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Introduction
Biomineralization, defined as the study of the formation, structure 

and properties of inorganic solids deposited in biological systems, 
involves the selective extraction and uptake of elements from the 
local environment and their incorporation into functional structures 
under the control of an organism [1]. In nature, organisms frequently 
produce unique ingenious structures with specific beneficial functions 
(e.g., to protect themselves, to stock and utilize nutrients, to move and 
work smoothly) by biomineralization.

Fe-/Mn-oxidizing bacteria, Gallionella, Sphaerotilus, Leptothrix, 
and Clonothrix, are biomineralizing organisms and very often found 
in ocherous ferromanganese deposits that form in neutral waters of 
lakes, ponds, swamps, drainage ditches, and springs all over the world 
[2]. They also inhabit wells and water-distribution systems, where they 
often cause significant clogging problems [2,3]. Their metal-oxidizing 
ability is a prime example of a biological mechanism for removing trace 
metals associated with ferromanganese materials, which is important 
in biogeochemical cycling of the metals [4]. 

Biologically produced ferromanganese oxides hold promise as 
catalysts and absorbents for removing hazardous metal ions from 
water because of their highly porous, amorphous and heterogeneous 
nature [5]. This ability to recruit Fe and Mn to Leptothrix sheaths finds 
application in clarification devices for groundwater [6]. Bench-scale 
biofiltration experiments revealed that biological filters with a pure 
culture of L. cholodnii SP-6 effectively removed Mn ion from synthetic 
groundwater [7]. Indeed, some water purification plants in Japan 
harness this ability to precipitate Fe and Mn from groundwater to 
clean water for drinking [8]. In spite of such favorable use, however, the 
tons of Fe-/Mn-rich precipitates that accumulate in water purification 
reservoirs are ugly, troublesome waste materials that must be hauled 
to landfills. 

Unexpectedly, our group discovered that this biologically derived, 

uniquely shaped material is chemically and physically active, and they 
are now regarded as a promising functional material for innovative 
development that will also alleviate an environmental waste. We termed 
this bacterium-associated, Fe-rich material “biogenous iron oxide 
(BIOX)” [6] and have concentrated on characterizing its properties 
and its natural and artificial synthesis and determining practical uses. 
This review focuses on biological and chemical properties of BIOX, in 
particular, that produced by the genus Leptothrix and functions that 
have attractive industrial applications. We also occasionally reference 
data on Gallionella stalks, which have nano-level structures and 
chemical properties similar to those of Leptothrix sheaths. 

Sheath-forming, iron-oxidizing bacteria of the genus 
Leptothrix 

The genus Leptothrix, which belongs to protobacteria [9], is a group 
of Gram-negative bacteria [6,10] having a monotrichous, polar, and 
curvy flagellum [11]. Their rod-shaped cells are relatively large (2.0-3.0 
× 0.6-1.0 µm) for bacteria [6,10,11] (L. cholodnii cells are particularly 
long= ~ 5 µm [8]). Another common physiological character of this 
genus includes their tendency to form globules of poly-hydroxybutyrate 
in their cytoplasm as a reserve material, which enables them to survive 
in nutrient-poor environments [10,11]. 

The genus Leptothrix is one of the typical heterotrophic microbial 
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are empty, usually due to an absence of the bacterial cells [13,16]. 
According to Ghiorse [2], in low-nutrient, Fe-containing enrichment 
cultures, L. ochracea synthesizes and vacates Fe-encrusted sheaths very 
rapidly. Recently, Kunoh et al. [22] found that cells of Leptothrix sp. 
OUMS1 (hereafter referred to as OUMS1) [6] and L. cholodnii SP-6 
(hereafter SP-6) [4,23] were readily killed by exposure to ultrapure 
water lacking Ca ions, suggesting that micro-environmental changes 
within the sheath that are generated by aqueous-phase cations that are 
deposited onto the preformed primitive sheath frame that is composed 
of bacterial organics, may then lower the level of cations, in particular 
Ca, in the surrounding water.  Consequently, peptidoglycans in the cell 
membrane are hydrolyzed, leading to cell autolysis. The sheaths often 
fragment at the site of cell autolysis into shorter sheaths, but usually 
they again elongate when surviving bacterial cells revive and divide 
[10,22].    

