Magnetic minerals produced by magnetotactic bacteria
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Abstract. Magnetotactic bacteria produce intracellular magnetic minerals that have distinct crystal
habits and grain sizes that fall within the magnetic single-domain range. We studied the crystal size
distributions (CSDs) of magnetite (Fe3O4) crystals from three morphological types of magnetotactic
bacteria, and the CSD of greigite (Fe3S4) from a multicellular magnetotactic prokaryote (MMP). We
used high-resolution transmission electron microscopy to study the smallest, growing crystals, and
electron energy-loss imaging for studying the biological membrane around the mineral grains. Our
goals were to deduce the possible growth mechanisms of bacterial iron minerals and to obtain a
better understanding of the biological control over crystal growth.
The CSDs of magnetite from all three types of magnetite-producing bacteria have distinctly
different mean sizes but share some common features; in particular, they have sharp cutoffs towards
larger sizes. On the other hand, greigite from the MMP shows a Gaussian size distribution. The
difference between CSDs of magnetite and greigite magnetosomes (“magnetosome” is the ensemble
of the magnetic mineral and its surrounding membrane) likely indicates that a membrane is either
absent from the sulfide-producing organism, or it does not control the growth of crystals as strictly
as in the magnetite-producing species. Greigite crystals have irregular morphologies and form from
precursor sulfide minerals, whereas even the smallest, growing iron oxide magnetosomes possess a
perfect magnetite structure and a crystal habit that is typical for the particular strain.
Introduction
Magnetotactic bacteria form chains of nanometer-scale, magnetic iron oxides or sulfides (magnetite
and greigite, respectively) inside their cells (Fig. 1). The bacterium uses the chain(s) of magnetic
minerals as an internal compass for orienting itself in its aquatic environment; finding “up” and
“down” directions along the geomagnetic field lines and thus reaching an optimal position in a
chemically non-uniform medium (water or sediment) provides the bacterium with an advantage
over other species that do not have the trait of magnetotaxis [1]. Since the bacteria produce singledomain magnetic minerals that have very specific morphologies and sizes, such crystals could have
practical applications in fields such as medicine or in the production of magnetic recording media; it
is thus important to obtain a better knowledge of the biological control over crystal growth.
Nanometer-scale magnetite crystals from the geological environment have often been
interpreted as “magnetofossils”, markers of former life [2]. The most notable among the reports of
biogenic magnetite are studies that claim to have identified relics of former life on Mars in the form
of “prismatic” magnetite crystals in the Martian meteorite ALH84001 [3]. However, since both
magnetite and greigite occur in inorganically-formed rocks, it is very difficult to obtain certainty
about the biogenic or non-biogenic origin of these minerals.

We studied the crystal size distributions, the microstructures and compositions of magnetite
from three morphological types of magnetotactic bacteria, and greigite from a sulfide-producing
organism that was earlier described as a “multicellular magnetotactic prokaryote”, MMP [4]. Our
goals were to better understand the process of biologically-controlled mineralization of iron oxides
and sulfides, and to define criteria that could be used to distinguish bacterial from inorganicallyformed minerals in geological specimens.

