the

time of measurement. Spectra recorded after 1 week at 250 °C-140 MPa

show a significant difference in mineralogy between cells originally grown

in Fe and in Fe+Si. NEXAFS, near-edge X-ray absorption fine structure.

Table 1 Results of the LCF analyses performed on NEXAFS spectra at the

O K-edge extracted from image sequences acquired on samples incubated

for 1 week at 250 °C and 140 MPa. Normalized standard spectra of

goethite, hematite, and magnetite were used. Results are given as calcu-

lated percentages

Experimental conditions Goethite (%) Hematite (%) Magnetite (%)

Culture grown in Fe

250 °C-140 MPa 1 week 9 76 15

Culture grown in Fe+Si

250 °C-140 MPa 1 week 51 18 31

NEXAFS, near-edge X-ray absorption fine structure; LCF, linear combination

fitting.
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nation fitting (LCF) analysis of the NEXAFS spectra at the

C K-edge showed a larger proportion of the protein and

polysaccharide components and a lower proportion of the

lipid component in the culture grown in Fe than in the

culture grown in Fe+Si (Table 2). It also revealed a small

contribution of a carbonate standard spectrum to the

NEXAFS spectra of BoFeN1 cells grown in Fe and Fe+Si.
Component maps showed that proteins were mainly associ-

ated with cells, while polysaccharides and lipids were pre-

sent at the periphery of cells and in extracellular

aggregates, in association with Fe (Figs 8 and 9). Carbon-

ate was also associated with the Fe-mineral phase (Figs 8

and 9). As a complementary approach, we used CLSM to

map the distribution of cellular components, such as

proteins, polysaccharides, and lipids, using appropriate flu-

orescent dyes. No difference between cells grown in Fe

and cells grown in Fe+Si at ambient conditions was

observed (Fig. 10). Polysaccharides seem to be very abun-

dant on cells, as shown by the dominance of the red fluo-

rescent signal in samples at ambient conditions in the RGB

overlay (Fig. 10).

Based on NEXAFS spectra at the C K-edge, we

observed significant changes in the organic composition

of the cells with increasing T–P conditions. The ‘protein

peak’ at 288.2 eV, typically present at ambient conditions,

disappeared after incubations under T–P conditions, while

the ‘polysaccharide peak’ at 288.6 eV and the ‘lipid

shoulder’ at 287.4 eV became clearly apparent (Fig. 7).

The proportion of the remaining components, lipid,

polysaccharide, and carbonate was similar in samples origi-

nating both from the Fe and Fe+Si cultures (Table 2).

The remaining organic components polysaccharide and

lipid appeared to be distributed homogenously in cells

(Figs S2 and S3). Fe appeared more abundant on cells

that looked heavily encrusted in the SEM images (Figs S2

and S3). Carbonate appeared colocalized with Fe after

16 weeks at 170 °C-120 MPa, while it seemed homoge-

nously distributed after 1 week at 250 °C-140 MPa. In

the CLSM images, the decreasing fluorescence signal of

the protein dye indicated that the protein content

decreased with increasing T–P conditions (Fig. 10), simi-

lar to the STXM data. The decrease in fluorescence inten-

sity seemed to be more important with increasing

incubation time, as the NanoOrange fluorescence was

weaker after 16 weeks at 170 °C- and 120 MPa, than

after the 4-week incubation at the same conditions. After

experimental diagenesis, the fluorescence signal associated

with proteins in samples originating from the Fe culture

was more intense than in samples originating from the

Fe+Si culture. The presence of lipid and polysaccharide

components after T–P incubations was evidenced by the

fluorescence of associated fluorescent dyes.

A B C

D E F

Fig. 6 Component maps of goethite, hematite, and magnetite in cells of the Fe and Fe+Si cultures incubated for 1 week at 250�C-140 MPa, as derived by

LCF of image sequences measured across the O K-edge (525–555 eV). The scales indicate thickness in nm. Scale bars = 1 lm on all images. LCF, linear com-

bination fitting.
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DISCUSSION

Organo-mineral interactions in microbial cells are stable

at ambient conditions

The nitrate-dependent Fe(II)-oxidizing bacterium Acidovo-

rax sp. BoFeN1 has been the object of numerous studies to

decipher the formation of Fe-mineral crusts around micro-

bial cells and its potential for microbial cell preservation

(Kappler et al., 2005; Miot et al., 2009, 2011; Schadler

et al., 2009; Klueglein et al., 2014; Schmid et al., 2014).