Graham et al. [24] showed in a TEM image of cells prepared by 
freeze-substitution that netlike fibers emerge from the cell membrane 
of L. discophora and completely surround individual cells. They 
also noted that the sheath of this bacterium was a rugged polymeric 
matrix able to withstand the mineralization process and the rigors 
of conventional fixation. On the other hand, in other reports 
[2,4,6,11,23,25], exopolymer fibrils can be seen near the bacterial cell 
surface in specimens chemically fixed for TEM. Once released from the 
cell membrane, countable, long, non-membrane-bound threads extend 
outward from the entire cell membrane of Leptothrix cells [25]. These 
threads then assemble to form an immature fibrous layer (primitive 
sheath) [25]. In specimens prepared by chemical fixation or freeze-
substitution, the primitive sheath is visualized as a diffuse, random 
arrangement of fibrils, which may extend more than 500 nm above 
the cell surface, leaving an intervening space between the cell and the 
sheath [2,4,6,11,23,25]. 

Extracellular polymers from microbial cells are believed to facilitate 
microbe–colloid attachment and aggregation of biogenic particles 
on cell surfaces when biofilms are formed in aquatic environments 
[26,27]. This general perspective raises queries about the significance of 
this intervening space and whether this space disturbs the interaction 
between the microbe and aqueous-phase minerals and metals. 
Heuser and Morone’s TEM image of a quick freeze-fracture replica 
[unpublished data] provides a clear answer to these queries. They kindly 
allowed us to include a spectacular image of beautifully preserved 
bacterial exopolymer fibrils of OUMS1 that intervened between the 
outer cell membrane and the primitive sheath (Figure 2). No thread-
like exopolymer projections extended from the outer cell membrane 
as often observed in chemically fixed specimens [25]. As illustrated in 
Figure 2, numerous exopolymer fibrils (with ~ 20-50 nm thickness) 

habitants that form ferromanganese precipitates in oligotrophic and 
metal-rich hydrospheres [5,10]. This genus is characterized by forming 
a filament-looking microtubular sheath that encases chained cells at 
an initial stage. A linear arrangement of single cells within the tubular 
sheath enables the bacteria to form filaments, without any actual 
enlargement of the cell size [9]. Van Veen et al. [10] observed by light 
microscopy a chain of about 10 cells of L. ochracea leaving their sheath 
at the rate of 1-2 µm/min, as a new hyaline sheath was continuously 
produced while connected to the extending envelope. According to 
careful successive phase-contrast observations by Takeda et al. [8], the 
cells of L. cholodnii elongate and divide regardless of their position in 
the sheath at 0.01-0.04 µm/min, elongating the sheath at its terminus. 
However, partially or entirely empty sheaths, in which the bacterial 
cells are no longer present due to autolysis, are common in nature and 
culture, as described below.  

As of 2011, this genus comprises four recognized species, three 
of which (L. discophora, L. cholodnii and L. mobilis) have been 
successfully isolated from the environment and proved to be obligate 
heterotrophs in pure culture [12,13]. The other species, L. ochracea, has 
proven difficult to culture and thus has been studied in the laboratory 
in enriched culture [2,12,14,15]. Fleming et al. [16] pursued the 
long-standing enigma of the phylogenetic identity of L. ochracea and 
relations to other species, using single-cell genomics, pyrosequencing, 
and fluorescence in situ hybridization probe, and found that the small 
subunit rRNA shared 96% homology with its closest cultured relative, 
L. cholodnii. Their findings established that L. ochracea was indeed 
related to the Leptothrix-Sphaerotilus group of morphologically similar, 
filamentous, sheathed microbes, but the true phylogenetic position of 
this species as well as its physiological status remains an open question 
[13]. Leptothrix ochracea is the most common Fe-storing ensheathed 
bacterium, apparently occurring all over the world in slowly running 
ferrous Fe-containing water poor in readily decomposable organic 
material [10]. 

Structural properties of BIOX produced by Leptothrix

Microbe-mineral and -metal interactions represent a major 
intersection between the biosphere and geosphere [17]. In general, 
bacteria secrete organic exopolymers from their cell surfaces by which 
the cells coalesce to form a large mass of cells. This process is essential 
for their survival.

Frequently, a copious amount of lightly brownish microtubules 
produced by L. ochracea can be readily observed with light microscopy 
in ocherous suspensions scooped from the aquatic environments that 
L. ochracea predominantly inhabits (Figure 1a). The microtubules are 
normally 1 ~ 1.5 µm wide, but their length can ranges from a few to 
several hundred micrometers [3,18]. In SEM images the outer surface 
layer of the microtubules is covered with tightly or loosely woven 
fibrils, while the inner surface has a globular appearance (Figure 1b). 
The thickness of both layers is largely affected by nutrient status [2]: 
both are relatively thin in nutrient-poor groundwater but very thick in 
a nutrient-rich culture medium [19,20]. 