Fig. 1. A double chain of single-domain magnetite crystals from a magnetotactic bacterium from a
freshwater stream, showing consistent morphologies. Small, growing crystals occur at the ends of
chains.
Results
Crystal size distributions. Distinct growth processes produce crystal populations that have
characteristic crystal size distributions (CSDs). For example, in an open system surface-controlled
growth results in a lognormal size distribution, whereas random growth processes make the CSD
more symmetric; ripening mechanisms in a closed system can result in negatively skewed CSDs
[5]. Crystal growth processes can be simulated using the GALOPER (Growth According to the Law
of Proportionate Effect and Ripening) software [5]; we used this program to generate CSDs that
could be compared with observed size distributions of bacterial iron minerals.
Bacterium samples were collected from natural waters; cells of greigite-bearing MMP were
obtained from salt marshes in New England, and three different magnetite-bearing bacterium types
were collected from lakes and streams in Hungary. We measured the sizes of greigite and magnetite
on digitized transmission electron microscope (TEM) images. The magnetite CSDs obtained from
the three different bacterium types have distinct maxima at different size values (at about 60, 80, and
100 nm), indicating species-specific mineralization processes (Fig. 2a). Common features of the
three CSDs include a sharp cutoff towards larger sizes, resulting in negatively skewed curves, and
the presence of several smaller peaks at lower size values. On the other hand, greigite crystals from
the MMP display a nearly perfect Gaussian CSD (Fig. 2b).
For the magnetite CSDs Ostwald ripening was the only model process that resulted in
negatively skewed CSDs that are typical to all magnetite described so far from magnetotactic
bacteria [6]. During the ripening process larger crystals grow at the expense of smaller ones that
dissolve and supply material for the large crystals. However, there is no proof that any small
crystals would dissolve within the bacteria; instead, each magnetite grain seems to grow in an

individual membrane-bounded vesicle that may be regarded as a closed system in itself. Therefore,
changes are necessary to the program in order to model the biological mechanism that shuts off
growth once the crystal reaches a certain size. It seems that the CSDs of bacterial magnetite have
distinctive features that could serve as markers of the biogenic origin of such crystals in geological
specimens.

Fig. 2. (a) Crystal size distributions of magnetite from three magnetotactic bacterium types,
designated MH-1, MCS-1, and MCT-1. Note the sharp cutoffs at the upper limits of the curves. (b)
Observed (columns) and simulated (thick line) crystal size distributions of greigite from cells of the
MMP.
The iron sulfide CSD could be best modeled using GALOPER’s “random growth in the
open system” option that simulates a process during which the growth of individual crystals is
independent of their previous sizes and not limited by the supply of nutrients to the crystal surface
(Fig. 2b). The randomness of this process is also reflected by the variability of crystal morphologies
in the MMP; thus, the growth of greigite crystals in the MMP is not as strictly controlled as the
growth of magnetite in various magnetotactic species.
Magnetosome membrane. Magnetite crystals in magnetotactic bacteria are known to be
surrounded by a special phospholipid membrane [1] that is thought to be responsible for the
species-specific morphologies and sizes of the crystals. We studied the magnetosome membrane
using three-window electron energy-loss mapping in the TEM; this method is capable of providing
compositional information on the nanometer scale. Based on an enrichment of phosphorous and
carbon around the iron oxide crystals, the presence of a membrane is clearly detectable on energyloss maps (Fig. 3). The possible lack of a membrane around the iron sulfide magnetosomes may be
responsible for the less stringent control over crystal growth in the MMP than in the magnetiteproducing species. We plan to use energy-loss imaging to study the presence or absence of
membranes around iron sulfide magnetosomes.
Phase transitions. Greigite magnetosomes were found to form by a solid-state transformation from
a non-magnetic precursor, mackinawite (FeS) [7]. For magnetite, it was suggested (but never
confirmed) that crystal nuclei form from precursor ferrihydrite [8]. It is also of interest whether the
specific morphology of the crystal is already controlled at the nucleation; therefore, we studied the
smallest, growing crystals at the ends of magnetosome chains using high-resolution TEM (Fig. 4).
We found no evidence for a precursor of magnetite; even the smallest crystals have ordered
structures consistent with that of magnetite, and their habits are the same as those of larger crystals.

Fig. 3. (a) Bright-field image and (b) to (e) electron energy-loss maps obtained from part of a
magnetosome chain. The P and C maps show the presence of a magnetosome membrane around the
Fe3O4 crystals. The bottom part of (e) displays intensity distributions in the C map along the A, B,
C, and D sections as indicated in the upper part; the small maxima at the edges of the magnetite
crystal are about 5 nm thick, which is consistent with the thickness of biological membranes.

Fig. 4. High-resolution TEM image and calculated electron diffractogram of a small, growing
magnetite crystal from the end of a magnetosome chain, showing a perfect structure and a welldefined morphology.
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