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Magnetite from magnetotactic bacteria: Size distributions and twinning
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ABSTRACT
We studied intracellular magnetite particles produced by several morphological types of
magnetotactic bacteria including the spirillar (helical) freshwater species, Magnetospirillum
magnetotacticum, and four incompletely characterized marine strains: MV-1, a curved rodshaped bacterium; MC-1 and MC-2, two coccoid (spherical) microorganisms; and MV-4,
a spirillum. Particle morphologies, size distributions, and structural features were examined
using conventional and high-resolution transmission electron microscopy. The various
strains produce crystals with characteristic shapes. All habits can be derived from various
combinations of the isometric {111}, {110}, and {100} forms. We compared the size and
shape distributions of crystals from magnetotactic bacteria with those of synthetic magnetite grains of similar size and found the biogenic and synthetic distributions to be statistically distinguishable. In particular, the size distributions of the bacterial magnetite crystals are narrower and have a distribution asymmetry that is the opposite of the nonbiogenic
sample. The only deviation from ideal structure in the bacterial magnetite seems to be the
occurrence of spinel-law twins. Sparse multiple twins were also observed. Because the
synthetic magnetite crystals contain twins similar to those in bacteria, in the absence of
characteristic chains of crystals, only the size and shape distributions seem to be useful
for distinguishing bacterial from nonbiogenic magnetite.

INTRODUCTION
Many microorganisms facilitate the deposition or dissolution of minerals (Lowenstam and Weiner 1989; Banfield and Nealson 1997). Minerals formed by bacteria are
known to be synthesized in two fundamentally different
modes of mineralization. In biologically induced mineralization (BIM; Lowenstam 1981), the biomineralization
processes are not controlled by the organisms; mineral
particles produced in this manner are formed extracellularly, have a broad size distribution, and lack a consistent,
defined morphology (Bazylinski and Moskowitz 1997).
Magnetite (Fe3O4) can be formed through BIM by ironreducing bacteria. These microorganisms respire with ferric iron, Fe31, in the form of amorphous Fe31 oxyhydroxide (Lovley 1991) and secrete reduced iron, Fe21, that
reacts with excess Fe31 oxyhydroxide under anaerobic
conditions to form magnetite. Thus, this uncontrolled extracellular magnetite formation results from the export of
metabolic byproducts into the surrounding environment.
Therefore, external environmental parameters such as the
pH and Eh can greatly affect mineral formation.
Magnetite can also form through biologically controlled mineralization (BCM; Lowenstam 1981; Mann
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1986). In BCM, minerals are deposited on or within organic matrices or vesicles inside the cell, allowing the
organism to exert a high degree of control over the composition, size, habit, and intracellular location of the mineral. Because the intracellular pH and Eh are strongly
controlled by the organism, mineral formation is not as
affected by external environmental parameters as in BIM.
Magnetite particles formed through BCM by the magnetotactic bacteria (the subject of this paper), are produced intracellularly, occur as well-ordered crystals, have
a narrow size distribution, and have well-defined, consistent morphologies (Bazylinski and Moskowitz 1997).
Thus, minerals produced by BCM may conceivably have
structural or morphological characteristics that are distinguishable from minerals produced by BIM or purely inorganic processes.
McKay et al. (1996) cited the morphological similarity
of nanometer-scale magnetite and iron sulfides in the rims
of carbonate inclusions in the Martian meteorite
ALH84001 to BCM magnetite and iron sulfides in terrestrial magnetotactic bacteria as part of the evidence for
ancient life on Mars. Claims that nanometer-scale magnetite particles recovered from modern and ancient sediments are of biological origin (Chang and Kirschvink
1989; Petersen et al. 1986; Akai et al. 1991) have been
based primarily on similar comparisons to grains produced by contemporary bacteria.
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