When isolated strains of Leptothrix are cultured in medium, a chain 
of bacterial cells is easily distinguished within a thin film of primitive 
sheath; the cells stain with specific vital stains (Figure 1c). However, 
the bacterial cells frequently autolyse, regardless of their position in 
the sheath, within a few days after the culture is started, leading to an 
increasing number of “empty” tubes (Figure 1b) [21]. Such autolytic 
cell death seems to occur also in natural environments: over 90% of the 
sheaths of L. ochracea that are harvested from aquatic environments 

Scale bar=10 µm in (a) (c) and 1 µm in (b).

Figure 1: (a) Optical micrograph of microtubular sheaths of Leptothrix in 
ocherous suspension harvested from a natural spring. (b) Scanning electron 
micrograph of an empty older sheath of Leptothrix ochracea. (c) Chain of vital 
Leptothrix cells (fluorescing green) encased by a nearly transparent primitive 
sheath, detected using LIVE/DEAD vital stain (Molecular Probes, Eugene, 
OR, USA).
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emerge from the outer cell membrane to occupy the disputant space 
and further extend to coalesce with each other (approximate thickness 
of ~ 100-200 nm) and form the basic skeleton of the primitive sheath. 
Unlike chemical fixation and freeze-substitution preparations, the 
freeze-fracture replica method does not use any chemical fixative, 
dehydrating or resin-infiltration agents; thus, the freeze-fracture 
replica method almost completely excludes artifacts caused by the 
organic chemicals used in traditional preparations. Therefore, Figure 
2 is a convincingly close illustration of the in situ spatial association of 
the bacterial exopolymer fibrils with the sheaths and strong evidence 
that the sheath frame construction originates from coalescing bacterial 
exopolymers.

The image in Figure 2 raises another query: Why does this 
intervening space appear in specimens prepared by conventional 
chemical and freeze-substitution fixations? According to Graham and 
Beveridge [28], organic components of bacterial cells readily leach 
out during fixation, dehydration, and resin infiltration during both 
methods, although the degree of leaching varies with the bacterial 
species. Considering their report, newborn exopolymer fibrils of 
Leptothrix could be very sensitive to these organic agents, while 
coalesced fibrils in the primitive sheath skeleton could be tolerant, 
probably due to the initiation of metal encrustation. This prediction 
is supported by the description of Chan et al. [15] that mineralization 
protects the polymers from degradation and contributes to maintaining 
a long-term carbon pool in aqueous systems.  

In a detailed analysis of extracellular polymers of Shewanella 
oneidensis using conventional electron microscopy with imaging at 
room temperature and cryogenic electron microscopy with imaging 
in a close-to-natural hydrated state, Dolnalkova et al. [17] concluded 
that the traditional sample preparation did not preserve the native 
morphology of microbiological components, especially extracellular 
polymers, well; dehydration-based sample preparation resulted in 
collapse of the polymers into filamentous structures. Notably, when 
fully hydrated polymers on a carbon grid were subjected to relatively 
slow dehydration by sublimation induced in situ under vacuum inside 
the TEM column, assisted by a slight temperature increase, they 
revealed surprising pliability as the polymers began to collapse and 
condense into fiber-like structures that increasingly stretched between 
the areas where the material was anchored on the grid support. 
Their analytical data apparently indicate that the exopolymers are 
quite delicate and that their native morphology is readily damaged 

by temperature as well as the use of fixative, dehydration and resin 
infiltration agents. Howard and Aist [29] showed that the hyphal tip 
morphology of a Fusarium fungus was greatly different between freeze-
substitution and conventional chemical fixation; smooth membrane 
cisternae, two types of apical vesicles and oriented microtubules, and 
four distinct layers in primary cell wall found in hyphal tips that were 
freeze-substituted were not found after chemical fixation. Dolnalkova 
et al. [17] also emphasized that dehydration-induced polymer 
collapse could lead to inaccurate spatial relationships and thus affect 
conclusions regarding the nature of interactions between microbial 
extracellular polymers and their environment. All these earlier papers 
strongly remind us that specimen preparation protocols for electron 
microscopy (use of fixation and dehydration agents and environmental 
factors such as temperature, pH, and pressure) are extremely important 
considerations for interpreting real native interactions associated with 
microbial structures.

