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Continuous time-resolved X-ray diffraction of the biocatalyzed reduction of Mn oxide
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aBstract

Here we report the first continuous time-resolved X-ray diffraction analysis of a biologically 
mediated mineral reaction. We incubated total membrane (TM) fractions of the facultative anaerobe 
Shewanella oneidensis in an anoxic environmental reaction cell with formate (as electron donor via 
formate dehydrogenase) and powdered birnessite, a layered Mn3+,4+ oxide common to many soils. 
Using both synchrotron and conventional X-ray sources, we irradiated the reaction mixtures for up 
to two weeks and observed bioreduction and dissolution of birnessite and the concomitant precipita-
tion of rhodochrosite [Mn2+CO3] and hausmannite [Mn2+Mn2

3+O4]. The high time resolution of these 
experiments documented systematic changes in crystal structure during the breakdown of birnessite 
and the emergence of nanocarystalline rhodochrosite. In addition, the relative abundances of birnessite 
and rhodochrosite were quantified over time for different concentrations of TM fraction, allowing for 
the determination of rate equations that govern this bioreaction. Importantly, constant irradiation for 
two weeks did not stop the enzymatic reaction, suggesting that enzymes may be more resilient than 
whole cells when exposed to X-ray radiation.
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introDuction

Bacteria play an integral role in the redox chemistry of the 
Earth’s surface, and the biologically controlled generation and 
destruction of minerals have influenced surface processes since 
the earliest life forms emerged (Banfield and Nealson 1998; 
Hochella 2002; Weiner and Dove 2003). Over the last two 
decades researchers have documented bacterial respiration of 
solids for at least seven elemental systems [S, As, Se, Fe, U, C, 
and Mn (Lovley and Phillips 1988; Myers and Nealson 1988; 
Moser and Nealson 1996; Newman et al. 1997; Fredrickson et 
al. 2000; Bond et al. 2002; Herbel et al. 2003)]. Most inves-
tigations of solid-phase respiration have focused on electron 
transfer pathways between the crystal surface and the bacterial 
membrane, while the other side of the reaction—the evolution 
of the electronic state and crystallography of the solid—remains 
comparatively unexamined. Determining the rates and mecha-
nisms of biomineralization processes requires a methodology 
that can record the structural evolution of nanocrystals during 
rapid growth, transformation, and dissolution. In many respects, 
X-ray diffraction (XRD) techniques are ideally suited to this 
task, especially in light of recent developments in imaging plate 
cameras and in the design of environmental reaction cells that 
allow real-time observation of mineral reactions in the presence 

of fluids and gases (Parise et al. 2000; Lopano et al. 2007).
In the past, however, the application of X-ray diffraction 

to biomineralization has been thwarted by the lethal effects of 
intense X-rays on living systems. Doses from primary X-ray 
radiation range from 103 (sealed Cu tube) to 107 (synchrotron) 
rad/s, and direct exposure leads to cell death. To avoid this prob-
lem, researchers have collected diffraction data through brief 
irradiation episodes using mixtures of minerals and radiation-
resistant bacterial spores or by analyzing the end products of 
batch reactions containing minerals and whole cells (Bargar et 
al. 2005; Setlow 2006; Coker et al. 2008). To assess bioreactions 
that are characterized by rapid precipitation of nanocrystals that 
structurally evolve during growth, however, continuous X-ray 
diffraction with high time resolution is required. We have de-
veloped a method that allows nearly uninterrupted collection 
of diffraction data during a biologically mediated reaction, and 
our results shed new light on the structural transformations that 
occur as minerals are bacterially dissolved and precipitated. 
These observations may help us understand the means by which 
electrons are transferred from bacterium to mineral during the 
process of dissimilatory bioreduction. 

Our studies have focused on the reduction of synthetic bir-
nessite [Na0.58 (Mn4+

1.42, Mn3+
0.58)O4·1.5H2O], a layered Mn oxide 

found as a coating on soil particles in both arid and temperate 
climates, by the dissimilatory metal-reducing bacterium (DMRB) 
Shewanella oneidensis strain MR-1. Ruebush et al. (2006a, * E-mail: tfischer@geosc.psu.edu