In cultures of BoFeN1 that contained high initial phos-

phate concentrations, Fe(III) phosphates are the main min-

eral products of Fe(II) oxidation (Miot et al., 2009). On

the other hand, when the initial phosphate concentration is

low, similar to our culture conditions, goethite and green

rust carbonate are detected after 2 days of incubation, in

the close vicinity of cells and loosely around cells, respec-

tively, by TEM-SAED (selected area electron diffraction),

NEXAFS at the Fe L3,2-edges, X-ray diffraction (XRD),

EXAFS at the Fe K-edge and M€ossbauer spectroscopy (Pan-

tke et al., 2012). After the completion of Fe(II) oxidation,

which occurs after 6–7 days, only goethite is detected, as

shown by XRD, EXAFS at the Fe K-edge, NEXAFS at the

Fe L3,2-edges, and M€ossbauer spectroscopy (Hohmann

et al., 2010, 2011; Dippon et al., 2012; Pantke et al.,

2012; Klueglein et al., 2014). Using XANES spectroscopy,

trace levels of ferrihydrite are detected with goethite after

8 days of incubation (Hohmann et al., 2011). After 12–
19 months at ambient conditions, goethite was the major

mineralogical product in cultures of BoFeN1 (Figs 4 and

5). No apparent Fe(III) reduction occurred over several

months at ambient conditions since goethite is known to

be very stable at ambient conditions (Cornell & Schwert-

mann, 2003). Carbonate precipitates were colocalized with

Fe, as revealed by STXM (Figs 7 and 8). They were, how-

ever, present in trace amounts, as no characteristic peak was

observed in the Raman spectra, such as the high-intensity

peak at 1087–1094 cm�1 corresponding to the CO2�
3 sym-

metric stretching (Gillet et al., 1993). We assumed that

some carbonate, used as buffer in the medium, remained

adsorbed to the goethite. As Fe(II) is oxidized in a few

days, the formation of Fe(II) carbonate can be ruled out.

Fe(III) carbonates cannot form because the precipitation of

Fe(III) oxyhydr(oxides) prevails. Carbonate is known to

direct Fe(III) mineral precipitation toward goethite vs. lepi-

docrocite or ferrihydrite (Cornell & Schwertmann, 2003).

The main cellular components of BoFeN1 cells were still

detectable after 19–21 months, as shown by NEXAFS spec-

troscopy at the C K-edge and CLSM measurements (Figs 7,

Fig. 7 Near-edge X-ray absorption fine structure (NEXAFS) spectra at the

C K-edge of BoFeN1 cells grown in Fe and Fe+Si before and after incuba-

tions under diagenetic conditions. NEXAFS spectra represent averages of

whole image sequences. Spectra from 19-month-old cultures (ambient con-

ditions) grown with Fe and Fe+Si did not show significant differences. After

incubations under diagenetic conditions, the major absorption peak at

288.2 eV, indicative of 1s?p* excitations of C=O adjacent to peptide

bonds, disappeared from the spectra. Reference spectra for protein,

polysaccharide, lipid, and carbonate were from albumin, xanthan, 1,2-dipal-

motoyl-sn-glycero-3-phosphocholine, and aragonite, respectively.

Table 2 Results of the LCF analyses performed on NEXAFS spectra at the

C K-edge extracted from image sequences. Normalized standard spectra of

protein, polysaccharide, lipid, and carbonate were used. Results are given

as calculated percentages

Experimental conditions

Protein

(%)

Polysaccharide

(%)

Lipid

(%)

Carbonate

(%)