Keeping this invaluable reminder in mind, in TEM images of the 
chemically fixed specimens, two distinct layers—an inner layer of 
densely woven fibrils and an outer layer of loosely assembled fibrils—
are usually distinguishable in mature sheaths after the progressive 
deposition of the inorganics [8,23,25]. The outer loosely woven fibrillar 
layer most likely reflects the progressive excretion of exopolymer fibrils 
from cells as the fibrils extend outward through the inner layer.

The matrix of the Leptothrix sheath consists of a disordered 
assembly of primary particles of ~3 nm diameter and has a high 
porosity and large specific surface areas, similar to that of Gallionella 
stalk fibers [3,30,31]. These characters are considered to be somehow 
associated with a high catalytic reactivity of BIOX as described later. 

Axenic cultures of isolated strains of Leptothrix spp. very often 
lose their sheath-forming capacity after growth and repeated transfers 
on culture media [2,4,10,32,33]. A thus-derived sheathless mutant 
still releases exopolymer fibrils from its cell surface, but the cells keep 
dividing and extending without forming sheath-like structures [32], 
suggesting that the repeated transfer of the isolates in artificial medium 
readily causes deletion of a gene(s) or a failure of gene expression. 
Although the initial parallel arrangement and/or simple intermingling 
of coalesced fibrils holds a key for subsequent construction of the 
primitive sheath skeleton [25,32], its trigger remains unknown.

Chemical properties of BIOX produced by Leptothrix

In 1984 Ghiorse [2] noted in his review that little was known of the 
chemical composition or the underlying organic matrix structure of 
Leptothrix sheaths. Since then, a lot of information on the ultrastructure 
at the micron and nano levels and on the chemical composition of the 
sheaths has been detailed with the quantum progression of electron 
microscopy and chemical analysis technology.

Chan et al. [34] reported that organic polymers could play 
important roles in ecosystems by accumulating biologically 
important elements and that microbial polymers could scavenge 
iron oxide particles and induce crystallization of unexpected phases. 
Many studies have proved that the sheath matrix of Leptothrix is 
composed of a complicated hybrid of bacterial exopolymers and 
aquatic metals [2,3,11,21,23,25,35,36]. Alkaline bismuth [11,25], 
ruthenium red [2], and FITC-conjugated lectin stains [11,37] have 
been used to detect saccharic materials, acidic polymers, and various 
monosaccharides such as glucose, mannose, galactose, and N-acetyl 
galactosamine, respectively, in sheaths of Leptothrix spp. In addition, 
proteinaceous materials in sheaths have been shown using various 

C

C

Scale bar=500 nm.

Figure 2: TEM image of freeze-fracture replica of exopolymer fibrils 
(arrow) extending from the outer membrane of cells (C) and sheath frame 
(arrowheads) of Leptothrix sp. OUMS1, photographed in 3D “anaglyph form 
(courtesy of Professor Heuser and Dr. Morone, Kyoto University).
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specific reagents for amino acids such as “Ruby” for general amino 
acids, R-phycoerythrin-labeled antibody for the –SH group, and a 
fluorescein-labeled NH2 kit for NH2 group (Figure 3; unpublished 
data). Emerson and Ghiorse [23] showed that the basic skeleton of 
L. cholodnii SP-6 was composed of 6.5 nm wide fibrils containing 
heteropolysaccharides and proteins and that the skeleton contained 
a relatively high concentration of cysteine residues, suggesting that 
disulfide bonds play an important role in maintaining the structures 
of the sheath skeleton. Subsequently, they degraded the sheath of SP-6 
using various chemical denaturants and lytic enzymes, and analyzed 
the molecules that compose the basic fibrils that provide the integral 
structural element of the sheath skeleton [36]. They confirmed that 
the fibrils consisted of high-molecular-weight heteropolysaccaride–
protein complexes and hypothesized that 20-25% proteins in the fibril 
complexes could provide interfibril cross-linking. Similarly, Takeda 
et al. [38] degraded the sheaths of SP-6 with lysozyme/SDS/EDTA 
for chemical analysis of their components and detected amino acids 
such as glycine and cysteine and several types of hyaluronic acids in 
the degradation products of the sheath materials. After identification 
of linkages of individual protein and sugar units, they concluded 
that the sheath material was constructed from a polysaccharide-
cored peptide: a structural glycoconjugate that is a straight-chained 
amphoteric heteropolysaccharide linked with glycine and cysteine. In 
a subsequent detailed study [5], this glycoconjugate was proven to be 
a glycosaminoglycan consisting of a pentasaccharide repeating unit 
that was substoichiometrically esterified with 3-hydroxypropioic acid 
and stoichiometrically amidated with acetic acid and glycyl-l-cysteine. 
These reports show that sulfhydryl glycoconjugates are a major core 
organic component that can contribute to the structural integrity of 
the sheath skeleton.