Culture grown in Fe

19-month-old culture 39 20 28 13

170 °C-120 MPa 16 weeks – 37 55 8

250 °C-120 MPa 1 week – 47 45 8

Culture grown in Fe+Si

19-month-old culture 25 13 51 11

170 °C-120 MPa 16 weeks – 39 40 9

250 °C-120 MPa 1 week – 36 50 14

NEXAFS, near-edge X-ray absorption fine structure; LCF, linear combination

fitting.
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8, and 10). Our NEXAFS spectra acquired on 19-month-

old cells grown in Fe (Fig. 7) exhibited similar spectral fea-

tures to those recorded just after Fe(II) oxidation has been

completed (Li et al., 2013). During early Fe(II) oxidation,

Fe binds to the reactive groups of the peptidoglycan, leading

to the encrustation of the periplasm and the preservation of

entrapped protein aggregates (Miot et al., 2011). This early

mechanism possibly plays a role in the preservation of cellu-

lar components, as well as the cell structure (Fig. 1), over

21 months at ambient conditions. Also, in the presence of

Fe, BoFeN1 cells produce large amounts of EPS (Klueglein

et al., 2014; Fig. 10), additionally providing functional

groups for the fixation of Fe3+ and further crystallization of

Fe minerals (Beveridge, 1989). Therefore, it is plausible that

the association of goethite with the cell wall, which occurs

mainly through the binding of Fe onto carboxylic and phos-

phate groups (Beveridge, 1989), plays a role in preserving

intact cellular components at ambient conditions.

High temperature and pressure conditions trigger organo-

mineral transformations

In the present study, goethite associated with microbial

cells remained stable at ambient conditions, but trans-

formed to hematite and magnetite at conditions above

170 °C-120 MPa and below 250 °C-140 MPa (Fig. 4). In

solution, the transformation of pure goethite to hematite

occurs directly through hydrothermal dihydroxylation at

high temperature (Cornell & Schwertmann, 2003). The

goethite-to-hematite conversion temperatures have been

estimated to be at 192–250 °C from high-temperature

powder XRD measurements (Walter et al., 2001). After

1 week at 250 °C-140 MPa, goethite was still detected in

Fe-grown cells, but at low levels (~9%; Figs 4 and 5). The

presence of magnetite indicated that some Fe(III) reduc-

tion occurred with some oxidation of the organic matter.

We have recently demonstrated that organo-mineral

twisted stalks treated under similar diagenetic conditions

produced the same mineralogical products, that is, hema-

tite and magnetite. However, the transition temperature

was at T–P conditions lower than 170 °C-120 MPa, prob-

ably because ferrihydrite was the initial Fe(III) mineral

(Picard et al., 2015). Similarly, it was shown that ferrihy-

drite mixed with glucose completely transformed to hema-

tite, magnetite, and siderite after 2 weeks at 170 °C and

120 MPa (Posth et al., 2013).

Organic compounds underwent transformations after

16 weeks at 170 °C-120 MPa (Fig. 7). After experimental

diagenesis, the fluorescence signal specific to proteins

became very faint and fuzzy (Fig. 10). The peak specific for

the amid bond completely disappeared from the NEXAFS

spectra at the C K-edge of BoFeN1 cells in Fe cultures after

16 weeks at 170 °C-120 MPa and after 1 week at 250 °C-
140 MPa (Fig. 7). In a recent study, similar NEXAFS

measurements, performed on high-temperature-treated Fe-

encrusted BofeN1 cells, revealed that protein degradation is

A

B

C

D

E

F

Fig. 8 BoFeN1 cells from the Fe culture at

ambient conditions. SEM image (A), Fe

distribution map derived from an image

difference (723.8–704 eV) (B), and

component maps of protein (albumin

standard), polysaccharide (xanthan standard),

lipid (1,2-dipalmotoyl-sn-glycero-3-

phosphocholine standard), and carbonate

(aragonite standard) were derived by LCF of

image sequences measured across the C K-

edge (280–320 eV). The gray scales indicate

OD (Fe map) and thickness in nm (protein,

polysaccharide, lipid, and carbonate maps).

Scale bars = 1 lm on all images. SEM,

scanning electron microscopy; LCF, linear

combination fitting; OD, optical density.
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not completed yet after 100 h at 300 °C and after 20 h at

600 °C, as the peak specific for the amide bond is still pre-

sent, although significantly less intense (Li et al., 2013). In

the case of non-encrusted E. coli cells that received the same

heating treatment, NEXAFS spectra at the C K-edge are

almost completely featureless (Li et al., 2014). This suggests

that protein degradation at high temperature can be slowed

down but not prevented by the presence of minerals. In our

study, the good preservation of lipids and polysaccharides

was indicated by the features left in the NEXAFS spectra

acquired at the C K-edge (Fig. 7) and by the fluorescent sig-

nals obtained by specific fluorescent probes by CLSM

(Fig. 10), providing potential molecules for biomarker stud-

ies. Recently, we have shown that the main organic compo-

nents of extracellular organo-mineral twisted stalks

produced by microaerophilic Fe(II)-oxidizing bacteria,

lipids, and polysaccharides, are preserved under similar dia-

genetic conditions as used in this study (Picard et al., 2015).

Role of Si in the preservation of microbial cells in Fe-rich

environments and implications for the search of

microfossils in rocks

Early Earth environments were much different from mod-

ern Earth. Precambrian oceans were anoxic, and before

1.8 Ga were rich in Fe and Si (Holland, 1973; Maliva

et al., 2005). To understand the microbial processes that

took place at that time, one must be able to decipher the

fossil record. Metamorphic conditions of 200–300 °C and

<0.7 GPa, as found in the Archean sedimentary record

characterized so far, might be already too high to preserve

organic biomarkers, such as steranes or hopanes (French

et al., 2015). Therefore, in the range of T–P conditions

between the former and those of high-grade metamor-

phism, under which all types of biosignatures are

destroyed, the understanding of early life might rely on

mineralogical and chemical signals contained in morpho-

A
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F

Fig. 9 BoFeN1 cells from the Fe+Si culture at

ambient conditions. SEM image (A), Fe

distribution map derived from an image

difference (723.8–704 eV) (B), and

component maps of protein (albumin

standard), polysaccharide (xanthan standard),

lipid (1,2-dipalmotoyl-sn-glycero-3-

phosphocholine standard), and carbonite

(aragonite standard) derived by LCF of image

sequences measured across the C K-edge

(280–320 eV). The gray scales indicate OD

(Fe map) and thickness in nm (protein,

polysaccharide, lipid, and carbonate maps).

Scale bars = 1 lm on all images. SEM,

scanning electron microscopy; LCF, linear

combination fitting; OD, optical density.
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logical microfossils. By characterizing the upper pressure

and temperature preservation limits of simple systems, such

as organic biomarkers, or more complex systems, such as

whole cells, one could target the rocks that potentially pre-

serve biosignatures. Despite obvious limitations in terms of

incubation time, diagenesis experiments, as performed in

this study, allow to estimate the geochemical conditions

leading to microfossil preservation and to characterize the

kinetics of molecule degradation. As illustrated above, sig-

nals exhibited by morphological microfossils after relatively

short-term T–P treatments cannot be predicted by long-

term incubations at ambient conditions.

The addition of 2 mM of Si to the culture medium of

BoFeN1 did not influence the mineralogy of aggregates

formed around cells at ambient conditions (Figs 4 and 5).

When ferrihydrite forms in cultures of the phototrophic

Fe(II)-oxidizing bacterium Rhodobacter ferrooxidans SW2

in the presence of 2 mM Si, it is less crystalline than the

one formed in the absence of Si and has substitutions of

Fe3+ by Si4+ (Eickhoff et al., 2014). In abiotic goethite

synthesis experiments, Si does not substitute for Fe in the

crystal structure, but increasing Si concentrations decrease

the size of goethite crystals (Mejia Gomez et al., 2011).

This seems reflected in the differences in mineral crust

morphology observed between Fe and Fe+Si cultures

(Fig. 1). Under diagenetic conditions, more goethite was

preserved in the presence (~51%) than in the absence of Si

(~9%). If the goethite crystals formed in the presence of Si

were smaller, they could be packed more tightly in the cell

wall or in the EPS, and thus be protected from hydrother-

mal dehydroxylation to hematite during experimental dia-

genesis. The amount of magnetite formed during

experimental diagenesis in Fe+Si cultures was twice the

amount of magnetite formed in the Fe cultures. Therefore,

Si did not prevent Fe(II) formation by the coupling of

Fe(III) reduction and organic matter oxidation that occur

at high T–P conditions. It is possible that the tight associa-

tion of small goethite particles (formed in the presence of

Si) with EPS enhanced the Fe(III) reduction to magnetite.

Although in the presence of Si cells became slightly larger

after the longest incubation (16 weeks at 170 °C-
120 MPa), we infer that the crystal size of the mineral

crusts might not have changed significantly with increasing

T–P conditions.