Earlier energy dispersive x-ray spectroscopy (EDX) analyses of the 
Leptothrix sheaths showed that Fe, Si, and P (their approximate rate 
in atomic %: 70-80:15-20:5-10) and often a low atomic percentage of 
Ca are the major inorganics in sheaths, whether naturally harvested 
or cultured [3,11,18,25,35,39]. Interestingly, this rough ratio does not 
vary greatly by location or season of the sheath harvest. Furutani et 
al. [25] confirmed this initial construction of the sheath skeleton of 
OUMS1 by TEM/EDX and showed that aqueous-phase inorganics 
such as Fe, Si, and P are first deposited onto the outer, loosely woven 
fibrils of the primitive sheaths, which causes the electron density of the 
entire sheaths to increase with extended culture, consist with earlier 

descriptions on the timing and initial location of Fe or Mn deposition 
in Leptothrix sheaths [2,10]. 

Hashimoto et al. [31] also detected Fe-O-Fe and Fe-Si bonds 
in Leptothrix sheaths. Using a combination of high-energy X-ray 
diffraction and reverse Monte Carlo simulation, they also presented a 
configuration coordinate model of Fe and Si components in the sheath 
of L. ochracea: a framework of corner- and edge-sharing distorted FeO6 
octahedral units with isolated SiO4 tetrahedral units in the framework. 
Similarly, in Gallionella stalk fibers, bands characteristic of vibrational 
modes assigned to Fe-O-H, P-O-H, Si-O-H, Si-O-Fe, and P-O-Fe bonds 
were detected by EDX and Fourier transform infrared spectroscopy 
[30]. All these reports indicate that inorganic elements detected are 
not simply attached on a BIOX matrix but bound one another to form 
chemical bonds. Moreover, Suzuki et al. [35] examined the structural 
and spatial associations of Fe with O and C in the outer coat fibers of 
L. ochracea sheaths by high-angle annular dark-field scanning electron 
microscopy and electron energy loss spectroscopy and demonstrated 
a clear image of a central C core of bacterial origin and aquatic Fe 
interacting with O at the surface of the core, which were substantially 
similar to the stalk fibers of Gallionella ferruginea [40]. 

All these data evidently indicate that the basic composition of 
BIOX, Leptothrix sheaths and Gallionella stalks is a complicated 
organic/inorganic hybrid material [15,25,35].

Proposed modes of Fe/Mn encrustation of sheaths

In nature, iron occurs mostly in two oxidation states (+2 or +3), 
forming a number of mineral phases, including oxides, carbonates, 
silicates and sulfides. Which form of iron predominates depends 
greatly on prevailing physicochemical conditions such as pH, oxygen 
concentration and redox potential in the environment [12]. 

It has long been accepted that the electron that is generated during 
biogenic oxidation of aqueous-phase Fe(II) to Fe(III) or Mn(II) to 
Mn(IV) is essential for autotrophical or mixotrophical metabolism 
of Leptothrix as an energy source [10,15,33,34,41-43]. The Fe-/Mn-
oxidizing proteins of L. discophora SS-1 have been reported to be 
excreted from bacterial cells in association with exopolymers [41,44-
46]. The Mn-oxidizing activity of Leptothrix cells that converts Mn(II) 
to Mn(IV) is well documented [47]. Emerson and Ghiorse [4] identified 
a 108-kDa Mn-oxidizing protein in a concentrated spent culture of SP-
6. Similarly, a Fe-oxidizing protein with a huge molecular weight (~ 150 
kDa) was identified in the spent culture of SS-1 [41]. In several bacteria 
including SS-1, copper-dependent enzymes play a role in Mn(II) 
oxidation [47]. Fe(II) is also involved in stimulating Mn-oxidizing 
activity in SS-1 cells [48]. Because Fe(II) readily reacts abiotically with 
oxygen under near-neutral pH conditions, the quantitative significance 
of microbial Fe(II) oxidation in circumneutral pH environments was 
unclear until recently. Vollrath and colleagues [49,50] reported that 
the rate of microbial Fe(II) oxidation by L. cholodnii Appels was 
significantly higher compared with abiotic oxidation at an early stage 
and was highly influenced by temperature and availability of oxygen. 
Taken together, the Mn-/Fe-oxidizing activity of Leptothrix cells is 
greatly affected by environmental conditions such as temperature, 
availability of oxygen, and the concentration of other ions.  