The morphology of Fe-encrusted cells was well preserved

after incubations at 250 °C-140 MPa for 1 week and at

170 °C-120 MPa for 16 weeks, both in the presence and

in the absence of Si (Figs 2, 6, 8–10). A few studies have

investigated the fate of microbial cells in thermal aging

(temperature) or diagenesis (pressure and temperature)

experiments. The shape of Acidovorax sp. BoFeN1 cells—

grown in Fe for 1 week, then dehydrated—is well preserved

after 100 h at 300 °C and 20 h at 600 °C (Li et al.,

2013). Similarly, after 1 h at 700 °C, BoFeN1 cells

maintain their structural integrity (Miot et al., 2014).

Escherichia coli cells encrusted in phosphate minerals are

well preserved after 100 h at 300 °C and 20 h at 600 °C
(Li et al., 2014), although not as well as Fe-encrusted

BoFeN1 cells after the same heating conditions (Li et al.,

2013). While mineral-encrusted cells seem to sustain high-

temperature conditions, cells of Bacillus subtilis bound to

the cation Fe3+ are destroyed after moderate heating at

100 °C (Beveridge et al., 1983). This suggests that a suc-

cessful preservation of cell structures could be achieved only

if minerals have formed before the onset of experimental

diagenetic conditions. In BoFeN1 cells, Fe binding on the

outer side of the plasma membrane leads to nucleation and

growth of Fe minerals in the periplasm within 1 day, set-

ting up favorable conditions for preservation under high

T–P conditions (Miot et al., 2011). Although cells grown

in Fe and Fe+Si cultures presented crust morphologies dis-

tinctive from one another (Fig. 1), and the difference in

mineral crust morphology was still observed after experi-

mental diagenesis, these morphologies were found in the

same culture of strain BoFeN1 grown in the presence of

Fe only in a low-phosphate medium at ambient conditions

(Schmid et al., 2014). Therefore, in our experimental con-

ditions, the morphology of mineral crusts around cells does

not have a significant value to inform on the geochemistry

of fluids present during mineral precipitation.

Near-edge X-ray absorption fine structure spectroscopy

and CLSM did not point at differences in the organic mat-

ter composition in the presence of Si at ambient conditions

in comparison with cells grown without Si. Additionally, Si

did not prevent the degradation of organic matter during

experimental diagenesis (Figs 7–10). After 1 year in Si,

Methanocaldococcus jannaschii cells are not preserved but

amino acids and fatty acids can still be detected in the cul-

tures (Orange et al., 2012). Actually, this strain has been

shown to preserve its cell integrity in Si only after binding

Fe3+ (Orange et al., 2011). Similarly, Fe3+ significantly

improved the preservation of Bacillus subtilis in Si at ambi-

ent conditions, by inhibiting autocatalytic enzymes (Ferris

et al., 1988). This suggests that Fe helps preserving better

cell morphology and cellular content than Si alone. In ear-

lier studies, cyanobacterial cells and sheaths that had Si

polymerized on their surfaces showed little degradation

after 31 weeks at 100 °C and 300 MPa, but were highly

degraded after 3–4 weeks at 165 °C-300 MPa (Oehler &

Schopf, 1971; Oehler, 1976). This also suggests that Fe

could help preserving cellular components and structure at

higher T–P conditions. This hypothesis could be tested by

subjecting samples from modern Fe- and Si-rich environ-

ments to experimental diagenesis. For example, in hot

springs, the composition of mineral crusts depends on the

composition of the fluids where mats develop; in fluids

richer in Si, amorphous Si-rich spheroidal grains develop in

capsules and on cell walls and can eventually grow into

© 2015 John Wiley & Sons Ltd

Experimental Diagenesis of Microbial Cells 287



© 2015 John Wiley & Sons Ltd

288 A. PICARD et al.



thick layers, while in Fe-rich that contain low concentra-

tions of Si, mineral crusts of fine-grained ferrihydrite and

acicular goethite precipitates develop at the cell surface

(Konhauser & Ferris, 1996). When Si and Fe are present

at the same time in the fluids, the main mineral precipitates

forming on micro-organisms are Fe silicates (Ferris et al.,

1986; Konhauser, 1997; Fortin et al., 1998). Comparing

preservation of these different patterns after experimental

diagenesis could help understand selective preservation

during microbial fossilization.

Fe encrustation is not a feature common to all Fe(II)

oxidizers, as phototrophic Fe(II)-oxidizing bacteria remain

mostly free of their Fe(III) mineral byproducts (Schadler

et al., 2009). But as Fe(II) oxidation in nitrate-rich envi-

ronments seems to be mediated by an abiotic reaction with

nitrite produced by denitrification (Melton et al., 2014),

many nitrate reducers, not only BoFeN1, can become

encrusted in the presence of Fe(II) (Klueglein et al., 2014;

Park et al., 2014), suggesting that Fe encrustation is a

potential important way of preserving cells living in anoxic

Fe-rich environments. Therefore, preservation of morpho-

logical microfossils embedded in Fe minerals could be

expected in Fe-rich rocks. For example, coccoid microfos-

sils, reaching up to 10 lm in size, and associated with

graphite, goethite, and hematite, were described in the

1.9-Ga Gunflint formation (Tazaki et al., 1992). The

absence of magnetite in the latter example is striking as

graphite has replaced cells, suggesting a complete oxidation

of the organic matter. Our experimental results could

support the ‘biological model’ that explains the presence

of hematite-coated microfossils through diagenesis of

Fe-encrusted minerals, rather than the ‘taphonomic model’

that proposes the late mineralization of carbonaceous

microfossils (Shapiro & Konhauser, 2015). However, it is

important to consider the depositional environment in

every situation. In that regard, new analytical approaches

allowing 3D nanoscale reconstructions, such as focused ion

beam (FIB)-TEM and 3-D FIB-SEM associated with

nanoscale elemental mapping, have provided unprece-

dented insights into the microbial fossil record (Brasier

et al., 2015). It is thus suggested that a combination of

nanoscale methods, if possible including 3-D reconstruc-

tions, be applied to future biomineralization studies, as

recently applied for BoFeN1 cells (Miot et al., 2011;

Schmid et al., 2014), and to the characterization of experi-

mentally made microfossils. More generally, experimental

diagenesis experiments could provide constraints on the

conditions that lead to the preservation of cells in minerals,

as well as the redox state of C and minerals.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Fig. S1 Cultures of Acidovorax sp. BoFeN1 grown in anoxic freshwater

medium with acetate, nitrate and Fe(II) in the absence (left) or presence

(right) of Si. The picture was taken directly after shaking the bottles by

hand. While Fe minerals attach to the glass bottle when Si is absent, Fe

minerals stay loose in the presence of Si.

Fig. S2 BoFeN1 cells grown in Fe and Fe+Si after incubation for 4 months

at 170 °C-120 MPa. From left to right: SEM image, Fe distribution map

derived from an image difference (723.8–704 eV) and component maps of

carbonate (aragonite standard), polysaccharide (xanthan standard) and lipid

(1,2-dipalmotoyl-sn-glycero-3-phosphocholine standard), derived by LCF of

image sequences measured across the C K-edge (280–320 eV). The grey

scales indicate OD (Fe map) and thickness in nm (carbonate, polysaccharide

and lipid maps). Scale bars = 1 lm on all images. SEM, scanning electron

microscopy; OD, optical density; LCF, linear combination fitting.

Fig. S3 BoFeN1 cells grown in Fe and Fe+Si after incubation for 1 week at

250 °C-140 MPa. From left to right: SEM image, Fe distribution map

derived from an image difference (723.8–704 eV) and component maps

of carbonate (aragonite standard), polysaccharide (xanthan standard) and

lipid (1,2-dipalmotoyl-sn-glycero-3-phosphocholine standard), derived by

LCF of image sequences measured across the C K-edge (280–320 eV).

The grey scales indicate OD (Fe map) and thickness in nm (carbonate,

polysaccharide and lipid maps). Scale bars = 1 lm on all images. SEM,

scanning electron microscopy; OD, optical density; LCF, linear combination

fitting.

Table S1 Analysis of the cell length in BoFeN1 cultures grown in Fe and

Fe+Si as a function of T–P conditions. The cell length (lm) was measured

on SEM images. A one-way ANOVA was performed with the Kaleida-

graph application (F = 3.4030223, P = 0.0004). A Dunnett post-hoc test

was performed for all data against the data of BoFeN1 cells grown in Fe

(ambient conditions). P from Dunnett’s multiple comparison tests are given

in the table. BoFeN1 cells grown in Fe+Si and incubated at

170 °C-120 MPa for 16 weeks are significantly longer than cells before T–

P treatment.
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