The metal encrustation of Leptothrix sheaths is considered to 
be the result of an interaction between active groups on bacterial 
organic components of the sheath skeleton with aqueous-phase 
inorganics [41]. Chan et al. [15] noted significantly that the reduced 
carbon in polymers is a potential electron donor for microbes, Fe 
oxides are electron acceptors for Fe-oxidizing microbes, and that 

Scale bar=5 µm.

Figure 3: Detection of amino acids in 1-day old Leptothrix sheaths. a, c, e: 
Differential interference contrast micrographs of sheaths encasing chained 
cells. b, d, f: Positive responses for general amino acids using Ruby stain, 
–SH group using R-phycoerythrin-labeled antibody, and amino group using a 
fluorescein-labeled NH2 kit, respectively, in the sheaths in a, c, and e.
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the creation and destruction of mineralized organics can profoundly 
affect solution geochemistry, since Fe oxides and natural organics 
are the most significant sorbents of metals. According to an earlier 
investigation on sites of metal deposition in the plasma membrane of 
Bacillus subtilis [51], the active groups of organics in the membrane, in 
particular carbonyl groups provide the major site of metal deposition. 
Furthermore, a cationic bridging mechanism is thought to involve 
the bridging of silicate anions by the bacterial plasma membrane 
[52]. The sheath material of Leptothrix has been reported to contain 
organics such as polysaccharides, proteins and lipids whose active 
groups are readily expected to play critical roles to bind aqueous-phase 
cations [9,23,25,38]. Nearly uniform distribution of inorganics was 
shown in the Leptothrix sheaths, which were harvested from natural 
environments [35] or a relatively long-term (7-14 days) culture [4,6]. 
In addition, Chan et al. [15] showed a strong correlation between acidic 
polysaccharides with carboxyl functional groups and the iron oxy-
hydroxide distribution patterns in Leptothrix sheath and Gallionella 
stalks. All these data suggest that negatively charged active groups of 
saccharic and proteinaceous acidic components in sheath exopolymers 
of bacterial origin contribute to attract aqueous-phase metal ions 
[2,15,53]. 

Although careful approaches to study the interactions between 
bacterial exopolymers and metal ions in aqua-environments have 
promoted our understanding on this matter, the structural relationship 
of how metal-oxidizing factors, either for Fe or Mn, are associated with 
the complex organic/inorganic composites such as Leptothrix sheaths 
remains to be elucidated in more detail [13]. 

To date, many researchers have cultured several isolated strains of 
Leptothrix in media with varied Fe sources such as ferric compounds 
(FeCl2, Fe-ammonium citrate, or FeSO4), FeCl3, and Fe plates or 
powder [6,20,49,54] toward understanding the mechanism of Fe 
oxidization and deposition on sheaths. Emerson et al. [13] emphasized 
that abiotic Fe oxidation in fully oxygenated water at circumneutral pH 
is very rapid (half-life <1 min) and that the instantaneous precipitation 
of Fe oxyhydroxides that resulted from Fe oxidation could potentially 
entomb a cell in a metal oxide cluster. As is well known, the behavior 
of ionic Fe in liquid has not been satisfactorily explained, because Fe 
ions can form hydroxide/oxyhydroxide complexes and diverse salts 
with other elements in aquatic systems [55]. The behavior of dissolved 
metals in natural bodies of water is strongly influenced by particular 
inorganic and organic materials [56], suggesting complex interactions 
of various metal-complexing agents in aquatic systems with microbes 
and/or their constituent polymers. It is therefore hypothesized that 
microbiologically produced Fe-complexing ligands may play critical 
roles in both the delivery of Fe(II) to oxidates and the limited Fe(III) 
oxyhydoxide crystallinity observed within the biofilm [57]. Such 
complicated interactions are also sure to occur when Leptothrix is 
grown in Fe-containing media amended with various inorganics and 
organic components such as peptone and vitamins. Hedrich et al. [12] 
noted that ferrous iron was stable in anoxic environments, but was 
susceptible to spontaneous chemical oxidation by molecular oxygen. 
Focusing on this finding, Kunoh et al. [58] examined interactions of 
Fe(II) and Fe(III) in shake culture and found that Fe(II) was promptly 
converted to Fe(III) precipitation and that the precipitated Fe(III) 
directly adhered to the existing sheath surfaces. Although they failed 
to determine how this direct adherence interfered with the proposed 
modes of sheath encrustation, we must consider this phenomenon 
when investigating the interactions between bacterial exopolymers and 
metal ions, particularly in shake cultures. 

Unique functions of BIOX applicable to industrial purposes

The mechanisms of biological systems for producing extraordinary 
inorganic structures and morphologies are of great interest for 
engineering novel materials [34]. To date, studies of BIOX have mostly 
been implemented from bacteriological and geochemical perspectives. 
During our past basic and general studies of BIOX, we noticed unique 
functions of BIOX with great promise for industrial application. 
Since then, our studies have been directed toward the development 
of new industrially useful, functional materials under multidiscipline 
collaborations in solid-state chemistry and material sciences. This 
section outlines the results we have obtained using BIOX of L. ochracea 
as a target material.

Lithium-ion battery anode material: Lithium-ion batteries with 
high-rate capabilities are in high demand for use in portable electric 
devices, electric vehicles, and electric power storage. To meet future 
needs for an increasing variety of applications, further exploration of 
new electrode materials is a very important issue [59]. Hashimoto et al. 
[60] first reported an interesting experimental result that microtubule-
shaped BIOX composed of amorphous Fe(III)-based oxide 
nanoparticles exhibited a dual-directional conversion between Fe(III) 
and Fe(0) via Fe(II) in the anode material for lithium-ion batteries. 
Furthermore, Sakuma et al. [61] showed that Fe(III)/Fe(II) conversion 
reactions dominated in a voltage range of 1.5-4.0 V when washed and 
air-dried BIOX was used as the anode material. Considerably higher 
cyclability, a cycle capacity exceeding 70 mAh/g at a current of 1670 
mA/g, was also found. Our investigations to enhance the electric power 
and cyclability of BIOX anode materials is ongoing.

Catalyst enhancer: Immobilization methods for enzymes 
often have an impact on the catalytic activity, stereoselectivity, 
thermostability and recyclability of the enzymes [18]. Sakai et al. [3] 
and Ema et al. [18] chemically modified BIOX with silane coupling 
agents to produce organic–inorganic hybrid materials, which were 
then used as immobilization supports for enzymes. They found that 
the immobilized lipases had a very high turnover frequency in kinetic 
resolution of secondary alcohols. The amorphous and porous texture 
of BIOX consisting of nanoparticles probably created a surface suitable 
for immobilization of catalysts. Similarly, Mandai et al. [62] attempted 
to modify the surface of BIOX with trialkoxysilanes as organic cross-
linkers bearing various functional groups at their termini, which were 
capable of coordinating palladium for its attachment on BIOX. Using 
such a modified BIOX, they showed that palladium immobilized on 
BIOX bearing a specific organic cross-linker delivered the desired 
biaryl products in sufficient yields in the Suzuki–Miyaura coupling 
reactions under solvent-free conditions. These BIOX-immobilized 
catalysts are recyclable without significant loss of activity. Hashimoto 
et al. [63,64] prepared acidic amorphous silica from BIOX pre-heated 
at 500°C in a hydrogen gas flow after a subsequent 3-day treatment 
in 1 M hydrochloric acid with stirring to dissolve Fe from BIOX. 
Interestingly, thus-prepared acidic amorphous silica microtubes also 
promoted organic reactions such as ring opening of epoxides and 
Friedel–Crafts-type alkylations, more effectively than common silica 
materials did. Although the reason why BIOX and derived materials 
unexpectedly work as catalyst enhancers is still unclear, the surface 
and/or basic texture structures, in particular synergetic effects of Si, 
seem to be a key in this matter.

Porcelain and pottery pigments: Ceramic artists always seek 
bright-color pigments for drawing and/or painting. Hematite-based 
red pigments, so-called bengala, have been commonly used as overglaze 
pigments on porcelain, lacquer wares, asphalt roads, cosmetics, and 
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building materials because of their excellent tinting and their smaller 
particles [65,66]. A common problem with hematite from natural 
ores and industrially synthesized hematite, which are used widely in 
red overglaze pigments, is that their color fades when the hematite 
grains grow under heat treatment. Therefore, it is highly desirable 
that the hematite powder for overglaze pigments not only provides a 
beautiful color but also be thermostable and resistant to grain growth 
during heat treatment [65]. The following BIOX pigments cleared this 
longstanding puzzle. 

Hashimoto et al. [65,67] drew attention to the basic structural and 
chemical properties of BIOX and attempted to create a novel bright 
color pigment for porcelain. They heated naturally harvested BIOX at 
600-1000°C in air and discovered that the color tone of BIOX changed 
depending on the temperature: dark brown, orange, red, and dark 
gray from low to high temperatures. The most beautiful yellowish-red 
sample with a unique microstructure was obtained by heating at 800°C. 
Importantly, its color did not fade even with reheating at 800°C, the 
routine firing temperature for overglaze pigments on porcelain. The 
sample consisted of crystalline hematite particles (~ 40 nm diameter) 
with slightly longer unit-cell axis parameters than those of pure 
hematite. Interestingly, the particles were covered with an amorphous 
silicate phase (~ 5 nm thickness) and were intricately interconnected 
into sheath microtubules. After experimental XRD, TEM, SEM, and 
colorimetric analyses, they concluded that the attractive color of this 
material was due to its small particle size (~ 40 nm), nanocomposition 
of hematite and amorphous silicate, and microtubular structure. 

In addition, our preliminary data show that a bright yellow pigment 
is also produced by culturing OUMS1 at low pH and with ambient 
carbon dioxide, suggesting that BIOX has a profound potential for 
creating new attractive pigments for ceramic engineering.

Others: Iron oxides with a spinel-type structure are one of the 
most widely used magnetic materials. For instance, needle-shaped 
maghematite is used for magnetic recording and spherical Fe3O4 for 
copy machine toner [68]. At the industrial level, these particles are 
obtained from ferric oxyhydroxide (FeOOH) nanoparticles produced 
by wet chemical synthesis [69]: heat treatment for dehydration, 
reduction, and slow oxidation of FeOOH to produce magnetic particles 
that maintain their original particle shape [68,70]. As described 
already, the BIOX microtubules are composed of Si-containing ferric 
hydroxide that yields a broad x-ray diffraction pattern similar to 2-line 
ferrihydrite. Hashimoto et al. [70] created nanocrystalline Fe3O4 with 
a spinel-type structure in a nanocrystalline silicate matrix from BIOX 
using a moderate heat treatment in a reductive atmosphere. Thus-
prepared magnetite-silicate nanocomposites are used as low-cost 
alternatives for chemically synthesized maghematite and spherical 
Fe3O4. 

Interestingly, novel sheath materials with varied Si contents can 
be produced in culture by an isolated strain of Leptothrix [71]. Thus, 
the bacteria and their sheaths are very attractive for artificially creating 
very important industrial materials with novel functions and solving 
critical environmental and commercial problems by harnessing our 
basic knowledge of iron-oxidizing bacteria and their products. 

Concluding Remarks
As is well known, microbes often create mineral deposits that 

feature elaborate structures and unique compositions. Bacteria 
belonging to the genus Gallionella are another group of ubiquitous 
inhabitants of ocherous deposits that form in bodies of freshwater 

[3]. They form a uniquely twisted extracellular iron oxide-encrusted 
bundle of fibers (commonly called a twisted stalk) that is similar to 
the Leptothrix sheaths and consists of Fe-based amorphous organic/
inorganic composites. Although the visual form of BIOX that 
Gallionella produces is obviously different from the microtubular 
Leptothrix BIOX, their basic nano-scaled structural and chemical 
characters are quite similar [30,40,72]. It is noteworthy that both BIOXs 
have practical industrial functions, suggesting that such functions are 
largely dependent on their structural and chemical characteristics at 
the micron or nano level of basic structures of BIOX. 

Another noteworthy feature of BIOX is that it can be continuously 
produced at a high rate and at extremely low cost in a natural 
hydrosphere where groundwater outwells. Even in our small plant 
with a 104 L volume tank on the university farm, ~ 150 g (dry mass) 
of BIOX and ~6.2 x 103 L of Fe-free water can be obtained in a day 
simply by exposing that amount of natural groundwater to the outside 
environments (unpublished data). Thus, BIOX is, obviously, an 
extremely cost-effective, beneficial material. 

As we have accumulated knowledge on the relationship between 
the chemical composition of the water supplied by isolated strains of 
Leptothrix in culture and the chemical and physical characters of the 
product, we have explored the development of a synthetic process 
for the fine control of particle morphology, chemical composition, 
particle aggregation, and other factors associated with creating BIOX-
analogous materials. The practical applications that we described 
highlight the unexplored frontier that BIOXs represent in solid-state 
chemistry and materials science. We believe that the development 
of artificial synthetic processes for BIOX analogues is essential and 
urgent because a constant supply system of qualitatively characterized 
and quantitatively determined raw material is apparently critical for 
industrial applications of BIOX.
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